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Preface

Infrared spectroscopy (IR) is a potent spectroscopic technique that has seen considerable
developments over the past few decades. With a variety of applications in different
fields, IR spectroscopy is becoming an indispensable analytical technique. Its ease
of operation, its non-destructive nature, and its capability to elucidate structures of
both organic and inorganic materials make IR exceptionally attractive for numerous
applications. The typical applications of IR spectroscopy include the identification
of functional groups, anomeric carbon structures, crystal allomorphs, and more.
Because some structures are so similar, the qualitative characterization of these
compounds using IR spectroscopy is a challenging task. Furthermore, the overlap
of bands in spectra might obscure relevant information. As a result, qualitatively
analyzing different compounds using only one characteristic IR peak may be purely
empirical and inaccurate.

This book introduces the basic principles of IR spectroscopy with a focus on recent
advances and applications. It includes ten chapters that examine the applications of
IR spectroscopy in different disciplines. Chapter 1 by Dr. El-Azazy et al. discusses the
basic principles of IR spectroscopy, the most common assignments of the different
functionalities required by researchers, and the implementation of IR spectroscopy
in different applications. Chapter 2 by Dr. D.T. Hallinan Jr. presents a tutorial on the
attenuated total reflectance (ATR) mode of Fourier-transform infrared (FT-IR) spec-
troscopy and how it can be used to measure transport through polymer membranes.
In addition to covering the experimental setup and time-resolved data processing,
this chapter presents fundamental equations for analyzing data to obtain diffusion
coefficients. Chapter 3 by Dr. Prasanta Das investigates the instrumentation of gas
phase FT-IR and its recent advancements and applications. The chapter focuses

on the principle and data acquisition scheme of the repetitive mode measurement
method of an FT-IR spectrometer. Chapter 4 by Prof. Dr. Nabeel Othman discusses
both the qualitative and quantitative applications of IR spectroscopy. Chapter 5 by
Sonia Nieto-Ortega et al. discusses the application of near IR spectroscopy (NIRS)

in the food sector, especially for the fish value chain, combined with several che-
mometric techniques for quality, authenticity and safety applications. Chapter 6 by
Dr. Chen et al. examines the applicability of functional NIRS (fNIRS) in monitoring
brain activities to avoid stroke. Chapter 7 by Dr. Maggy et al. discusses the ability of
NIR/MIR to provide fast and reliable estimates on subjects related to vector-borne
diseases. Chapter 8 by Dr. El-Azazy et al. highlights the applications of FT-IR in

the characterization of lignocellulosic biomasses and its impact on the depollution
capacity for wastewater treatment. Chapter 9 by Aulia M T Nasution et al. discusses
the employment of IR spectroscopy for detecting adulterants in food and traditional
Indonesian herbal medicine. Finally, Chapter 10 by Dr. Barrera-Ortega et al. explores
the application of Raman spectroscopy for dental enamel surface characterization.

I would like to thank my co-editors Prof. Khalid Al-Saad and Dr. Ahmed El-Shafie
for their great efforts in reviewing and editing this book. I am indebted to all the



authors for helping me to accomplish this project and who have contributed excellent

chapters. All authors are experts in their fields and have tried their best to disclose the
inherent concepts related to any of the mentioned applications. Their efforts to make

this book comprehensive and informative are much appreciated.

I am most grateful to Author Service Manager Ms. Romina Rovan at IntechOpen for
her efforts and support throughout the process of editing this book. Many thanks to
the entire IntechOpen publishing team for making this book possible.

Dr. Marwa El-Azazy, Dr. Ahmed S. El-Shafie and Prof. Khalid Al-Saad
Department of Chemistry and Earth Sciences,

College of Arts and Sciences,

Qatar University,

Doha, Qatar
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Chapter 1

Introductory Chapter: Infrared
Spectroscopy - Principles and
Applications

Marwa El-Azazy, Ahmed S. El-Shafie and Khalid Al-Saad

1. Spectroscopy

Spectroscopy is a term used for the study of the spectra generated as a result of
interaction of electromagnetic radiation with matter. It is used for the detection and/
or identification of atoms, molecules, functional groups, and nuclei based on the
produced spectra following the interaction of matter with the radiation. When light
strikes matters, it can physically be reflected, refracted, scattered, or transmitted.
During transmittance through matter, light with specific energy may interact with
molecules in different ways, depending on the energy (E, Joule) of lights, which is
directly proportional to its frequency (v, with the unit sec " or Hz) and inversely
proportional to wavelength (A) as according to the equations below-mentioned:

Energy, E =h.v (1)
where h is Planck’s constant (6.6260755 x 10>*J-s)
Frequency, v = C/4 2)

where c is the speed of light (2.998 x 10°® m/s in vacuum).
From Egs. (1) and (2),

E=h.C/2 (3)
Expressing 1/A as wavenumber (), Eq. (3) can be described as below:
E=hCd (4)

Based on the above relationships, the energy of light can be scaled on a sector of
spectrum by the unit of wavelength (300-700 nm, in UV-visible spectrophotometry)
or in wavenumbers (400-4000 cm ™, for the mid-IR (MIR) region). Schematic
description showing other electromagnetic regions of the spectrum, along with
molecular processes rising from the interactions in each region, is illustrated in
Figure 1. Matter may interact with light of microwave region causing the rotational
movement of entire molecule. Light of particular energy in the IR region may cause
the vibrational movement of bonds in the molecules, including stretching, bending,
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scissoring, rocking, wagging, and twisting, giving different patterns for different
molecules and allowing the identification of different functional groups. UV-visible
light may cause electron excitation. Ionization and bond breaking can happen in the
X-ray region. The patterns of the UV and IR spectra extended on the x-axis work for
the identification of different substances/molecules, while the intensities of the spec-
trum’s peaks on the scale of y-axis correspond proportionally to the concentration of
measured molecules, allowing the quantitative determination of molecules.

2. Infrared spectroscopy (IR)
Appearing at a longer wavelength compared to the visible region, as shown in
Figure 1, the invisible IR radiation extends from the red edge of the visible region at

780 nm to 10° nm reaching the edge of microwave region. As shown in Figure 1, the
IR region is divided into three main zones:

i. The far-IR (FIR, 400-10 cm %, 25-300 pm)
ii. The mid-IR (MIR, 4000-400 cm ", 2.5-25 pm)
iii. The near-IR (NIR, 14,000-4000 cm ™, 0.7-2.5 pm)

Most bond stretches and other vibrations of the functional groups of the organic
compounds occur at the MIR zone.

Wavenumber (cm!) Near IR Mid IR ! Far IR |I
14000 4000 400 10 cm!
&S S S S
Wavelength (nm)- 11 I Vibration ) |
w2 8
Ionization & Bond Electronic Symmetrical Antisymmetrical
breaking D‘Ycit'ltll)]] stretching stretching Rotation
D [Fe ey e .
& r’-j Scissoring Rocking
° 1‘. = *9
oo -
L <~ (out-of-plane) .“~\
2L Wagging Twisting
Y-1ays X-rays Ultraviolet 'E Infrared Microwave Radio
1020 . 1018 . 106 2 104 ’ 1012 . 1010 .
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103 10! 10 10° 10 107 10°
1 1 1 1 1 1 |-L 1 1 1 1 1 1
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r":’/’j = o
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2 = £ G i 3
Wavelength (nm) [ I I B
400 500 600 700

Figure 1.
Schematic description of electromagnetic radiation regions, showing representative molecular processes that occur in

each region.
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2.1 Assigning peaks in an IR spectrum

The MIR range can also be divided into two regions. The region below 1400 cm
is called “fingerprint region” giving peaks that are relatively difficult to assign, yet
unique and specific for particular compounds. The region above 1400 cm ™ is called
“diagnostic or functional group region,” as it is often easier to pull specific details
about the functional groups from this region. More specifically, regions can be divided
into: 1) 2500-4000 cm * for Z-H single bond stretches (C—H, N—H, C—H); 2)
2000-2500 cm~* for triple bond stretches (C=C, C=N); 3) 1500-2000 cm ! for
double bond stretches (C=C, C=0); 4) 1000-1500 cm ! for single bond stretches
(C—0); and 5) 1000 cm ™ * for mostly bending vibrations. Table 1, below, summarizes
the locations and nature of some functional group peaks in organic compounds.

2.2 Factors affecting peak location

In order to rationalize the different locations of bond stretches frequency in IR
spectrum, we can think about bonds connecting two atoms, as springs connecting two
objects. The factors affecting the stretches frequency of spring were described, in
physics, by Hooke’s law (Eq. (5)),

%>
ey

2z mimy

where f = force constant or bond strength and m = mass of atoms.
Based on this analogy, we can see that the locations of different stretches band are
determined by two factors:

1.Bond strength: Stronger bond will need higher energy (higher wavenumber) to
stretch (C=0 > C—0 & C=C > C=C > C—CQ).

2.Mass of bonded atoms: If we are comparing stretching of same number of bonds
but between two different atoms, the lighter the atoms connected, the greater
the stretch frequency (H—Cl > H—Br > H—I).

2.3 Identification of organic compounds

IR spectroscopy was used to qualitatively analyze the organic compounds, such as
identifying the polysaccharide type based on the presence of specific polysaccharides
in a complex system [1]. Most of the absorption bands of the polysaccharides are
present in the region between 1800 and 800 cm . Canteri et al. (2019) revealed that
the presence of several absorption bands in plant walls at 1075, 1440-1450, 1616, and
1740 cm™ ' were distinguishing bands for pectin, and the absorption bands at 895,
1035-1041, and 1160-1163 cm ! were used for cellulose [2]. Moreover, IR can also be
used to identify substitution groups in the organic components, such as the presence
of sulfate groups in the sulfated polysaccharides, which is confirmed by the presence
of three characteristic bands at 1200-1270 cm ™%, 1010-1060 cm ™ %, and 900—

800 cm ™', conforming to symmetric, asymmetric stretching of S=0, and stretching
of C—0O—S, respectively [3]. In addition, it can identify the anomeric carbon config-
urations by the presence of specific absorption bands in the anomeric region. The

3



Infrared Spectroscopy - Perspectives and Applications

'0=D

10§ JeY[} O} Je[IWIs YEdM I ;WD 0QTT PUE 09TT U2aMI] ST N=D 10§ pueq Surgolams oy, 0¢CT—09¢C Us3ems N=D
H
6& sopAyapre
4
"apAYap[e Ur 90UBUOSaI TULISY 03 SNP MO0 | WD 07/T PUe (78T Je Spueq 13[qnoq 07/T Pue 078T opAyop[e ur 20UBUOSAI TULID o uy
", W Q0¥ 2a0qe Isnf
paste1 oq [[um uoneiqia Sulpusq CHDYY A[IYM WD QT mo[aq Isnl seste1 uoneiqia urpusq
€HD— [eUIULIB [, 'spueq 3uryolans uey) pasunouoid sso A[ferouad are spueq Jurpuag 00+T~ urpuag
“(;_wp 00zE punoie) spueq uryolans H—) Suryoens ds sukye ug
*ds ay3 ynm sdejrano usyo dnoid orjdxoqred jo pueq Suryorens HO ', WO 00EE ¥e pueq 000€ < Surgorons _ds SO
poysm3unsip L1024 aaey [[m Suryozens H—) “ds Suraey sukfe [euruIs], | Wd 00EE pue ’ <
00/ U22M33q IND0 SYDI21IS —)) “MoLreu 23nb pue asusjur A[2Ae[a1 218 SPUB] DI211S 000¢ > Suryorens (ds suey[e u] H—D
Suryoleng H
00g€~ H—N aurure A1epuodag ./\z./\
‘spueq
$aY03191s H—( JI[OYO0D[e 10J Jey] UeY) SpPUL] dSUUL SSI] Pue peoIq ssaf dAI3 aurure Jo sad4y
yiog 1w 0QEE~ I8 Suryprans H—N 103 yead suo suqyxe (HNZJ) suture A1epuodss o[rym Suryoleng
¢,—WD 0QSGE PUE ;_wId 0OEE Ie SpuEq SurydIons H—N 0M1 SHqIYxa (CHN—Y) durwe Arewrtid  Q0SE PUE 00€E H—N auruwe Arewrig ‘HN H—N
-Buryorons H—> yim paddepraso A[rensn pue ‘peoiq ‘Suong 000§~ Suryoleng proe orjAxoqred uj
091 Surpuag
Surpuoq uadorpAy o1 anp peoiq pue Suong 05S9€-002€ Suryoleng [oyooe uy
0¥91 Surpuaq suerd ug
A
S—— 109¢€ 12118 dLiPUIAS
10§ 3soy} 0} paredurod peoiq ss3[ pue yeam dIe I3jeMm Ul —() 10§ spueq Suryolaxs oy, Yadk3 (0312138 OLIPWWASY LM U] H—O
sdnoi3 feuonouny oy (; wd) puoq
JO uonEdYNUAPI 3y} 10§ uoneurroyur wrdned/syead 1ayjo pue ‘Gouereadde ‘Aysuajug IOqUINUIAB AN 2d£y woneiqia pareraq jo adfy parernq puog




tHN d
00410591 @\ aprury

0S/1-0891 u03ay]

Hy-Y
; 0PLT-0TLT
& o ¥O. ¥
", WD 0691 SI suouexayoAd ul [Auoqres Jo uryolens 0S/T-00L1 @\ 10358
@m_

apAyapry

aY3 S[IYM | _wd O/ ST suouexayooAd Jo Suryolais [Auoqied o3 :ojdwexy 1930eIeyd
puoq a3urs [enaed 3urard ‘ooueuosa1 a3 01 NP SIdqUINUARM (O 01 07 A PaI12MO] e}
aq [[m [Auoqred a3 Jo Aouanbaiy Suryolems oy ‘puoq a1dLr 1o S[qnop e ym uonednfuod
ur st [Auoqed ay3 J] -, _wo OS8T pue 091 usamiaq steadde A[rersuss pue Suons L1ap 0S8T—0S/T umyozens 0=)n

0SST-099T o318 N=D

=
I

“Ayisuajul [rewss A19a Je mdd0 Aewt (;_wd 0/YT~) H H
ySusaaem 3samof a3 Je duo a3 ‘Suwr drrewore ur Suryoens D=7 0LyT~ Suryolons
oy aedIpul | UId OZ9T PUE ST UddmIaq uotdar oy ut syead 22141 03 OMT, 28 0OST~ ‘0TI9I~ spuoq D=0 dnewory H H

", wd 000¢ 2a0qe 3snf readde [im yorgm ‘sayplams

H—D paziptiqdy ds o1 a1e 3se0 yons ul Je Joo[ ued am spueq Suryojans
N7 1930 ‘pueq Suryolans Q=) 10U sI I [[33 03 d[qrssod I saxyeUr YOIYM ‘Dsudiur
,m.\wﬂUAm;_/ A104 10U Inq ‘dreys st pueq 3uryolens D=, "uordai pueq 3umyolans O=o a3}
o e sy s O DSOPD ST (;_wd 0Z9T-089T) duay[e ut H=) 103 uordar pueq Surydlans Ay, 0791-089T saue[e ur Juryolans D=o>

0=D

//dx.doi.org/10.5772/intechopen.109139

*o1qezrud0oa1 31 saxew YOIYM Yead [0Yod[e Y} UBY) I9MOLIBU YONUI
S13] *,_up QOge~ e Suons pue dreys aq [[im Jeyy Suryoiens H—) “ds a3
£q st sufy[e euruLia} oy YsmIunsIp 0} Aem ISASMOH *, WD 00 punolre
pueq Surysians D=D ALY [[IM SSUA[E [PUIULIS) PUE [EUIDIUI YI0g ‘N=)) 10§ —
Jey3 03 Te[IWIs ¢ W OQTZ PUE 0977 USSMII SINOI0 PUB] WNIPIU 0F eI 0012-09CC Buryoloms sukyyfe reursjuy 2 D=D

Buryolems sukyyfe euruLa J,

http

Introductory Chapter: Infrared Spectroscopy - Principles and Applications

DOI

sdnoi3 feuonouny oy (; wd) puoq
JO uonEdyNUAPI 3y} 10§ uoneurroyur wrdned/sxyead 1ayjo pue ‘ouereadde ‘Aysuajug IOqUINUIABAN ad£y woneiqia pafreraq jo adfy parernq puog




Infrared Spectroscopy - Perspectives and Applications

*sdno.s uorgounf juaaaffip aof syvad Jo aanipu puv saquinusavpy

T J[qe],

Suryoyons mOJ\ 4
U 05SZT U OSTL '8 0501 142 0501
s1anop ey wanop e  aipuis wosts  OGZL ~ PUE OG0T~ O—,dsD 2@ Suryozems 0-dsD 0 19189 U]
A H-Q.-Y Yx0n s - rOl\.__
= mATR e HO\
W2 OSCT ~ pue 0S0T~ 0S¢I~ Suryorens 0—,dsD (e} HOOY vl
1e syread omy 03 astr Surard 1a30ereyd puoq sqnop renred syuqryxa Jey) suo 1dyjoue pue s[3urs —O—y 1owe ]
Ap2and st yey3 O—D SUO Sey 1933 ‘puRy ISYI0 Y3 UQ "Id1OBIRYD puoq [qnop [enred e sey 1
pioe dridxoqed ur puoq Q) seaxeym @[durs Ajpand are 1oy31e pue [oyod[e Ul Spuoq O—7 YL, 0S0T~ Suryorenss 0—.dsD HO—Y [oyodreuy O—>
sdnoi3 feuonouny oy (; wd) puoq
JO uonEdYNUAPI 3y} 10§ uoneurroyur wrdned/syead 1ayjo pue ‘Gouereadde ‘Aysuajug IOqUINUIAB AN 2d£y woneiqia pareraq jo adfy parernq puog




Introductory Chapter: Infrared Spectroscopy - Principles and Applications
DOI: http://dx.doi.org/10.5772 /intechopen.109139

band at about 890 cm ™~ shows the existence of p-configuration, while the absorption
bands at around 840 cm ™" or 920 cm ™ reveal the presence of a-configuration [4, 5].
On the other hand, IR spectroscopy was used to determine the presence of n-alkane
and long-chain alcohol in plant species. Ferreira et al. found that in the presence of
intense peaks in the range 1190-1485 cm L, many elongations such as (C—C), (C—O0)
coupled to (CH) and (OH) in-plane deformations co-occur, which are associated with
n-alkanes and alcohols in the studied samples [6].

AFM-IR (photothermal-induced resonance) was developed and used to character-
ize four industrially important polymers: a polypropylene-based reactor thermoplastic
polyolefin (rTPO), linear low-density polyethylene (LLDPE) for molding, and two
recycled post-consumer polypropylene/polyethylene blends. Using nanoscale spatial
resolution IR imaging, we could picture each polymer’s key components, including the
mineral fillers (talc and calcium carbonate) in each mixture and the morphology
acquired using AFM. The obtained results show the possibility of individually speci-
fying the polymer and CaCOs with the peak at 1427 cm ™" and the peak at 1459 cm 7,
which is related to the CH, group vibration and 1376 cm ™" absorption band, which
corresponds to the CH; symmetric vibration band [7].

2.4 Analysis of the inorganic compounds

Simple inorganic compounds, such as NaCl, do not generate vibrations in the MIR
range, despite their lattice vibrations in the FIR area; because of this, the IR windows
are manufactured of simple inorganic compounds such as NaCl, KBr, and ZnSe. Several
variables influence the inorganic compound IR spectra. The compound’s crystal struc-
ture, like the crystalline lattice bands that appear in the FIR range and changes in the
crystalline structure, could be detected from the IR spectra. The IR technique is a
nondestructive sampling approach and is preferred for such samples. When analyzing
spectra, the degree of hydration of an inorganic substance is also considered. Due to
O—H stretching and bending absorption bands, water molecules in a crystalline com-
pound’s lattice framework form characteristic sharp bands in the 3800-3200 and 1700~
1600 cm " regions [8]. IR spectroscopy may directly analyze nanoparticles and the
functional groups on their surfaces. Furthermore, various ligands attached to
nanoparticles may be quickly, precisely, and nondestructively identified using their
vibrational fingerprints. In addition to directly analyzing such materials, specific
nanostructures alter the local optical field, amplifying IR signals and enabling better-IR
nanoparticle imaging processes [9]. According to various investigations, IR spectra
indicate vibrational fingerprints of synthesized nanoparticles. On the surface of per-
simmon peel biochar, the IR spectra of the Si—O vibration can be detected, and the
absorption band emerges at 1029 cm™ [10]. Also, silicate (Si—O—Si) deformation
vibrations appear on the surface of olive tree leaves biochar in the range 1120-950 cm™
[11], and tetrahedral complexes (Mn**—0?") can occur at 700-500 cm* [12]. Fe—O
bond vibration can be shown in the IR spectrum of magnetite nanoparticles, appearing
in the range 564-570 cm ! [13, 14]. Finally, bending vibration modes of Ti—OH and
Ti—O stretching modes could appear at 1630 and 1383 cm’, respectively [15].

3. Applications of IR spectroscopy

FT-IR spectroscopy has found many appreciations in the field of medicine, espe-
cially as a diagnostic tool, as well as environmental research including protein and
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nucleic acid analysis [16-18], environmental analysis, forensics, drug syntheses, and
pharmaceutical fields. IR spectroscopy has been extensively used for deep analysis of
organic and inorganic compounds based on observations of specific absorption bands.
The typical applications of IR spectroscopy are compound-type detection, substitution
groups, anomeric carbon structures, and crystal allomorphs. However, because some
compounds’ structures are so similar, the qualitative characterization of these com-
pounds using IR spectroscopy is complex. Furthermore, the overlap of bands in
spectra may obscure certain important information, adding to the difficulty of this
study. As a result, qualitatively analyzing different compounds using only one char-
acteristic IR peak may be purely empirical and inaccurate. The applications of IR
spectroscopy in different science branches are as follows:

3.1 Application to environmental and biological samples

Food products may be assessed qualitatively and quantitatively using MIR and NIR
spectra. As significant components, foods are complex mixtures of water, proteins,
fats, and carbohydrates. Fats and oils have long been studied using IR spectroscopy.
Some vegetable oils, such as canola (CaO), maize (CO), soybean (SO), and walnut
(WO), have a similar color to cod liver oil (CLO), making their detection with the
human eye very difficult [19]. As a result, FT-IR spectroscopy, in combination with
chemometrics, was used to detect vegetable oils. The IR spectra of all these samples
show the modest changes in band intensities and the specific frequencies at which
maximal absorbance is obtained in each oil due to variances in fatty acid content,
chain length, degree, and location of double bonds in triglyceride [19]. These spec-
trum variations may be found in frequency ranges of 3007 (cis-vinylic stretching
vibrations), 2922, and 2852 cm ' due to asymmetrical and symmetrical —CH,—
stretching vibrations and 1237, 1117, and 1098 cm " related to C—O stretching vibra-
tions [20]. As a result, these frequency regions were used to differentiate between
CLO and other vegetable oils. Due to the consumption of hazardous chemicals, fabri-
cated eggs can cause various human health concerns. As a result, developing technol-
ogy for identifying fabricated eggs is a top concern for food safety. FT-IR
spectroscopy is commonly employed because of its ability to analyze such objects
using their optical features. The albumen results show that the wavenumber region
between 1650 and 1550 cm* provides excellent separation between synthetic and
actual albumen. Even though absorbance values of natural and created albumen
exhibit a peak around 3300 cm ', those peaks linked to water content were eliminated
since the water contents in the synthetic egg are easily modified by the recipe [21].

Evaluating the overall soil quality necessitates estimation of the soil’s physical,
chemical, and biological characteristics. MIR spectroscopy is a rapid, low-cost, environ-
mentally friendly, nonhazardous, and reproducible approach and can be used in differ-
ent applications as shown in Figure 2. The C and N content of the soil was thoroughly
investigated using MIR spectroscopy. MIR spectroscopy may also illustrate and assess
clay minerals, soil water (volumetric and gravimetric water content), and soil microor-
ganisms [22]. NIR spectroscopy has emerged as a popular method for measuring heavy
metals and other pollutants in soils, sediments, and water [23]. Multi-molecular IR
(MM-IR) spectroscopy was used to identify and quantify the amount of fluorescent
whitening agent in the wheat flour to check the quality of the flour [24]. MM-IR
integrated with two-trace 2D correlation spectroscopy was used to analyze
deoxynivalenol (DON). DON is considered a potent pollutant in wheat flour, even in
low quantities, and causes a range of adverse health impacts on people and cattle [25].
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Figure 2.
Applications of MIR spectroscopy.

3.2 Applications to biomedical and bioanalytical investigations

IR spectroscopy has become one of the most powerful tools in modern bioscience.
Because of its high molecular specificity, applicability to a wide range of samples,
rapid measurement, and noninvasiveness, IR can provide important qualitative and
quantitative information for various types of biological material. IR became a well-
established bioanalytical approach with several applications [26, 27]. It can be used as
an efficient tool for predicting protein secondary structure. One of the most signifi-
cant obstacles to estimating protein structure using FT-IR spectroscopy is interference
from H,0 and the protein IR amide I and II bands. Earlier research used D,O solution
for protein and peptide spectroscopy since there are no D,0 absorption spectra in the
area where the amide I and II bands are visible. Later, using a drying apparatus and a
tiny sample cell (<10 pm) enabled the quantification of H,O. Correlations were
established between various protein secondary structures in H,O solution and their
FT-IR spectroscopy bands [28]. IR spectroscopy was also used to characterize various
systems, including structure elucidation and identification, crystalline and amorphous
forms, and quantitative and remote sensing applications [29]. Hence, it can be used to
determine roxithromycin in its formulations using conventional KBr to acquire the
FT-IR spectra of standards and samples. Based on Beer’s law, a calibration curve with
(R? = 0.9992) was created using the FT-IR carbonyl region (C=0) range 1765-

1705 cm ! [30]. In addition, the early detection of breast cancer was done using FT-IR
spectroscopy. The ranges 900-1425 cm * and 1475-1710 cm ' displayed better classi-
fication performance. The lipids, proteins, sugars, and nucleic acids were represented
by the region 900-1425 cm ', while the proteins were shown by the region 1475-
1710 cm . The biological compounds in the other bands also added some unique
potential to the categorization, resulting in the best classification accuracy in the
entire band [31]. In addition, research showed that integrating imaging technique IR
spectroscopy can be promising apparatus for the early diagnosis of diseases such as
cancer [32-35] and for monitoring brain stroke damages after treatment [36-38].
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Chapter 2

Attenuated Total Reflectance Mode
for Transport through Membranes

Daniel T. Hallinan Jr

Abstract

This chapter is an introductory tutorial to attenuated total reflectance (ATR) mode
of Fourier-transform infrared spectroscopy and how it can be used to measure trans-
port through polymer membranes. In addition to covering the experimental set-up
and time-resolved data processing, it will present the fundamental equations for
analyzing the data in order to obtain diffusion coefficients. The chapter will present
several example systems in which FTIR-ATR has been used to determine transport,
including water diffusion through polyelectrolytes for fuel cells and block copolymers
for water purification as well as ion transport through polymer electrolytes for lithium
batteries. Perspectives on future applications in which the technique could provide
fundamental understanding will also be covered.

Keywords: FTIR-ATR, ATR, membrane transport, polymer, diffusion, time-resolved,
water purification, desalination, separations, batteries

1. Introduction

Fourier transform infrared spectroscopy (FTIR) revolutionized chemical analysis
with light-based spectroscopy. The ability to pass all wavelengths of mid-infrared light
through a sample simultaneously rather than one wavelength at a time increased
sampling rate by orders of magnitude. The IR source beam is split into a reference
beam that reflects off a moving a mirror, thereby changing the path length in time,
and a beam that passes through the sample. FTIR takes advantage of constructive and
destructive interference between the reference and sample beams that is referred to as
an interferogram. Due to the interference changing in time, the interferogram can be
converted into intensity versus wavenumber via a Fourier transform. Wavenumber is
inversely proportional to wavelength and the mid-IR region is from 4000 to
400 cm . Intensity is converted to transmission by dividing the sample measurement
by a background, which is a measurement without a sample present. This results in an
infrared spectrum with a baseline at or near 100% in wavenumber regions where no
light is absorbed by the sample, i.e. where the frequency of light does not correspond
to the frequency of vibration of any of the molecular functional groups of the sample.
In wavenumber regions where light is absorbed a “peak” is observed. The peak is
typically a Gaussian decrease in transmitted intensity centered around the frequency
of a particular vibration of a functional group containing covalent bond(s). The
combination of functional groups in a sample results in a spectrum that can be used to
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identify the chemical make-up of unknown samples or detect the presence of partic-
ular species. Thus, FTIR provides a rapid and reliable means for sample identification
and/or detection. Greater detail regarding the fundamentals of FTIR, prediction of
functional group absorbance, and tables of wavenumber values can be found else-
where [1].

One of the limitations of FTIR is that if samples are too thick, an insufficient
amount of light passes through the sample for detection. This is due both to absor-
bance and scattering. This can be overcome by preparing thin samples, on the order of
microns, or, if the sample is a powder, it can be mixed with a salt, such as KBr, and
pressed into a transparent pellet. Inorganic salts contain only ionic bonds that do not
absorb infrared light. So, if the sample is dilute in the pellet, then sufficient transmis-
sion is achieved. An alternative to sample processing is to use attenuated total reflec-
tance (ATR) to ensure that sufficient light intensity is transmitted. As shown in
Figure 1, the infrared beam is directed into the crystal at an angle less than the critical
angle, typically 0° with respect to the normal of the face through which it enters. The
beam then totally internally reflects at the top surface of the crystal because the
incident angle is greater than the critical angle. The critical angle is a function of ratio
of the index of refraction of the crystal and the medium above the reflecting surface.
Crystals of high refractive index are commonly used, such that the critical angle is
small. For ATR set-ups without adjustable angles of incidence, the incident angle on
the top face is usually 45° as shown in Figure 1. After reflecting at the top surface of
the crystal, the infrared beam exits the crystal and is directed to the detector. The
crystal is housed on an optical set-up that directs the source beam to the crystal and
the exiting beam to the detector with a combination of mirrors and sometimes focus-
ing lenses. The mirrors and lenses are adjustable so that the amount of infrared energy
transmitted to the detector (without a sample present) can be maximized.

Common materials of construction for ATR crystals include diamond, ZnSe, KRS-
5, silicon, and germanium. Despite the cost, diamond is an excellent ATR material due
to its robustness. It is stable to high temperature, in contact with corrosive substances
(including both high and low pH), and in contact with abrasive samples. Other than
cost, which limits diamond ATR crystals to single reflection, the only other drawback
is its inherent absorbance of IR between approximately 2700 and 1800 cm .
Although noise is greater in this region of the spectrum, this is actually only a minor
drawback because the diamond absorbance is part of the background and thus
subtracted from the sample spectrum. Moreover, there are few important sample
peaks found in this wavenumber range. If robustness is not important, then the best

Single-reflection
ATR crystal !

\

Incident beam ) Exiting beam
from IR soury/ to detector
Figure 1.

Schematic of an ATR crystal with an infrared beam entering from the source side, totally internally reflecting, and
exiting to the detector. In this schematic the angle of incidence is 45°, a common fixed incidence angle, and theve is a
single reflection. Not shown ave the FTIR spectrometer, the mounting that houses the crystal, the sample that is
placed on top of the crystal, nor the anvil that presses the sample to the crystal ensuring intimate contact which is
essential for high-quality reproducible data collection.
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choice for maximizing throughput of infrared energy is ZnSe. This material is avail-
able as single-reflection crystals as well as multiple reflection crystals that increase the
sensitivity of detection. Commercial KRS-5 is rarely used today due to toxicity. Silicon
and germanium have intermediate properties (including cost and energy transmis-
sion) for select applications. For example, due to lower infrared energy transmission,
germanium can be used to solve absorption saturation problems that sometimes occur
in multi-reflection ZnSe experiments.

ATR mode obviates the need for sample preparation because sampling occurs via
an evanescent wave that exists outside the crystal and therefore within the sample.
The evanescent wave is a non-propagating (i.e. standing) wave that forms due to
interaction between the incident and reflected wave. Although it is non-propagating,
the evanescent wave can interact with the sample such that infrared energy can be
absorbed by the sample and an infrared spectrum generated. The intensity of the
evanescent wave is exponentially decaying such that it is most intense at the crystal
surface. The depth at which the intensity decays to ¢! is defined as the depth of
penetration, d,,. It is determined by the physics of the total internal reflection. For
reflection at an interface between two dielectric (i.e. non-metallic) materials it is a
function of the angle of incidence, 6, refractive index ratio of crystal, 747z, and
sample, 7ympie, and wavelength of light, 4 [2].

d, = . (1)

2 Nsample 2
2anatry/ sin“(0) — (ﬁ)

For internal reflection to occur #mpl. <7a7r. As shown in Table 1, the refractive
indices of air, water, and polymers are all less than that of materials commonly used to
construct ATR crystals. By way of example, the critical angle for total reflection within

diamond with water on top is §, = sin ! (%) = 33°. This is measured from the

normal to the interface, such that 6 > 6, for total internal reflection. Keeping with this
example, at the highest wavenumber (4000 reciprocal centimeters) 4, = 0.4 pm. Due
to practical limitations of most mid-infrared optics, the lowest wavenumber at which
reliable data can be obtained is 650 cm . At this wavenumber, d, = 2.3 ym. This
demonstrates that the only significant drawback to ATR mode is that the sampling

Material Refractive Index Reference
Air 1.0 [3]
Water 1.3 [3]
Polymer ~15 [4]
Diamond 2.38 [5, 6]
ZnSe 2.45 [3]
Silicon 34 [71
Germanium 4.0 71
Table 1.

Approximate refractive indices of selected samples and ATR materials at room temperature and at wavenumbers
between 4000 and 650 cm™* (wavelengths between 2.5 and 15 pm,).
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depth is a function of wavenumber, which causes a slight skewing of relative intensity
of different peaks when compared to transmission mode. Since most libraries of
infrared spectra have been constructed in transmission mode, it is best practice to use
transmission mode for identification of unknown compounds. However, the afore-
mentioned skewing of relative peak intensities is only slight, such that library searches
from ATR spectra are usually successful. Moreover, instrument software often has
automated algorithms to correct for this effect, which can also be rigorously
accounted for manually if absolute peak intensities are required.

On the other hand, there are several benefits to ATR mode that outweigh the
wavenumber dependence of d, in most cases. Regardless of the total sample thickness,
infrared is absorbed over only about 54, ~ 10 pm at most. Thus, sufficient energy
transmission to the detector occurs without any special sample preparation for all but
rare instances, such as carbon black that strongly absorbs and scatters infrared light.
In addition to ease of sample preparation, temperature is readily controlled in the ATR
set-up as is the environment of the sample. Thus, time-resolved FTIR-ATR measure-
ments can be used for reaction kinetics and membrane transport studies, the focus of
this chapter.

2. Fundamentals of ATR

As with transmission mode FTIR, a background must be collected when using ATR
mode. It is essential that the ATR accessory is in place when collecting the background
so that absorption by the ATR crystal is included in the background spectrum. For this
reason, the appearance of the background will depend on type of ATR crystal being
used. Best practice is for the top surface of the crystal to be empty and dry when
collecting the background, although it is possible to have the sample in place and use
the initial conditions of the sample as the background in order to generate difference
spectra if the main purpose of the experiment is to examine changes in time. This
latter approach is not recommended because of the detrimental impact it has on
signal-to-noise ratio [3].

After the background has been collected, the sample is placed on top of the crystal.
Due to the exponential decay of the evanescent wave intensity, intimate contact
between sample and crystal is crucial. This is trivial for liquid samples, but an anvil
that generates reproducible force should be used to press solid samples to the crystal
surface. An alternative approach that has been used for polymeric samples is to cast a
polymer film from solution directly onto the ATR crystal. This approach was used in
the pioneering work in which FTIR-ATR spectroscopy was first demonstrated as a
powerful technique for quantifying transport in polymer films and is covered in an
excellent review [8]. Layer-by-layer deposition has also been used to assemble poly-
mer films on ATR crystals [9]. Care should be taken with polyelectrolyte solutions that
can exhibit highly acidic or basic conditions that will damage crystals such as ZnSe. In
those cases, diamond can be used, the sample can be physisorbed to the crystal [10],
or a pressure-contact method can be utilized [11].

An important consideration in ATR mode is the thickness of the sample. As shown
in Figure 2(a), the evanescent wave will extend beyond a thin sample of less than a
few d,,. For transport experiments in which the conditions at the top surface of the
sample are being changed, this is a problem because the functional groups present
throughout the sample and outside the sample are all being measured, weighted by the
exponential decay of the evanescent wave. This can be expressed quantitatively using
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/

Figure 2.

Schematics of evanescent wave and velative thickness of sample for (a) a sample that is less than the ideal thickness
for ATR, (b) a sample in which the evanescent wave extends throughout the sample, and (c) a sample much
thicker than the depth of penetration in which detection can be approximated as occurring at the crystal surface.

the Beer-Lambert Law, which states that for weak to moderate absorption, absorbance
(A) is proportional to molar concentration (C) [12],

A= —log (11;) = ¢CL ()

Note that I is the measured intensity, I is the intensity of the background, ¢ is the
molar extinction coefficient, and L is the path length of the IR beam through the
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sample. For ATR mode, the decay of the evanescent wave energy should be incorpo-

rated, [ = E* = 1067%.

This has been achieved by using the differential form of the Beer-Lambert Law in
terms of intensity [12], but it assumes weak absorbance, which introduces 10% error
at 80% transmission and greater error with decreasing transmission (increasing
absorbance). Moreover, the original reference used natural logarithm to define absor-
bance, rather than the typical log base 10. This approximation was necessary to yield
an analytical solution to transient diffusion [8], but alternate approaches are possible
and discussed below. In any case, an exact expression is derived here.

A = —log (%) (3)

Relating dA to dI and inserting into Beer-Lambert Law yields.

dl

A =170

=eCdy (4)

Rearranging and inserting the expression for evanescent wave decay of intensity
yields.

dl = —1n10 eCl dy = —In 10 eCloe * dy (5)

The left-hand side of the equation can be integrated from the incident intensity, Io,
to I. Due to the exponential decay, the integral of the right-hand side can be evaluated
from O to infinity, but is typically evaluated to the top of the sample, L, because
beyond this the molar extinction coefficient, ¢, is not well defined. In either case, the
integral cannot be explicitly evaluated at this point if C is a function of y, which will be
the case in transport measurements.

d ; o _ In10 JeC(y)e_% dy (6)
0

In terms of absorbance, this is

A=—log (1 —In10 J eC(y)ef'% dy) (7)

For a known concentration profile, i.e. known C(y), the integral can be evaluated
and an explicit expression for absorbance found. Alternatively, the integral can be
evaluated numerically if necessary.

The case of Figure 2(a) where the sample is thinner than a few d, is not ideal due
to the integral in Eq. (7) needing to be evaluated from O to L for sample absorption
and from L to infinity for absorption by the medium beyond the sample. There will be
much less experimental uncertainty for the case of Figure 2(b) in which the evanes-
cent wave decays by more 99% of I within the sample. This means that IR absorption
beyond the sample is negligible. However, if there is a gradient in concentration of the
absorbing species within the sample, such that C is a function of y, then the appropri-
ate expression for C(y) must be incorporated before evaluating the integral of Eq. (7).
In other words, a transport model should be incorporated into Eq. (7) or an
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approximation thereof in order to accurately predict the rate of change of A. The ideal
situation, at least for simplicity in transport modeling, is the case of Figure 2(c) in
which the sample is at least an order of magnitude thicker than d,,. Since 95% of the
evanescent wave energy decays within 3 d,,, detection is essentially occurring only at
the crystal sample interface for thick samples. This approximation works reasonably
well when the sample that is at least 10 d,,, and is basically exact for samples of greater
than 100 4, . In this case, the absorbance is proportional to concentration aty = 0, and
the integral can be directly evaluated yielding.

In (10)eC(0)d,

A=—log|1—
Og B

(8)

An effective ATR extinction coefficient can be used to simplify the expression, b =
In (10)ed,
—5—L.

A= —log[1-bC] 9)

This demonstrates that the choice of base for the logarithm is arbitrary, but it
should be specified. In the limit as concentration, and hence absorbance, go to zero (as
assumed by Fieldson and Barbari) [12], Eq. (9) further simplifies to A = bC. Thus, in
the thick film limit depicted in Figure 2(c), absorbance is proportional to concentra-
tion in the limit of weak IR absorption.

3. Membrane transport
3.1 Fickian diffusion

Transport in membranes and polymer films is relevant to a wide range of applica-
tions that include barriers, electrolytes, and membrane separations. In the area of
barriers, polymer films are used in food packaging to improve quality, extend lifetime,
and reduce waste. In these applications tailoring transport of water vapor, oxygen,
and other gases like ethylene are important as they control the rate of ripening and
spoiling. Polymer films are used as building wraps to exclude humidity and control
mold. They are used in a wide range of packing applications to protect products, e.g.
to maintain sterilization. In the area of electrolytes, polymers are used as solid elec-
trolytes in hydrogen fuel cells, in batteries, and in dialysis and reverse electrodialysis.
In the area of separations, porous membranes are used for filtration. Dense polymer
membranes are used as reverse osmosis membranes for desalination. Glassy polymers
with high free-volume have proven to perform well in separating gases. In essentially
all these applications the rate of transport of different species, mostly small molecules
and ions, are important.

Transport of water vapor, gases, and ions can be driven by gradients. One of the
most common gradients is created by a pressure difference between the opposite sides
of the membrane. This pressure difference creates a chemical potential gradient
within the membrane, driving transport from the high pressure side to the low pres-
sure side [13]. Although different external gradients can be applied, the universal
thermodynamic driving force for transport is that of the electrochemical potential. A
gradient of electrochemical potential can be generated by a pressure difference (as
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already stated), by a concentration gradient, by a voltage gradient, and by a temper-
ature gradient, to name several of the most common driving forces employed in
membrane separations. Pressure, temperature, and concentration gradients will uni-
versally drive diffusion of all species, but voltage gradients will only drive transport of
charged species and their associated solvation shell. This latter mode of transport is
commonly referred to as migration for ions and electroosmotic drag for the ions’
solvation shell.

Water is by far the most common diffusant in studies with FTIR-ATR. Since 2000,
its diffusion has been examined in asphalt [14], in plasticized polyvinylchloride [15],
in cellulose acetate [16], in poly(ethylene terephthalate) [17], in polylactide [18], in
polystyrene-poly (isobutylene)-polystyrene block copolymers [19], in fuel cell mem-
branes [10, 20, 21], and in ion-selective membranes for corrosion prevention [22-24].
Alcohols are the next most common diffusant that has been investigated with FTIR-
ATR, presumably due to the strong OH stretching absorbance present in both water
and alcohols. In particular, there are several studies of methanol diffusion in various
types of polymers [10, 12, 17, 25]. In other studies, FTIR-ATR has been used as a probe
to measure changing composition in the receptor compartment of permeation exper-
iments for multicomponent alcohol transport through membranes [26-28], but this
format is beyond the scope of this chapter because the membrane is not in contact
with the ATR crystal. Beyond water and alcohols, there is a report of acetonitrile
diffusion in cellulose acetate [29]. Finally, the rate of drug release through synthetic
skin membranes has been measured with FTIR-ATR [30, 31].

In membrane transport experiments generally and in experiments with FTIR-ATR
specifically, it is typically appropriate to assume that transport is 1D because the
thickness of the membrane is much less than the lateral dimensions. As shown in
Figure 3, we will define the thickness coordinate as y. Although not drawn to scale,
the control volume shown in Figure 3 extends from the crystal surface at y = 0 to the
top of the sample aty = L. Regardless of the material of construction, all ATR crystals
are impermeable, which means that a no-flux boundary condition exists at y = 0. The
boundary condition on the top surface will depend on the particular experiment. A
common condition is a constant concentration, which can be imposed by placing or
flowing a fluid (liquid or vapor) across the top surface of the membrane [8]. If a
gradient is imposed in a different way, such as by stacking two membranes of differ-
ent concentration, then the top boundary condition could also be no flux [32].
Another exciting application of FTIR-ATR is spectroelectrochemistry, in which the

BC 1:_Expt. Specific

)
(@]
=
o
S
=
3
o

BC 2 No flux

Figure 3.
Schematic of coordinate system, definition of control volume, and designation of boundary conditions (BCs) for a
one dimensional transport experiment conducted with an ATR set-up.
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driving force for transport is applied potential [33]. If blocking electrodes are used, as
in studies of capacitors, then both boundary conditions would be no flux [34]. In
battery studies, flux of the active ion could occur at the boundaries if reversible
electrodes are used [35]. The flux would match the rate of electrochemical reaction
[36]. For transport of neutral combinations of species, the boundary conditions would
be no flux in the battery as well.

The governing equation for the control volume depends on the particular experi-
ment being conducted. For the case of Fickian diffusion, driven by a concentration
gradient, the transient diffusion equation applies.

oC _o°C
e D P (10)

Due to the solid-like nature of polymer membranes and films, convection is
neglected in this equation. Due to the finite control volume, this partial differential
equation is most readily solved with a Fourier Series solution using Finite Fourier
Transforms (FFT). The basis functions for the FFT are chosen to satisfy the type of

boundary conditions. With appropriate nondimensionalization, the boundary condi-
tions can be made homogeneous for all examples discussed in this chapter.

C(y,t) —C(0, 0)

¥ =0, ) — (0, 0)’ a
=7, (12)

2
=t (13)

Focusing on the situation in which the thick film approximation is appropriate, the
initial and equilibrium concentration at y = 0 are used to make concentration dimension-
less. The control volume size, L, and diffusion coefficient, D, are used to define dimen-
sionless position and time. The experimental set-up will dictate the initial conditions
throughout the control volume, C(y, 0), which must be known in order to find a solution.

As shown in Figure 4(a), the most common initial condition is the case where the
control volume has a homogeneous initial concentration and a different concentration
is applied at the top boundary. This is frequently accomplished by way of a flowing
stream of liquid, vapor, or gas [8]. Shown in Figure 4(b), another possible initial
condition is to introduce two separate polymer membranes each with a different
concentration within the control volume. In this case, the initial concentration profile
contains a step change. This has been used with polymer electrolytes to study salt
diffusion, which was necessary to exclude liquid solvents [32]. This case is more easily
modeled numerically, for example with finite difference methods, but the step change
can be Fourier transformed. Finally, it is possible to introduce a concentration gradi-
ent via an applied external gradient, such as an electric field or a temperature gradient.
If the relevant transport parameter(s) are constant, then the equilibrium condition
with an electric field or temperature gradient applied should be a linear concentration
gradient. The field or applied gradient can then be turned off or removed and Fickian
diffusion alone will result in the control volume returning to a homogeneous concen-
tration over time. This initially linear concentration profile is depicted schematically
in Figure 4(c). The definition of the dimensionless parameters and the Fourier Series
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Figure 4.

Possible initial conditions used in FTIR-ATR diffusion studies. In all cases, n = Z’ T= D L, and the boundary condition
at n = ois no flux. (a) There is a homogeneous initial concentration, C,, throughout the control volume and at n = 1
an infinite source of concentration C,. The basis functions for this case ave ¢, () = /2 cos ((n +2) ). (b) There
are two different regions, each of homogeneous concentration. There is a step change of the initial concentration at

n = a. At n = 1, there is a no-flux boundary condition. The basis functions for this case ave ¢, = 1 for n = o and
¢, = /2 cos (nzn) for n>o. (c) The initial concentration profile is linear from C, at n = oto C, at n = 1. The
boundary conditions and therefore basis functions for this case are the same as in (b).

solutions at 7 = 0 are also reported in Figure 4 for these three possible diffusion
experiments. The solution also as a function of position would include the cosine from
the appropriate basis function [37], which goes to one at 7 = 0.

The final solutions in Figure 4 are expressions for concentration as a function of
time. Implicit in these expressions are L and D. The former must be known and is
assumed to be much larger than the depth of penetration of the evanescent wave, i.e.
the thick film approximation. The latter can be used as an adjustable parameter to
minimize the error between the model and time-resolved FTIR-ATR data. Thus, the
diffusion coefficient can be found from time-resolved FTIR-ATR measurements of
concentration gradients dissipating via diffusion. In these experiments, D is a mutual
diffusion coefficient for flux of the diffusing species in the polymer matrix under the
influence of a concentration gradient. It is not a self or tracer diffusion coefficient, but
it can be related to these under certain assumptions and considering the concentration
dependence of the activity coefficient [38]. The mutual diffusion coefficient can be
concentration dependent, but has been found approximately constant in many mem-
brane systems [39, 40].
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3.2 Swelling

In Section 3.1, the thickness of the film was assumed to be constant. For many
membrane transport situations this is a good assumption. However, if the membrane
absorbs large amounts of penetrant, then the thickness can increase with time (or
decrease in the case of desorption). This is most likely to occur in experiments of
Figure 4(a) in which the average concentration of the control volume is changing
with time.

“ca
(€)= J:,C dn = J]LC ¢ (14)
dy
0

In experiments of Figure 4(b) and (c), (C) is constant, but the concentration
profile is changing with time. In other words, none of the diffusing species enters or
exits the control volume, but its distribution within the control volume does change
with time. A thickness change would occur in these cases if there were a significant
and concentration-dependent volume change upon mixing between polymer and
diffusing species. However, in experiments of Figure 4(a) the thickness would
change even for the simple case where volume additivity holds, because there is flux
into the control volume (or out of it for desorption).

An excellent study of swelling (or dilation) was conducted with FTIR-ATR on
several different polymer films with different organic penetrants [41]. Baschetti et al.
reported a convenient graphical approach with which to analyze dilation. They plotted
the integrated absorbance, which is typically calculated as the area under the peak of
interest with a linear baseline subtraction, as shown in the sample time-resolved data
of Figure 5(a). This is done at each time point and the value can be plotted versus
time, as shown in Figure 5(b). Dilation was assessed by plotting the integrated
absorbance of a peak associated with the polymer versus the integrated absorbance of
a peak associated with the diffusing species. This plot was found to be linear in
rubbery polymers, because dilation proceeds instantaneously with diffusion. On the
other hand, a delay in the linear correlation was found in glassy polymers due to
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Figure 5.

Example time-resolved data showing the procedure for (a) subtracting a linear baseline and integrating the area
under a peak of interest and (b) plotting the integrated area versus time. Only a few representative spectra are
shown in (a), but one spectrum was collected for each data point in (b).
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polymer relaxation (or plasticization) being slower than diffusion. Several other stud-
ies have also considered the effect of polymer relaxation during diffusion, which can
result in diffusion appearing non-Fickian [11, 18, 20, 21].

The same integrated absorbance shown in Figure 5 can be conveniently normal-
ized from zero to one.

= (15)

In the context of the thick film approximation with weak absorbance, the normal-
ized integrated absorbance is equal to the normalized concentration because the
constant of proportionality drops out. There are quantitative approaches to determine
if absorbance is weak that are essentially calibration measurements. The simplest
approach is to plot absolute absorbance versus known concentrations and look for
linearity, but it is often convenient to use ratios of integrated absorbance values in
order to correct for dilation or other concentration-dependent phenomena that do not
fundamentally violate the weak absorbance assumption [10, 42].

3.3 Non-Fickian diffusion

Non-Fickian diffusion is a misnomer because concentration-gradient-driven dif-
fusion always follows Fick’s Law. However, if other phenomena occur during diffu-
sion, then transport can appear to be non-Fickian [43]. A common example is a
penetrant diffusing into a glassy polymer and plasticizing it. If the rate of penetrant
diffusion within the plasticized polymer is much faster than the rate within the glassy
polymer, then Case II diffusion will occur that appears as a sharp front of constant
velocity moving through the polymer. The front is the boundary between the glassy
polymer and the plasticized polymer. In this case, plasticization of the polymer is rate
limiting and it is not diffusion that is being measured at all. General treatment of Case
IT diffusion has been achieved by treating the plasticization as a swelling [44] or
polymer relaxation [45] that is rate limiting.

Another example of apparent non-Fickian diffusion has been observed when the
polymer contains groups that interact with the diffusing penetrant. The interaction
can be in the form of a reaction, for example a polyelectrolyte reacting with water
forming a dissociated hgdronium ion and an anionic functional group. This was
observed in dry Nafion™ that was exposed to water vapor in experiments of Figure 4(a)
type, where the sulfonate species were dissociated by water [20]. The consumption of
mobile water molecules by the reaction caused a delay in the appearance of water
molecules at the ATR crystal interface as well as an appearance of a protonated water
bending peak in the FTIR spectra as it was formed by the reaction, as shown in Figure 6.
This study had relevance to hydrogen fuel cells and desalination membranes. Another
example of polymer-penetrant interaction causing apparent non-Fickian transport has
been observed in semicrystalline poly(ethylene oxide), PEO [46]. In this case, water
molecules are immobilized while they dissolve PEO crystals. The immobilization during
water diffusion through PEO results in apparent non-Fickian behavior. It was observed
in block copolymers containing PEO that were studied for water vapor transport that
could potentially be used for gas drying or carbon dioxide capture. The morphology of
the block copolymer was also found to affect transport in terms of the effective diffusion
coefficient, but it did not cause non-Fickian behavior [46, 47].
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Figure 6.

Experiment of the Figure 4(a) type. Dry Nafion® at 30°C is exposed to 100%RH at the top surface, and the
FTIR-ATR spectra collected through time. Arrows show the change with time, and the dark red spectrum is time
zero (dry Nafion). The equilibrium, hydrated Nafion spectrum is light blue. Reprinted with permission from [20].
Copyright 2010 American Chemical Society.

4, Conclusions and outlook

In summary, FTIR-ATR is a powerful technique for time-resolved measurements.
The specific application to transport in polymer membranes and films has been cov-
ered here. It can be used to simultaneously quantify diffusion coefficients, even of
multiple species by tracking their distinct FTIR-ATR absorbances [10]. It can also
distinguish polymer swelling and other non-diffusive phenomena that occur in tan-
dem with diffusion and cause apparent non-Fickian diffusion. The ability to directly
track these non-diffusive processes, such as swelling, reaction, and crystallite dissolu-
tion, makes it possible to determine the physical cause of apparent non-Fickian
behavior. The ATR set-up itself is quite amenable to transport measurements due to
the ability to experimentally define a one-dimensional transport system with well-
defined boundary conditions.

A recent development in FTIR-ATR is spectroscopic imaging that has made it
possible to glean additional information. It has been used to investigate water and
plasticizer distributions in polyvinylchloride membranes [48]. Another interesting
approach is the coupling of photoacoustic spectroscopy with FTIR (FTIR-PAS), in
order to control the sampling depth. Both FTIR-PAS and FTIR-ATR have been used to
study drug transport in a membrane skin model [30].

Other exciting future directions include the growth of FTIR-ATR spectroelectro-
chemistry, by introducing electrodes into the set-up, which enables electric fields to
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be applied to polymer electrolytes and desalination membranes for example. The most
common use of FTIR-ATR spectroelectrochemistry has been to study the electro-
chemical doping of electronically conductive polymers that can be electrochemically
synthesized directly on the ATR crystal or an intervening electrode [49-56]. There is
no reason that this technique could not be extended to other types of membranes,
including those that cannot be electrochemically synthesized, and to the study of
electric-field-driven transport with or without redox reactions.

Surface-enhanced spectroelectrochemistry [57] is also exciting in that surface specific
measurements are possible (much shorter sampling length than the depth of penetration
from total internal reflection in a purely dielectric ATR set-up). This enables surface-
specific phenomena to be examined and much thinner films to be studied while
maintaining the thick film approximation. Another advancement in the study of thin
films is polarization modulation infrared reflection absorption spectroscopy (PM-IRRAS)
that was applied to water transport in Nafion [58]. This is not an ATR technique, but it is
well-suited for studying transport in thin films. Traditional FTIR-ATR has also been
applied to thin films, but not for studying transport. It was found that the FTIR-ATR
intensity scaled linearly with thickness for sub-micron thick membranes [59].

FTIR-ATR spectroscopy is a versatile, powerful technique for studying
multicomponent transport in thin and thick membranes. However, it has been applied
to a rather limited set of material systems. Thus, its greatest promise from the mem-
brane transport perspective is in the application to new material systems.
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Chapter 3

Continuous Scan and Repetitive
Mode FT-IR Spectroscopy and Its
Application in Isomeric
Identification, Conformational
Analysis and Photochemistry

Prasanta Das

Abstract

This chapter intends to cover the instrumentation of gas phase Fourier transform
infrared spectroscopy (FT-IR), its recent advancement, and applications. The major
focus have been given to the principle and data acquisition scheme of the repetitive
mode measurement method of FT-IR spectrometer. The application of this spectros-
copy in the isomeric identification of the methylated polycyclic aromatic hydrocarbons
(MPAHSs) and the conformational analysis of diols have been discussed. Furthermore,
the application of the repetitive measurement mode of FT-IR combined with the UV
laser in monitoring the atmospherically relevant photochemical reactions has been
covered. In conclusion, this chapter briefly summarizes the current applications and
discusses future applications of this technique in following drug degradation.

Keywords: continuous scan FT-IR, repetitive mode time-resolved FT-IR, isomeric
identification, conformational analysis, atmospheric photochemistry, drug degradation

1. Introduction

Fourier transform infrared spectroscopy (FT-IR) is an analytical tool that is used to
obtain molecular structural information based on spectral signatures of molecular vibra-
tions. It has been employed in numerous research fields such as chemistry, chemical
industries, chemical engineering, pharmaceutical industries, atmospheric chemistry, etc.
Thus, it becomes a standard instrument in modern chemical and physical laboratories.

In a conventional FT-IR spectrometer, the movable mirror of the Michelson inter-
ferometer undergoes a complete movement to produce the interferogram which is
Fourier transformed to obtain a spectrum. This technique is used for getting vibra-
tional information of molecules and molecular complexes which help in identification
of isomers and conformers and finding molecular interactions such as hydrogen
bonding, etc. It takes a certain amount of time for the complete movement of the
mirror and thus restricts the application of FT-IR to time-evolving process.
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Since its discovery, it has been passed through several modifications especially to
reduce the data acquisition time so that molecular changes that happened during a
reaction can be investigated in-situ [1]. These modifications include the development of
time-resolved FT-IR spectroscopy such as repetitive mode [2], rapid scan [3, 4], and
step-scan [3, 5, 6] which covers, typically, time-resolution of 10?107 s. Several com-
mercial FT-IR spectrometers are equipped with these options. In the case of repetitive
mode measurement, several spectra are recorded in a conventional manner at a partic-
ular time interval with the continuous light illumination for photolysis; a typical time
resolution that can be obtained with this technique is ~100 ms. In the case of rapid scan
mode [6], it is possible to move the mirror at high speed to record the spectra in a short
time of 10’s ms. It enables to record a series of spectra after laser flashes in a time-
resolved way. The series of time-resolved difference spectra can be obtained by
subtracting the spectrum recorded before laser excitation. In the step-scan FT-IR spec-
troscopy [6], data acquisition occurs in multiple steps of the movable mirror. At each
step, a laser is fired to induce the reaction, and then the IR transient induced by the
laser flash is recorded. Interferograms and therefore spectra are reconstructed from a
series of transients corresponding to a complete series of mirror stop position [4, 6]. In
the last two decays, the step-scan FT-IR spectrometer has been coupled with the
imaging technique and applied in the area of biomedical science [7-9].

The infrared spectra of molecules can be measured in various states of materials -
solid, liquid, and gas phases. The former two states’ measurements are common and
used in routine studies, but the later mode measurement is uncommon since the
experimental requirement is more for acquiring the gas phase spectra. Furthermore,
in some cases, it is way difficult to get enough molecules into the gas phase, e.g.,
polycyclic aromatic hydrocarbons of more than four member rings have shown vapor
pressure below 10 ~® mmHg at room temperature. However, among these three states,
the gas phase spectra provide more valuable information. This is illustrated by com-
paring spectra of 1,4-butanediol (HO-C4Hg-OH) in the gas phase [10] and liquid state
[11], see Figure 1a and b.

From Figure 1, we can see that above 3500 cm ™ there are three IR absorption
bands in the gas phase spectra of 1,4-butanediol. Among these, the band of higher
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Figure 1.

Infrared spectra of 1,4-butandiol in the gas phase (a) and liquid state(b). Spectra (b) converted from %

transmission mode to absorbance mode. Spectra (a) reproduced from reference [10] with permission; Copyright
(2015) ACS. Spectra (b) reproduced from reference [11] with permission; Copyright (2017) RSC.
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frequency one is assigned to the free O-H stretching vibration, and the remaining two
bands of lower frequency value are assigned to the hydrogen-bonded O-H stretching
vibrations which are belonging to the two different conformers [10]. These informa-
tion are hidden in the corresponding liquid state spectra, only a broad IR absorption
band appeared at ~3300 cm ™ ’; this is what you can find in most textbooks. The other
methods of sampling techniques along with instrumentation have been summarized
by Marwa El-Azazy [12].

This chapter means to give an overview of the following. From the above discus-
sion, it is clear that for measuring infrared spectra of low vapor pressure compounds,
one can use a long-path gas cell to improve the detection limit. Therefore, how the FT-
IR spectrometer can be assembled with the gas cell and vacuum lines to investigate the
vibrational spectra of molecules and molecular complexes in the gas phase. In addi-
tion, if this basic set-up is modified and coupled with the UV laser whether that can be
used to monitor photochemical reactions. Furthermore, how, it can be used to obtain
quantitative information on free molecules, molecules in a mixture, and reactants and
photoproducts in a reaction. Discuss the applications of these methods in the gas phase
vibrational spectroscopy of methylated polycyclic aromatic hydrocarbon (MPAHSs),
conformation analysis of diols, and monitoring the photochemical reactions of
halobenzenes.

2. Instrumentation

The principle and instrumentation of FT-IR spectrometer can be found in
many textbooks, including the book written by Griffiths and Haseth [13].
Nevertheless, a brief description is required to make the connectivity. The design of
interferometers used for IR spectroscopy is based on the interferometer which was
originally designed in 1891 by Michelson [14]. This interferometer is a device that split
a beam of radiation into two beams and then recombines the two beams after a path
difference has been introduced. A condition thereby created under which interference
between two beams can occur. The variation of intensity of the beam emerging from
the interferometer is measured as a function of the path difference called retardation
which is designated as 6. The schematic diagram of Michelson interferometer, inter-
ferogram, and spectrum for monochromatic light source is shown in Figure 2 [15].
Here a constructive interference will occur only when the distance between the
movable mirror and the fixed mirror (i.e., §) is an integral multiple of A, whereas a
destructive interference will take place when & is an integral multiple of /2.

To obtain an interferogram, I(8), the detector signal is digitized and recorded as a
function of retardation (5). A reference He-Ne laser is employed to monitor move-
ment of movable mirror. The interferogram intensity of polychromatic source is
mathematically described by Eq. (1):

1(8) = J+:B(v) cos (2mvd)dv (1)

where B(v) is the spectral intensity at wave number v (in cm™'). The Fourier
transformation (FT) of I(5) gives the single-beam IR spectrum expressed by Eq. (2):

B(v) = J+wl (8) cos (2nvd)ds 2

—oo
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Figure 2.

Optical diagram of a Michelson intevferometer with the He-Ne laser running co-axial, interferogram and
spectrum for a single frequency light source. The interferometer consists of four major components: A fixed mirror, a
moving mirvor, BS: Beamsplitter, D: Detector. LD: He-Ne laser detector. Adapted from veference [15]. Copyright
(2011) Indian Institute of Science Bangalore (https://etd.iisc.ac.in/handle/2005/1252).

The movable mirror moves continuously in case of continuous scan mode as
discuss below.

2.1 Continuous scan interferometry

The continuous-scan is preferably used for the routine static or very slow kinetic
measurements. In a continuous-scan FT-IR spectrometer, the moving mirror moves
continuously at a constant velocity, V(cm s '), and the optical path difference at time
t(s) is given by 6 = 2V#(cm). The interferogram data points are digitized at the zero
crossings of the He-Ne laser signal as shown in Figure 3 [15]. The use of laser signal
ensures that I(5) is measured at precisely equal intervals of mirror positions and
provides an internal wavelength calibration for every scan. Because of continuous

I(8) Laser Measurement Time (t)

Figure 3.
Schematic of data collection in continuous-scan interferometer. Adapted from veference [15]. Copyright (2011)
Indian Institute of Science Bangalore (https://etd.iisc.ac.in/handle/2005/1252).
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movement of the mirror, the interferogram I(5) changes as a function of time. The
Fourier frequency (fin Hz) of IR light at a wave number v (in cm™") is given by:

fp=2Vy 3)

where V is the mirror velocity in cm s~ . Typically, the slow velocities are chosen
for thermal detectors; such as deuterated triglycine sulfate (DTGS), whereas, the fast
velocities are chosen for fast detectors, such as a mercury cadmium telluride (MCT) or
indium antimonide (InSb) detector, for routine or kinetic measurements.

2.2 Repetitive measurements with FT-IR

The modern FT-IR spectrometer has a provision for the repetitive mode measure-
ment. The data acquisition scheme is similar to normal scan [I(§) vs 8] which is
repeated for many times depending on the requirement to follow up the reaction
kinetics completely. Thereby introduced another dimension in in conventional scan
mode, and thus it is a three dimensional [I(3) vs & and t]. Figure 4 shows the data
collection scheme of repetitive mode measurement of the FT-IR. For a set of experi-
ment, say, five interferogram (t1 - t5) correspond to the five spectra at time resolution
At = (t; - t;) and each interferogram is an average over many continuous scans as
describe in Figure 3.

For a particular spectral resolution, the time resolution is limited by scanning
speed of movable mirror and number of co-additions, i.e., no of scans consider for the
spectra. This kind of measurements can be used to monitor photochemical and ther-
mally perturbed process without any break. The advantage of this mode measurement

/ b

Retardation (8)

Figure 4.
Schematic of data collection in vepetitive mode of measurements. Interferogram t1 - t5 corvesponding to the spectra
1-5, respectively. Each interferogram or thereby spectra correspond to the average over many conventional

spectrums.
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is that one can do photolysis and simultaneously keep recording the spectra of sample
which is not refresh like in the case molecular beam technique. That means it has
capability to monitor photolysis products on-line. This is like a method which can be
used to study the photo- and thermo-chemical evolution within a well-defined system.
Thus, this methodology is well suited for applied problems.

2.3 Variable path-length long-path gas cell

For measuring infrared spectra of molecules and/or monitoring a photochemical
reaction in the gas phase, the well-known method is to couple the gas cell with the FT-
IR spectrometer. However, in some cases it is difficult to obtain sufficient amount of
compounds into the gas phase from its solid or liquid states for the IR spectroscopic
study using a normal gas cell of ~10 cm (typically) optical path length (OPL). Also,
this is true in cases where photolysis product yield is found to be low. In such cases,
where concentrations are below the detection limit with the gas cell, the common
strategy is to use longer OPL (/) to improve the IR absorbance. This is in accordance
with the Lambert-Beer’s law. In other words, a higher detection limit can be achieved
by employing a long-path gas cell.

Figure 5a shows a schematic of the variable path-length long-path gas cell which
was made according to the “white cell” principle [16]. The cell contains three internal
gold-coated mirrors; two (M1 and M2) of them are adjustable attached at the top and
one (M3) is fixed at the bottom of the cell called a field mirror. These adjustable
mirrors are placed at the radius of curvature of the fixed mirror. At the entrance and
exit point of the IR radiation two ZnSe windows are used. Outside of both the
windows two adjustable transfer mirrors are used to guide the IR light from the source
to the detector through the gas cell.

M1 m2| (a)

(b)

16 128 4 0

\2 6 10 14/

Figure 5.

(a) Schematic diagram of typical “white cell” [side view]; M1, M2, M3 - mirrors, numbers (1-4) indicate the
direction of light. (b) Top view of field mirror (M3); representative light images or spots on this mirror are
indicated by numbers.
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Figure 6.
Observed band area (in cm™?) vs optical path length (in m) for naphthalene. Adapted from refevence [15] with
permission. Copyright (2011) Indian Institute of Science, Bangalore (https://etd.iisc.ac.in/handle/2005/1252).

The OPL of the cell can be varied by changing the position of the adjustable mirror.
The beam comes through one window (right-hand side) and reflects back and forth
between the field mirror and the adjustable mirrors of the gas cell. After every 4
passes, the beam migrates across top of the field mirror on the input side until it
misses that mirror and exits through the exit window. The field mirror shows the
migration of the IR beam in the gas cell. The IR beam comes in at the position marked
0 and exits at the position marked 16, see Figure 5b.

Initially, the desired OPL is set roughly by adjusting the position of the adjustable
mirror with the help of red knob in Figure 5a and simultaneously counting the
He-Ne laser spots on the fixed mirror. From the number of spots as recommended
by manufacturer, the IR light OPL can be calculated back. Further fine-tuning of
OPL can be done by adjusting mirror slightly forward or backward and looking
for the maximum interferogram signal with the empty cell. Before using the
multi-pass gas cell for quantitative measurements, one needs to make sure optical
path lengths change precisely and follow the linearity in absorbance »s OPL plot.
Figure 6 shows the results of such calibration curve obtained using naphthalene as a
standard compound. This has been carried out at room temperature. A similar
calibration method is applied while setting the precursor amount for the photo-
chemical reaction studies.

2.4 Experimental set-up for the gas phase studies

The description of the experimental set-up can be found in Ref.s [17-20].
Figure 7 shows how a variable multi-pass long-path gas cell was coupled with the
FT-IR spectrometer and vacuum lines. FT-IR spectrometer utilized in this set-up
was equipped with a liquid-nitrogen-cooled photovoltaic mercury-cadmium-
telluride (PV-LN-MCT) detector and a KBr beamsplitter. The vacuum line can be
solely homemade using 1/4” valves, tubing, and fittings from Swagelok. It is
connected to the gas cell, pressure transducer, vacuum pump, Ultra-Torr for the
sample tube and bulb, and a gas reservoir cylinder. The sample (solid/liquid) holder
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Figure 7.
Schematic diagram of FT-IR spectrometer coupled with a variable multi-pass long-path gas cell and vacuum lines.

is a glass tube/bulb which is attached to the vacuum line using Ultra-Torr fitting and
O-ring.

The sample can be loaded in a glass tube or bulb depending on the state of the
sample. The dissolved gases are removed by applying several cycles of freeze-pump-
thaw. The sample vapor was first allowed to expand into the vacuum line and then
transfer to the gas cell and mixed with carrier gas argon (Ar, UHP). This is done in
cases where solid or liquid samples have sufficient vapor pressure at room tempera-
ture but need to have a temperature controlling system to raise the T during sampling
and to maintain cell T during FT-IR measurements for samples having low vapor
pressure at room. The spectrometer and sample compartment were continuously
purged with ultra-high purity (UHP) nitrogen gas during experiments to avoid inter-
ference from moisture and carbon dioxide. Argon (Ar) gas kept in the reservoir
cylinder is used for cleaning the cell as well as carrier gas.

This setup was used for investigating vibrational spectra of gaseous PAHs and
MPAHs. The vapor pressure of such compounds is low at room temperature, ranging
from 10~ % to 107 mmHg for 2 to 7 rings system [15]. Therefore, cell needs to heat up
during sampling and acquiring spectra. For very low (< 10”7 mmHg) vapor pressure
compound, the recommended way is to fill the sample bulb with a solid sample and
placed it inside the cell. This setup is also used for the conformational analysis of diols
in the gas phase. Furthermore, this basic setup has been modified to investigate the
photochemical reactions in the gas phase.

2.5 Experimental set-up for photochemical reaction studies

The repetitive mode measurement method of FT-IR was used to monitor the
photochemical reaction in the gas phase. Figure 8 shows the experimental setup [21].
The gas cell shown in this setup served as a reactor in this experiment. Its borosilicate
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Figure 8.
Schematic diagram of FT-IR spectrometer coupled with the variable multi-pass long-path gas cell, vacuum lines
and UV laser (ns).

glass body was replaced with a Quartz tube to allow UV light for the photolysis. The
266 nm light was generated from the fourth harmonic (1064 nm) of a pulse Nd:YAG
laser. In order to increase the photolysis efficiency, a multi-pass arrangement was
made for the laser light as well using five UV reflectors. In past, a similar approach has
been applied by Eberhard et al. [22]. They used a pair of rectangular UV reflectors in
order to make a multi-pass arrangement across the fixed gas cell which was coupled
with a step-scan time-resolved FT-IR spectrometer. In this set-up, the reflectors were
placed on circular holders which were hanging on a rectangular frame. The frame has
a provision for “x” and “y” movements [21]. This reflector set-up was placed parallel
to the cell body to benefit six times UV light passes through the gas cell.

Usually, the laser pulses energy is measured before entering the gas cell. However,
inside the cell, the energy is lower due to absorption by cell body material and UV
reflector, which is taken into account in the photolysis efficiency estimation. The
amount of precursor was set after measuring its infrared spectra as a function of
sample pressure so as to keep the absorbance ~1.2. Typically, a small amount of
sample vapor was loaded, as much to keep the IR absorbance value in the working
range, in the gas cell for the photolysis studies. The partial pressure of sample inside
the gas cell can be estimated from its infrared integrated absorbance as described in
Section 3.2.

First measured the infrared spectrum of the precursor without photolysis.

The precursor stability, as well as its rate of condensation, was tested prior to
photolysis by measuring its infrared spectra for up to several minutes. Then the
irradiation was started, and simultaneously infrared spectra were recorded. To
monitor the reaction, several spectra at different photolysis time intervals have
been recorded using the repeated mode measurements of FT-IR. Point to be noted,
the laser light irradiation and repetitive scan measurements were started at the same
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time manually. The precursor spectra were subtracted with proper weighing factors
from the spectra recorded during the photolysis to get the product spectra which are
called difference spectra. The depletion and formation of infrared bands in the differ-
ence spectra indicate the decomposition of precursor and formation of products,
respectively.

There is always a trade-off to play with spectral resolution and number of scans per
spectra to achieve a maximum temporal resolution. The FT-IR, used in this set-up,
required 414 ms per scan at a spectral resolution of 2 cm ™. Therefore, monitoring a
photochemical reaction of lifetime 100’s of ms with spectral resolution of 2 cm ™" is
possible with this technique.

There are certain advantages to this technique. It can measure a wide spectral
range which allows the detection of many species simultaneously. Furthermore, this
technique can be used to study the chemical evolution within a well-defined isolated
system; which means, it is well suited for applied problems. The disadvantage of this
technique is that it suffers a lack of sensitivity as compared to the technique based on
molecular beam combined with laser and mass spectrometry. However, one can, to
some extent, improves the sensitivity of this technique by using a long-path gas cell.
This method is used to investigate the photodegradation pathways of atmospherically
and industrially relevant halogenated compounds [2].

3. Quantitative analysis
3.1 Infrared intensity

The quantity of interest in the intensity calculation is the integrated absorption
coefficient A (in km mol ™). It can be determined theoretically using Eq. (4) [23]

2

; (4)

A = 42.254‘;”

i

where du/0Q; are the dipole moment derivatives in D (A amu'?) evaluated via
analytical derivatives computed at the DFT level of theory.

On the other hand, absolute intensity (in cm™* atm ") can be obtained experi-
mentally by using the Eq. (5) [24]

2.303 J log (1,/1); dv;

Ai - le 5 (5)

where ! (in cm) is the OPL and P;’s are the vapor pressures. It is not possible
to get the vapor pressure of PAHs or methyl- and dimethyl-PAHs by conventional
pressure gauge system since they are seeded on carrier gas(Ar). Therefore, one
can estimate the partial pressures (P;) under all the bands with the help of the
observed band areas and their corresponding calculated intensities by using the
same equation. The average pressure obtained from all the bands were then
calculated using P = >} % where n is the total number of observed bands which
was used to calculate the observed band intensities (in cm 2 atm™!). In order to get
the experimental intensities in km mol %, the values in cm 2 atm ' were multiplied
by a factor of 82.056 (T/K).
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3.2 Estimation of reactant and photoproducts

The amount of sample (reactant) decay and formation of new products can be
measured from the integrated band area of the observed infrared spectra using Eq. (6)
[25], which is basically the modified Eq. (5).

~ 2303x82.05xTx107° x 1

P;(atm) vy ,

(6)

in which, 7; is the integrated absorbance (in cm 1Y), A; (in km mol ™) is the
absorption coefficient, / (in cm) is the OPL, and T (298 K) is the experimental
temperature. Typically, we chose 2-3 absorption lines of a species and averaged the
derived partial pressure. In case of rotational-resolved spectra, sum of band areas
over all resolved lines is assumed to be equivalent to the unresolved band area within
error limit. The derived pressure errors are typically within +20% due to the fitting
errors.

3.3 Photolysis efficiency

The estimation of the photolysis yield is discussed in this section. It helps to know
the efficiency of experimental set-up. In order to do that lets take photolysis of
(0.43 £ 0.01) torr C¢HsCl at 266 nm as an example. The photolysis decay (x) of
precursor (CgHsCl) is estimated using Eq. (7)

x = n(CgHsCl) x 6(266nm) x F @)

where, n is the amount of C¢HsCl (2.829 x 10") molecules present in the laser
active volume 20.3 cm 3, F is the laser fluence 13.181 x 10 photon cm 2 pulse *
[assuming over all 25% loss on measure energy 37 mJ pulse ' due to cell and UV
reflectors absorption and laser active area 0.283 cm” for ~6 mm laser light beam
diameter], and o is the absorption cross section of C¢HsCl (4.933 x 10~ cm?
molecule ) which is according to the reported £(266 nm) = 129 cm 'L mol ™! [26].
According to Eq. (1), the amount of photoexcited CgHsCl or decay of it’s found to be
1.832 x 10" molecules pulse ' in 20.3 cm®. Eventually, this many photoproducts get
distributed over the cell volume 1.805 x 10% cm? and thus value of x is estimated to be
1.015 x 10" molecules cm > pulse ' which corresponds to 3.129 x 10~ * torr pulse .
The laser is operated at 10 Hz repetition rate and thus overall accumulated decay of
precursor during 53 s photolysis is estimated to be 0.166 torr; that means efficiency is
38.6%. In other words, it’s clear that dropping of 0.166 torr C¢HsCl is the lower limit
for observing major photolysis products during first 53 s. More details of this quanti-
tative analysis method can be found in the forthcoming article [21].

4. Applications

This section is dedicated to discussing a few representative applications of
the experimental set-ups presented in Figures 7 and 8. In past many system have
been investigated using these set-ups: PAHs and MPAHs namely 1- and 2-methyl-
naphthalenes (MNs) [27]; 1,5-, 1,6-, and 2,6-dimethylnaphthalenes (DMNs) [28];
2,4-, 2,6-, 2,7-, and 2,8-dimethylquinolines (DMQs) [25]; 1,9-, 2,4-, and
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3,9-dimethylphenanthrenes (DMPs) [20]; and fluorene, 1-methylfluorene and
1,8-dimethylfluorne [19]; conformational analysis of diols [10]; hydrogen bonded
oligomers of methanol [29]; and photodegradation pathways of halobenzenes [2].
But discussion will be restricted to exemplary a few systems as discussed in the
subsequent sections.

4.1 Isomeric identification of methylated-PAHs

Das et al. [28] have reported the gas phase IR spectra of 1,5-DMN, 1,6-DMN, and
2,6-DMN using the technique presented in Figure 7 and assigned their vibrational
modes using density functional theory (DFT) calculations. Figure 9 shows gas-phase
infrared spectra of DMNs. Also, quantitative estimation has done as discussed in
Section 3.1; vapor pressure of DMNs were found to be 2.1-2.5 x 10~ > mmHg at 90°C.

Table 1 listed four characteristic bands of the DMNs. These bands may help in
their identification in an unknown mixture. The aromatic C-H out-of-plane bending
vibration is the strongest among all the bands in DMNs and is easy to identify near
800 cm . The DMNs are distinguishable from the position of this band which
appears with a clear separation in different DMNSs. A set of three bands assigned for

0.25 T T T T T

o

-

[4)}
I

Absorbance
o
o)
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Wavenumber / cm™’
Figure 9.

The infrared absorption spectra for (a) 1,5-DMN; (b) 1,6-DMN; and (c) 2,6-DMN at 0.5 cm ™" resolution.
Reproduced from reference [28] with permission. Copyright (2008) Elsevier.

Mode of vibration 1,5-DMN°® 1,6-DMN* 2,6-DMN°®

Aromatic C-H out-of-plane 783.2 (1.000) 812.8 (1.000) 808.5 (1.000)

Methyl C-H stretching 2882.4% (0.146) 2874.8% (0.395) 2880.0% (0.212)
2931.8° (0.107) 2933.3" (0.395) 2933.9" (0.549)
2956.9° (0.050) 2953.8° (0.079) 2955.2° (0.012)

“The band positions ave given in cm ™" and the relative intensities in paventheses.
Reproduced from reference [28] with permission. Copyright (2008) Elsevier.

Table 1.
Comparison of observed avomatic (C-H) out-of-plane bending and methyl C-H symmetric® and asymmetric

stretching” vibrations in DMN,
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Mode of vibration 1-MN* 2-MN?*
Aromatic C-H stretching 3076.9 (0.544) 3062.9 (1.771)
Aromatic C-C stretching 1077.2 (0.113) 1644.6 (0.206)
Aromatic C-H in-plane bending 1399.7 (0.181) 1134.6 (0.151)
Aromatic C-H out-of-plane bending 978.8 (0.087) 952.2 (0.152)
788.9 (1.000) 812.1 (1.000)

“Frequency values are in cm ™. In parenthesis, relative intensities are given.
Reproduced from veference [27] with permission. Copyright (2012) Indian Association for the Cultivation of science.

Table 2.
A few chavacteristic and unique bands of MNs.

the methyl C-H symmetric and asymmetric stretching is the next set of bands that are
distinct in all the DMNSs. They appear clearly resolved at the high-frequency region of
the IR spectrum near 2900 cm ™' with moderate intensities and can be easily marked.

Chakraborty et al. [27] have proposed a similar identification of MNs. A few
aromatic C-H stretching and aromatic C-H out-of-plane bending vibrations has been
identified in the experimental spectra of MNs as evidenced from reference [27]. Out
of these, a few either intense or unique bands have been chosen, as listed in Table 2,
for the isomeric identification.

In 1- and 2-MN, an intense aromatic C-H stretch has been identified at 3076.9 and
3062.9 cm ™', respectively. This band is separated by 14 cm ™" from one isomer to the
another. Therefore, this band can be used for the isomeric identification of MN in a
complex mixture. One unique band was observed at 1644.6 cm ™" in 2-MN and at
1077.2 cm™ " in 1-MN. These bands are unique to those isomers and are not observed in
the other isomer. Another unique band has been identified in the experimental spectra
of 1- and 2-MN at 1399.7 and 1134.6 cm ™, respectively, for the aromatic C-H in-plane
bending vibration. This band is of low intensity and clearly visible in the recorded
spectra of MNs. There are two sets of bands that are identified for aromatic C-H out-
of-plane bending vibrations at 978.8 and 788.9 cm ™" in 1-MN and 952.2 and 812.1 cm ™"
in 2-MN. The first set of bands is highly intense, whereas the second set is of low
intensity. These bands are clearly distinguishable for different isomers of MN. There-
fore, spectral bands in the 1800-500 cm ' region will be helpful for the isomeric
identification of MNs in a complex mixture. After careful inspection of the high-
intensity aromatic C-H out-of-plane bending vibrations in the region 1800-500 cm™
and at the aromatic C-H stretching vibrations in the region 3200-2800 cm ™, it is
possible to distinguish between the MNs. The isomeric identification through infrared
spectra of these compounds, as suggested here, will perhaps be relevant in the field of
environmental and atmospheric chemistry.

Similarly, a few characteristic infrared absorptions have been found for other series
of methylated PAHs such as DMPs and DMQs. The details assignment and isomeric
identifications for these systems are beyond the scope of discussion here. Therefore,
interested readers are directed to go through reference [20, 25].

1

4.2 Conformational analysis using steady state measurements

Das et al. [10] applied the technique presented in Figure 7 to measure the
infrared spectra of 1,2-ethandiol (1,2-ED) and 1,4-butanediol (1,4-BD) in the
gas phase at different T’s. The corresponding observed spectra are presented
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Figure 10.

The experimental IR absorption spectra of 1,2-ED in the gas phase at 303 K (A) and stimulated spectrum of a
mixture of stable conformers tGg', gGg’, &' Gg', tTt, tTg, ¢T¢, gTg, gGg, tGt, and tGg (B). B3LYP/aug-cc-pVDZ
calculated anharmonic intensities in the individual spectra of conformers were weighted by the population of the
respective conformer. The simulated spectrum (B) was obtained using Gaussian functions centered at the
anharmonic frequencies and with a bandwidth at half-height of 35 cm™". The O-H stretching region marked with
gray. Reproduced from veference [10] with permission. Copyright (2015) ACS.

in Figures 10A and 11A’ and compared with the simulated spectra constructed
based on a mixture of conformers, Figures 10B and 11B’ and done the
conformational analysis.

A statistical thermodynamic population analysis at experimental temperatures have
done with the chosen 10 conformers of 1,2-ED (tGg/, gGg’, ¢'Gg/, tTt, tTg, gTg', gTg,
gGg, tGt, and tGg) and 1,4-BD (g GG'Gt, gG'G'Gt, tG'TGt, g TTGt, gGTGt, tTTTt,
tGGGt, tTGG't, gTGGt, and tTGTt). The purpose of the theoretical population analysis
is to predict which conformers contribute to the experimentally measured vibrational
spectra. The standard statistical mechanical relations were used to calculate the free
energies of chosen conformers of 1,2-ED and 1,4-BD using DFT (B3LYP/aug-cc-pVDZ).
Then, the fractional gas phase equilibrium population [10, 30-32], P(M) of a conformer
M is calculated according to the Boltzmann distribution

e (%)
S e (35 @

where i spans all the conformers of 1,2-ED and 1,4-BD, respectively. The
calculated P(M) at experimental temperatures were multiplied by 100 in to order to
get the percentage population. It was assumed that population of each conformer
corresponds to its weight at the experimental temperatures. The stimulated
spectrum Figure 10B of 1,2-ED is a mixture of conformers tGg', gGg’, g'Gg/, tTt,
tTg, gTg’, gTg, gGg, tGt, and tGg with a contribution of 55.5, 22.6, 13.4, 0.5, 2.8, 1.3,
0.4, 1.0, 1.0, and 1.5%, respectively. Similarly, the populations estimated with the
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Ex%?lz‘rimenml IR absorption spectra of 1,4-BD in the gas phase at 313 K (A'), stimulated spectrum of a
mixture of conformers ¢ GG'Gt, gG'G'Gt, tG'TGt, ¢ TTGt, gGTGt, tTTTt, tGGGt, tTGG't, gTGGt, and
tTGTt (B'). B3LYP/aug-cc-pVDZ calculated anharmonic intensities in the individual spectra of conformers
were weighted by the population of the respective conformer [10]. The simulated spectrum (B') was obtained
using Gaussian functions centered at the anharmonic frequencies and with a band width at half-height of
35 em ™. The O-H stretching region marked with gray. Reproduced from veference [10] with permission.
Copyright (2015) ACS.

B3LYP/aug-cc-pVDZ method were found to be 12.8, 4.4, 21.8, 26.8, 18.8, 3.3, 1.9,
5.1, 3.9, and 1.2% for g'GG'Gt, gG'G'Gt, tG'TGt, g'TTGt, gGTGt, tTTTt, tGGGt,
tTGG't, gTGGt, and tTGTt conformers, respectively. It has been found that most
stable hydrogen bonded conformers of 1,4-BD are less populated than some of the
non-hydrogen bonded conformers. Even for the 1,4-BD, the relative population of
the g'GG'Gt conformer [10], which has strong intramolecular hydrogen bond, is less
than what is predicted. It has been proposed that perhaps the intramolecular hydro-
gen bond is not the only factor governing the relative stability of the hydrogen
bonded conformers of diols.

This comparative study has revealed a few notable things. First of all, experimental
observed spectra are a mixture of hydrogen and non-hydrogen bonded conformers of
diols. Second thing is that it helps in finding what is the weighting factor by which
individual conformer contributed to the measure spectra that indirectly indicating in
what % each conformer exist in a mixture. Furthermore, based on this comparative
study, it has been concluded that strong intramolecular hydrogen bonding exists in
1,4-BD but it appears to be weak intramolecular hydrogen bonding in 1,2-ED at
temperatures of 303, 313 and 323 K in the gas phase [10].

4.3 Photochemistry with time resolved set-up

Using gas phase time-resolved FT-IR set-up described in Section 2.6, the very first
system that has been studied by Behera et al. [2] is the photodegradation of
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(a) Infrared absorption spectra of 0.43 £ 0.01 torr CsHCl seeded in 142 torr avgon (Ar). Difference spectra (b—
) were measured during 53, 173, 293, 413, and 533 sec photolysis at 266 nm. Infrarved absorption band
indicated by A, B, C, and D are assigned to hydrochloric acid (HCI), acetylene (C,H,), 1,3-butadiyne (C,H,),
and phenol (CcH;OH), vespectively. Reproduced from veference [2] with permission. Copyright (2021) Elsevier.

chlorobenzene (C¢HsCl). During this measurement, spectrometer has been set to
acquired 5 spectra at 120 sec intervals for a total period of about 9 min with a spectral
resolution 2 cm ™' and averaged over 128 scans. Figure 12a shows the spectra of
precursor (CgHsCl) which is obtained based on normal scan measurement, whereas
spectra in Figure 12b—f, obtained during 53, 173, 293, 413, and 533 s photolysis of
CeHsCl were based on repetitive mode measurement.

Following 266 nm photolysis of CcHsCl, the ro-vibrational lines were observed in
the region 3060-2625 cm ™7, at 3317.8/ 3262.7 cm™ ' and 1346.2/1301.2 cm ™}, and at
3341.2 and 1232.7 cm . These infrared features are assigned to the hydrochloric acid,
acetylene, and 1,3-butadiyne, respectively. Identification of acetylene and 1,3-
butadiyne but not expected HCI co-product ortho-benzyne (0-CgH,) indicates,
possibly, 0-C¢H,4 further degraded into acetylene and 1,3-butadiyne. The calculated
potential energy surfaces for the possible degradation channels of C¢HsCl shown that
HClI elimination and C-Cl bond fission are major degradation paths.

Further quantitative analysis has done using the measured infrared absorbance for
the precursor and various photoproducts and Eq. (5). The results of this analysis have
been presented in Figure 13.

Accordingly, the initial pressure of precursor is estimated to be 0.427 & 0.013 torr.
During first 53 s photolysis the concentration of C¢HsCl is decreased by
(0.0128 + 0.241 x 10~>) torr and formation of primary product HCl is estimated to be
(0.00645 + 0.19894 x 10~ *) torr as reflected in Figure 13. This clearly indicates that,
the experimental branching ratio for the HCl elimination and C-Cl bond fission paths
of C¢HsCl is 1:1. This is consistent with the calculate energetics which indicates that
the energy required for the C-Cl bond fission is closed to the HCl elimination barrier
of C¢HsCl. Further details assignment of photodegraded products and reaction
mechanism can be found in recent publication [2].

This gas phase time resolved technique was successfully applied to investigate the
photodegradation of C¢HsBr at 266 nm.
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Figure 13.

(a) Decay of chlorobenzene (CsH;Cl) and growth of products (b) hydrochlovic acid (HC), (c) acetylene (C,H,),
and (d) 1,3-butadiyne (C,H,) as a function of 266 nm photolysis time. The plot is based on vepetitive mode
measurements, see Figure 12 and Eq. (5) in the main text. Reproduced from reference [2] with permission.
Copyright (2021) Elsevier.

5. Conclusions

These studies have provided an experimental verification of low concentration
infrared spectroscopic measurements using multi-pass long-path gas cell coupled with
the FT-IR spectrometer. This is essential for the detection of atmospherically and
astronomically important PAHs and MPAHs. The low concentration measurement is
also essential for the detection of intramolecular hydrogen bonded conformers in a
gaseous mixture. Furthermore, even its required for the detection of photoproducts in
a mixture of reactant and products.

The benchmark data on vibrational signatures of some of the MPAHs are expected
to help in identification of them in a complex mixture from various sources. These
studies also provide the spectroscopic method of quantification of gaseous MPAHs
which will eventually help in quantification of them so that worldwide emission rate
and adverse effects on human being can be monitored.

The gas phase infrared spectra are expected to provide more information as com-
pared to solid or liquid state spectra. This has been inferred based on comparison of
gas phase spectra and its corresponding liquid phase spectra of diols. Also, experi-
mental spectra can be reconstructed after properly weightage of calculated spectrum
for various conformers which helps in finding % contribution of various conformers
of diols in a complex mixture. Perhaps, this is something, similar to the method called
multivariate analysis.

The repetitive mode time resolved FT-IR coupled with laser was successful to
probe the HCI elimination channel in the UV photolysis of C¢HsCl combined with ab
initio calculations. The secondary products C,H, and C,H; was observed in conjunc-
tion with the primary product HCI. These secondary products play important roles to
obscure the results from the primary processes particularly when low time resolution
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measurement was involved. The experimental conditions like continuous photolysis
of chlorobenzene seeded in a buffer gas mimic the reaction in the atmosphere.

The future potential application such technique is in the pharmaceutical industries
to find the drug degradation. The study of the photodegradation behavior of pharma-
ceuticals in the environment is a key issue in terms of the formation of toxic products.
Therefore, information on drug degraded products is crucial to understand the envi-
ronmental fate of contaminants and to establish the important degradation pathways.
This can be done using this low time-resolved FT-IR spectroscopy.
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Chapter 4

IR Spectroscopy in Qualitative
and Quantitative Analysis

Nabeel Othman

Abstract

The infrared technique is one of the oldest techniques; it deals with the frequencies
of bond vibration in a molecule. The main uses of this technique are to identify and
determine components in various organic or inorganic compounds. In this tech-
nique, a part of the incident infrared radiation is absorbed by the molecules of the
sample and the other is transmitted. The favorite method of infrared spectroscopy
is FTIR (Fourier transform infrared). There have been many developments in using
IR technique in qualitative and quantitative analyses, including the first and second
derivatives of the infrared spectrum. IR rays do not damage the exposed skin like
other rays such as ultraviolet light. It must be mentioned that the IR technique was
used in hyphenated techniques (instead of the detector in chromatographic device),
for example, after separation by gas chromatography detected by IR. Also, this
chapter contains essential information about Raman spectroscopy. Infrared spectros-
copy is a technique that has acceptable accuracy and sensitivity to be one of the most
important analytical techniques used in the qualitative analysis, and also, it is used
in the quantitative estimation of compounds through measuring the transmitted or
absorption intensity of the active groups.

Keywords: infrared, Raman, first and second derivatives, qualitative and quantitative
estimations, hyphenated techniques

1. Introduction
The introduction included the followings below:
1.1 Infrared spectroscopy

Spectroscopy is the branch of science contracts with learning about the interaction
of the radiation of electromagnetic rays with substances.

Electromagnetic Radiation (EMR) is a type of energy that is around us and taking
various forms, these types included radio waves, microwaves, infrared, visible light,
ultraviolet X-rays, and gamma-rays. Sunlight is also considered a form of EMR,
with Vis light only a minor share of the EM spectrum, which covers a wide range of
wavelengths. Visible light has high energy compared with IR light [1, 2].
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Infrared Spectroscopy (IRS) deals with the frequencies of bond vibration in a
molecule. The main use is to identify the functional groups in many samples. The
most covalently bonded compounds, whether organic or inorganic compounds,
absorb electromagnetic radiation in the region of infrared. This IR region lies between
the visible light and the microwaves region. IR radiation mainly considers thermal
energy, in covalent bonds it gives stronger vibrations to molecules. Near-IR can be
used in direct determination (nondestructively) of protein present in feeds, and this
type of IR region is increasingly used in analytical chemistry for quantitative analysis
of various compounds [1].

IR can be divided into main three different bands:

1. Near-Infrared (NIR, 0.78~3.0 pm).
2.Mid-Infrared (MIR, 3.0~50.0 pm)
3.Far-Infrared (FIR, 50.0~1000.0 pm) [3].

In UV and Vis. of the spectrum, the unite of wavelength is nanometer (nm),
while in the infrared region wavenumbers are used, and cm™ is the unit [2, 4]. The IR
spectrum is drawn via a plot of absorbed or transmittance% (T%) against the wave-
number (Figures1and 2).

1.2 Fourier transform infrared spectroscopy (FTIR)

The favorite method of IRS is FTIR (Fourier Transform infrared), in IRS the
infrared radiation is passed through the investigated sample. A part of the incident
infrared radiation is absorbed by the sample and the other is transmitted. The
resulting spectrum represents the absorption molecules. FTIR spectrophotometers
have many advantages when compared with the older techniques IR, the FTIR
instruments are more accurate, and more sensitive, all frequencies of functional
groups are estimated simultaneously compared with an individual estimation of
functional groups in IR, and they are fast in performance as was in the case of older
IR instruments.

Absorbance

>

Wavenumber, cm!

Figure 1.
The spectrum of an absorption mode.
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Figure 2.
The spectrum of T% mode.

1.3 Classification of IR bands

Figure 3 shows the main three types of IR bands they classified according to their
relative intensities in the IR spectrum.

An increase in the dipole moment according to the increase in the distance
between atoms caused an increase in the intensity of the absorption peak [5].

1.4 IR peaks shapes
Two main types of IR band shapes are narrow (thin and pointed) and broad

(wide and smoother). An example for broad is the O-H peak in alcohols and
carboxylic acids, as shown below in Figure 4 [5].

g

Medium

g

Transmittance %
z

strong
0.0 S——
Wavenumber, em?!

Figure 3.
The types of IR bands according to their relative intensities.
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Figure 4.
The broad peak of the hydroxyl group.

1.5 Range of IR absorption

The typical IR absorption range to covalent bonds in molecules is from 600 to
4000 cm™". The graph shows the regions of the spectrum where the following types of
bonds normally absorb. For example, the sharp band around 2200-2400 cm ™ would
designate the possibility of the presence of a C-N or a C-C triple bond, and other
ranges in IR-absorption for other types of bounds.

1.6 Overtones and combination bands

When a molecule absorbed electromagnetic radiation in the IR region, then the
molecule is promoted from the ground state to the second, third, or even fourth
vibrational excited state. These bands are known as Overtones. The intensity of these
bands is very weak. It is helpful in the characterization of aromatic compounds.

When two fundamental vibrational frequencies (v1 + 12) in a molecule couple give
rise to a new vibrational frequency within the molecule, it is known as a combination

band.
1.7 Coupled vibrations

The coupled vibrations are observed in groups such as -CH,, NH,, etc. In these
groups, the same atoms are attached to the central atom. When —CH, undergoes
vibration, vibrational frequencies for the ~CH, group are observed at 2950 cm™
(asymmetric stretching) and 2860 cm™ (symmetric stretching). A number of mol-
ecules contain the same functional group and show a similar peak above 1500 cm™,
but they show a different peak in the fingerprint region. Therefore, we can say that
each and every molecule has a unique peak or band, which is observed in the finger-
print region; it is just like the fingerprint of a human.

1.8 The functional groups and fingerprint regions

IR spectrum can be separated mainly into two regions. Most of the functional
groups show absorption bands at the wavelength (4000-1200 cm™) region, which is
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called the functional group region. Will the second region from 1200 to 400 cm ™ is
called the fingerprint region. Fingerprint region is characteristic of the compound as
awhole. An example is 2-pentanol and 3-pentanol, the two compounds with similar
absorption in the functional group region. However, their fingerprint regions are dif-
ferent, because the two compounds differ, and to accurately identify the compound
by comparing the fingerprint area with the fingerprint area of a standard or known
sample of this compound [6].

1.9 Factors affecting the vibrational frequency
The main factors affecting the vibrational frequency are listed below:

A. Conjugation: As the conjugation increases, stretching frequency decreases,
because force content decreases due to conjugation.

B. Inductive effect and resonance effect: Oxygen is more electronegative than
nitrogen; therefore, nitrogen easily donates electron or ion pair of nitrogen
undergoes delocalization with a C=0 bond. Due to delocalization double bond
of a C=0 change into a partial double bond, therefore force constant decreases,
which decreases the C=0 stretching frequency.

C. Hydrogen bonding: Intermolecular hydrogen bonding weakens the O-H bond,
thereby shifting the band to a lower frequency. For example, in a clear solution
O-H stretching vibration of phenol was observed in the range from 3400 to 3300
cm™. When the solution is diluted the O-H frequency shifted toward a higher
frequency at 3600 cm™". Whereas in the case of methyl salicylate, intramolecu-
lar hydrogen bonding lowers the stretching frequency of O-H at 3200 cm™.
Intramolecular hydrogen bonding does not change its frequency even in a very
dilute solution because upon dilution structure of the compound does not change.

D. Ring strain: As the size of the ring decreases, the vibrational frequency of C=0
increases. For example [5]:

Cyclohexanone Cyclopentanone Cyclobutanone

1710 cm™ 1745 cm™ 1780 cm™

An increase in wavenumber of the carbonyl group

1.10 General uses of IR

* One of the most important uses of infrared rays is for military purposes, and one
of these uses is in binoculars for night vision in case of difficulty in seeing and
observing hostile targets.

* Use in remote sensing, astronomy, and space in planetary detection, radio
communications, spectroscopy, and weather forecasting.
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* Infrared radiation, which is the oldest technique used in wireless communication,
and is used in remote control and TV or recorder, as it is used in calculators,
one of disadvantages is the speed offered is slow compared with other wireless
technologies.

* Spectroscopy Infrared is a widely used technique to help identify carbon-
containing organic compounds. Only the polar molecules are active because they
have a permanent dipole moment.

A molecule to absorb IR, the vibrations or rotations within a molecule must cause a
net change in the dipole moment of the molecule. The principle of action is to shine
infrared light so that it passes through the organic compound to be identified; absorp-
tion occurs for some of the frequencies by the model. The different precise frequencies
of absorption can be used to identify the different groups in the unknown compound,
which represent specific groups of atoms within the molecules over a period of time.
We can identify the compound because each group has an absorption frequency

that differs from the other. Using a detector to determine the different absorbance,
which records the amount of infrared light that passes through the compound. Some
frequencies pass without being fully absorbed, while others will be greatly absorbed
due to the special chemical bonds in the molecules. This leads to obtaining a spectrum
containing different selves expressing the totals in the model [7].

* Infrared therapy numerous studies have been described that IR can recover the
healing of skin wounds, relieve pain, psychiatric disorders, and cardiac stem
cells. There are two types of treatments:

1. Low-level light therapy (LLLT) using light of low power intensity and the
effects are not a response to heat but to the light. The popular light sources
used are low-power lasers.

2.Photobiomodulation (PBM) therapy uses non-ionizing types of light sources,
including lasers, it is a non-thermal process.

It is now approved that the PBM therapy is an extra accurate and exact term for
the therapeutic application of low-level light compared with “LLLT” A basic principle
called the biphasic dose-response included that the large doses of light were found
to be less actual than smaller doses. The human skin is reliably exposed to environ-
mental IR radiation, which indirectly or directly stimulates the manufacture of free
radicals or reactive oxygen species( ROS). 8~12 pm IR radiation is almost used on
full-thickness skin wound therapeutic in rats.

IR light crosses the outer layers of the skin and reaches the tissues of the body.

The good thing about using infrared light in therapy is that IR rays do not damage the
exposed skin like other rays such as ultraviolet light. An advantage of exposure to IR
ray that it improves the circulation of blood and promotes cell regeneration [8-11].

1.11 Raman spectroscopy

Raman scattering firstly was observed by Raman and Krishnan (Indian physicists)
in 1928. It is an analytical technique where the scattered light is used to measure
the vibrational energy styles of molecules. Raman spectroscopy can offer chemical
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structural information, as well as identify the substances to be studied through their
characteristic Raman “fingerprint.” Raman spectroscopy extracts the information
over the detection of Raman scattering from the investigated sample. After the light is
scattered via molecule, the oscillating electromagnetic field of the photon persuades
a polarization of the molecular electrons cloud. The photon is transported to the mol-
ecule, due to the formation of a very short-lived complex (photon-molecule), and it
is called commonly the virtual state. It is not stable and the photon can be re-emitted
immediately as scattered light. Approximately 1/10 million photons Raman scatter-
ing occurs. The transfer of energy between the scattered photon and molecule and if
the molecules gain energy from the photon according to the scattering (an excitation
to a higher vibration level) and after that, the scattered photon loses energy, and

this phenomena is called Stokes Raman, included an increase in wavelength. If the
molecule loses energy by transferring to a lower vibrational level the scattered photon
gains energy, inversely, the wavelength decreases, which is called Anti-Stokes Raman.
Finally, if most of the molecules are in the ground vibrational level (Boltzmann dis-
tribution) and as a result, the Stokes Raman scatter is a continuously more probable
process and intense than the anti-Stokes; for this reason, it is approximately always
the Stokes Raman scatter used in Raman spectroscopy.

The main differences between IR and Raman scattering are listed in Table 1.

As a common rule included that everything that does not seem in the IRS is
taken in Raman (bond of molecule either be with Raman active or be IR active but
it not with be both). H, or CCL4 doesn’t have spectrum in IR; but they give spectra
in Raman. Also nitrogen-nitrogen, carbon-carbon, and sulfur-sulfur bonds have a
change in polarizability, the incident photons interact with these models, these are
examples of bonds that give rise to Raman active spectrum bands, but it is difficult to
get spectrum in FTIR [12, 13].

Raman spectroscopy has several applications, such as the identification of materi-
als and identification of different minerals ranging from iron oxy (hydroxides) to
rare minerals. Study of the crystallinity, the composition, and uniformity, and also
measurement of local temperature and stress. Raman spectroscopy is nondestructive,
and the technique has a good resolution [14].

Recently, Raman spectroscopy has been used in blood identification and distin-
guishing between human and nonhuman blood using a portable Raman spectrom-
eter, which can be used at a crime division, and the bloodstain of human could be

The main differences between IR and Raman spectroscopy.
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No. IR Raman

1. The principle based on the light absorption. The principle based on scattering of light.

2. To appear the spectrum the variation in the To achieve the Raman spectrum it is not important
polar moment of the molecule to be study must to have dipole moment or the change of polarity,
not be equal to zero. the bonds of molecular have specific transition

energy in which cause a change of polarizability to
give a rise to Raman active.

3. The source of light used depend on the region laser was the excitation source. Almost , solid state
of electromagnetic spectrum, tungsten filament lasers types are used in Raman tools with general
lamp in Near-infrared, coil of Nichrom wire in wavelengths of 532, 785, 830 and 1064 nm.

Mid- infrared and high pressure mercury-arc
lamp in Far infrared.
Table 1.
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distinguished from the non-human ones via using a principal component analysis,
and also this analysis is useful for forensic [15].

2. Application
2.1 Qualitative analysis

Example 1:

FTIR spectroscopy is the most reliable tool for identifying bone types and can
also be widely used in forensic medicine. Identification of human and non-human
skeletal remains unknown to investigators and is of great interest in forensic and
anthropological procedures. Especially when the traditional morphological methods
for diagnosing and differentiating between these types of bones took a long time.
Therefore, the use of infrared spectroscopy and chemical measurement methods to
determine the spectral differences between these two types of bones, human, and
non-human bones (such as pigs, goats, and cows). The results showed that pig bone
is not suspicious of human bone in the study of changes after death because it is more
sensitive to environmental conditions than human bone [16].

Example 2:

The micro-FTIR technique was used to characterize the components of a dye
painted on the walls of a church in Cyprus. The product was copper-based and the
dye contained hydrated copper oxalate. Reflective imaging of the localization sites
for the presence of copper and calcium oxalate within the layers of the plate. We
conclude from this study that imaging calcium oxalate within different layers of
paint samples is very important for studying copper-based pigments in general,
and in particular for analyzing pigments used in coatings on different external
surfaces [17].

Example 3:

Different heterocyclic compound derivatives have been synthesized via the reac-
tion of ortho-Carboxybenzaldehyde with various aromatic amines (using six amino
compounds) to produce Schiff bases (Figure 5).

The Schiff bases compounds gave FTIR spectra with an absorption appeared
at wavenumber between 1602 and 1614 cm ™" this peak belongs to the new C=N
group, and also carbonyl of carboxyl group gave absorption appeared at
(1741-1766) cm™, and the absorption at (3306-3462) cm™ for OH group of
carboxylic acid. The authors noticed that the carbonyl of aldehyde disappeared,
therefore our conclusion that FTIR proves the suggested mechanism and helps to
suggest the structure of the product using the absorption of selective functional
groups (Table 2, Figure 6) [18].

2.2 Quantitative analysis

Example 1:

Fourier transform infrared (FTIR) is used in numerous areas of industrial pharmacy
with satisfactory results. The technique’s characteristic and nature tolerate unequivo-
cally bright forecasts for quantitative analysis. FTIR is considered a green analytical
chemistry technique. It is very easy, fast to work by a temperately knowledgeable
technician, covers a large range of spectra to analyze the pharmaceutical formulations,
the main advantages are that it has a good resolution and is considered nondestructive
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COOH COOH
Methanol
R
+ Ar-NH, 2 drops
CHO CH,COOH CH=N—Ar
Reflex 6 hrs

Figure 5.
The reaction of Schiff base preparation.

Compound No. 1 2 3 4 5 6
Ar ﬁ@mh @—ru‘ -,Q:;—’ o0 _Q 1 _é:w “U e '}3
Structure 5'

Table 2.

The aromatic part of amine.
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Figure 6.

FTIR spectrum of the product resulted from the reaction of p- toluidine with ortho-carboxybenzaldehyde [from
reference 18].

device, and it is also friendly to the environment because in procedure no use of a
dangerous organic solvent or any harmful reagents is required for the analysis. Many
attempts were suggested for using derivative IR in determination diclofenac sodium in
its formulations, but the results indicated that the first derivative spectra are the best
technique for determination of diclofenac sodium. The first derivative spectra deleted
IR band overlapping with the band understudies and increased sensitivity without any
interference of the other band’s [19].

Example 2:

Abdulhameed and Nabil (2022) developed a simple and rapid method for the deter-
mination of ketoprofen. The method is based on normal and infrared derivative (first
derivative) spectroscopy. The results of the study found that the method is accurate
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and there is the possibility of its application in quality control to determine ketoprofen
in pharmaceutical formulations. Ketoprofen was quantified in a range of estimation
from 1000 to 4000 pg/ml. This range was based on measuring the T% of the normal
spectrum and its first derivative spectrum versus the concentration of ketoprofen in the
solution (Figure 7). The results prove the validity of the method, as the relative errors
were +4.33% and 4.78% and the RSD% values were 1.15% and 1.37%, respectively, and
since the values are less than +5%, the method is considered accurate and precise. The
research also included the application of the two methods to estimate the compound
under study in its different pharmaceutical preparations with a comparison of the
results obtained with the results obtained via using high-performance liquid chroma-
tography technique and calculating the t-student and F tests at P = 0.05.
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Figure7.
The first devivative and the normal spectra of two standard ketoprofen from two companies Erbil and Turkey
[from veference 20].

Figure 7 shows the derivative spectra of Standard, Erbil, and Turkey ketopro-
fen solutions, CCl4 was the solvent used. The two individual peaks of carbonyl
groups at 1718 cm™ as a positive peak and at 1705 cm ™" as a negative peak, and these
peaks gave two calibration curves as various concentrations analyses, there is a
reverse proportional relationship between the concentration and the percentage of
transmittance(T%) (Figure 8) and the other indirect proportion. The reverse pro-
portional relationship is according to decreases in the transmittance% of the solution
with an increase in concentration (as shown in Figure 8), will in Figure 9 there isa
direct proportion or positive relationship for the first derivative IR according to the
peak chosen (peaks of carbonyl groups at 1718 cm™" as a positive peak) [20].

Example 3:

Michael et al (1995) used second derivative IR spectroscopy as a non-destructive
tool to assess the purity and structural integrity of various samples such as proteins.
Spectroscopy using second derivative infrared is a fast, easy, reproducible, cost-effec-
tive, and nondestructive method for assessing the purity of samples of some proteins
(water-soluble) extracted from a diversity of sources. The 2ed IR spectra were calm
under the lab-proven conditions of aqueous (D,0) solutions of seven different
commercial samples for the same enzyme, porcine pancreatic elastase (2.0-3.8 mg
protein/100 pl D,O, pD = 5.4-9.1). , the amide at the region defined by I (1700-1620
cm™) from the IR spectra using the 2ed derivative for each of the seven elastase
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Calibration curve via normal IR method via first derivative IR.
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Figure 9.
Calibration curve [from reference 20]. method [from reference 20].

samples displays a characteristic pair of bands: one of them is very weak showing
intensities near to 1684 cm™; the other is close to 1633 cm™ is moderate to strong.
While one of the 7 samples under study shows a striking decrease in the noted density
of amide I bands relative to the 1516 cm absorbance, along with the appearance of a
new strong band at 1614 cm ™. That the seventh sample is of much lower quality than
the other samples and sure contains a quintile of the protein present in the non-native
state. In addition, the apparent slight changes in the relative location, and intensity
of a section of the separate amide I band among the seven spectra indicate slight
differences in the formation of the amount of the peptide support of the samples
under study. From the results of two samples, it seems that these few changes, sample
purity, and identification of non-protein contaminants [21].
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3. Hyphenated techniques

During the past five decades, hyphenated techniques developed rapidly and seemed
to dominate many analyzes by introducing them to solve many problems related to
complex analyzes, as they were widely used in the pharmaceutical industries from
the stage of discovery to human use and the study of its concentration in living body
fluids. Accuracy and high sensitivity, and one of the most important disadvantages
are the high costs of the devices, and they need maintenance and accurate knowledge
while working on the device. Liquid chromatography-mass spectroscopy (HPLC -MS)
is one of the most widely applied hyphenated techniques because MS is more compat-
ible with high performance-liquid chromatography (HPLC), and has good sensitivity
compared with nuclear magmatic resonance (NMR) or IR. It is also possible to connect
infrared spectrometers with thermal analyzers, the methods used by thermal analysis
give information about the important temperature to study the physical properties of
different materials. However, it is not always possible to obtain information about the
chemical changes that occur as a result of changes in temperature through the litera-
ture. We note that it is possible to link the thermal analyzer with an infrared spec-
trometer in order to obtain information about the chemical and physical changes that
occur at different and more appropriate temperatures. More suitable is the connection
between thermogravimetric analysis (TGA) and FTIR spectroscopy However, there
are limitations in its analytical use. The more advantages of the hyphenated technique
include sensitivity, accuracy, speed, and applicability [7, 22].

3.1 Gas chromatography-infrared (GC-IR)
3.1.1 Difficulties in the combination of GC-IR

In the development of joining the IR technique with GC, the speed of the IR must
be changed to a high speed so that the unknown components can enter at the same
speed from the GC column, in this case, there is a loss of efficacy and the results are
not complete. The best way to solve the connecting problem is that the condensation
of the gas that comes out from the column and the process is not easy, it must collect
all gas eluted because it contains the component and the gas is collected in a cooled
part that converts the gas into a liquid because the infrared technique deals with the
liquid solutions. Reentry GC technique combined with Fourier transform infrared to
give faster and more accurate technique.

3.1.2 Application

Salerno, et al (2020) suggest an accurate method for determination of illicit
drugs via gas chromatography-Fourier transform infrared spectroscopy. According
to the increasing number of synthetic molecules that can be used in the illicit drug
market, correspondingly they require strong separation and sophisticated analytical
techniques. It can be achieved by spectroscopic measurements, using firstly a gas
chromatography (GC) technique as the separation device. Then the GC is coupled
with FTIR to give a powerful tool. In the current study, the efficacy of GC-FTIR, in
achieving elucidation of the structure of 1-pentyl-3(1-naphthyl) indole, known as
JWH-018, a synthetic cannabinoid whose components have been identified as being
a component of non-incense “incense blends” have been demonstrated in the current
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study. Moreover, it was quantified with an estimation range on the nano-gram scale.
It was obtained in the range of 20-1000 ng, the detection limit and the quantification
limit were evaluated to be 4.3 and 14.3 ng, respectively. Finally, the new technique
was applied to quantify the activity in the “ST” sample." A real drug seized by law
enforcement officers, consisted of a herbal collection containing four types of
industrial cannabis belonging to the JWH class. Correct estimation of this type of
compound showed that they are chemically similar to each other. The usefulness

of the proposed method of analysis using related techniques. It obtains reliable results
for complex mixtures of illegal drugs and is a widely applicable alternative to mea-
surement using mass spectrometry [23].

4, Conclusions

Infrared is an important technique and its main application at the beginning to
identify polar organic compounds that have a dipole moment. The infrared device has
been developed, and we have obtained Fourier transform infrared (FTIR) technique,
which is characterized by high accuracy, high sensitivity, and speed of analysis of
the compound as a whole. The uses of the technique in the qualitative analysis are
identifying the effective groups and the type of bonds between the different atoms
constituting the molecule. The technique is used in the quantitative analysis through
measurement of absorption or percentage of transmittance (proportional with
concentration). The researchers used the first and second derivatives of the infrared
spectrum in quantification research and also linked the infrared device with separa-
tion devices (for example, GC) to form a new technique called hyphenated tech-
niques, and used in many studies with high sensitivity and precision compared with
using each technique individually.
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Abstract

Near-infrared spectroscopy (NIRS) has undergone a significant evolution in the last
years due to the numerous scientific studies that revealed its potential for industrial
applications, attracting a growing interest in the food sector. Furthermore, new
advances have allowed the reduction in size and cost of the NIR devices, making them
appropriate for on-site determinations. The complex structure of the fish value chain,
combined to its high market value, makes this sector particularly vulnerable to fraud
and adulteration practices. Also, the perishable nature of fish and fish products, as well
as the lack of traceability, arises the urgent need for a fast, reliable and portable tool
capable of precisely characterizing the quality and authenticity of the product while also
ensuring its safety. In this chapter, the capabilities of NIRS combined to several
chemometric techniques for quality, authenticity and safety applications are presented
through an extensive review of the most recent research works.

Keywords: NIR applications, food testing and analysis, spectral analysis, industrial
applications, fish chain, chemometrics

1. Introduction
1.1 Principles of NIR spectroscopy and chemometrics

Near-infrared spectroscopy (NIRS) is a technique that measures the absorption of
the electromagnetic region from 750 nm to 2500 nm (Figure 1a), between the visible
and the mid-infrared (MIR) region. Like MIR spectroscopy and some part of the
far-infrared (FIR) spectroscopy, this technique detects molecular vibrations, which
gives information about the different chemical bonds within the molecule and its
environment [1, 2].

However, there are some differences between these spectroscopic techniques, based
on the nature of the vibrational transitions. While in the MIR/FIR region (2500 nm~—
50,000 nm), almost all fundamental transitions (vo — v;) can be observed, resulting in
sharp and intense spectra, in the near-infrared (NIR) region (750 nm-2500 nm) only
the much less intense overtones (vo — v,) of those transitions appear. NIR absorptions
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a) Electromagnetic spectrum of UV-vis-IR. b) Vibrational transitions involved.

are based on overtones and combination bands and, due to their lower transition
probabilities, intensities usually decrease by a factor of 10 or 100 from the fundamental
overtone to the next one (Figure 1b) [1, 3].

It could be logical to think that it would be better to use MIR bands (fundamental
transitions) instead of NIR. However, NIR instruments are simpler and more afford-
able. Furthermore, NIR has a deeper penetration in skin and organic tissues (optical
window) than MIR, so that a larger area or volume can be measured [4].

While MIR chemical information can be directly obtained from peak intensities,
shape and energy, NIR spectra need special treatment to extract useful information
that involves multivariate analysis of data, usually called chemometrics [5].
Chemometrics is the science that applies mathematics and statistical methods to
process chemical data, in order to obtain useful information about the sample [6, 7].
These two sciences are closely related: NIRS would not have evolved without
chemometrics, and chemometric algorithms usually use NIRS examples to illustrate
their power. This process needs computational resources that only since the last few
decades have been available. In NIR applications, chemometrics covers a wide range
of multivariate methods, which involve preprocessing techniques, as well as qualita-
tive and quantitative analysis [8].

NIRS data usually need to be preprocessed before the model construction, because
the spectra usually contain plenty of noise and background information that must be
filtered out to find the desired spectral signatures. Some of the most used
preprocessing techniques are divided in: i) scatter correction methods and ii) spectral
derivatives. The scatter correction methods include techniques such as multiplicative
scatter correction (MSC), detrending, normalization, or standard normal variate
(SNV). Regarding the spectral derivatives, the Savitzky-Golay (SG) derivative after
smoothing is one of the most used [9]. Chemometric methods can be divided into
unsupervised, when groups or patterns inside data are not known, and supervised
(classification and regression) when categories or analytes are already quantified, and
the objective is to predict them for new samples [10].

The rapid development of chemometric methods during the last decades has
allowed the application of NIRS to different areas of food science [11], such as food
fraud and authenticity [12, 13] and food quality [14, 15].

74



Applications of Near-Infrared Spectroscopy (NIRS) in Fish Value Chain
DOI: http://dx.doi.org/10.5772 /intechopen.105736

1.2 Fish value chain

The demand for fish consumption has increased during the last years as a conse-
quence of the better dietary habits of the population. Fish has become one of the most
valuable foods, due to its higher protein content and the healthier fat profile that it has
compared with meat [16]. However, fish and fish products present complex prob-
lematics in terms of food quality, authenticity and safety. In addition, a greater
awareness of food quality and sustainability has led consumers to demand increasingly
reliable information about the products purchased in the market, which has stimu-
lated the food value chain to strengthen efforts in the quest for a better and more
trusty traceability [17].

Fisheries and aquaculture production are very heterogeneous in terms of species
and fish products and, due to its high economic value, are one of the most vulnerable
targets to adulteration and fraud. These practices are favoured by the complex struc-
ture of the supply chain (Figure 2), the lack of transparency and the high percentage
of the production destined to the elaboration of processed fish products (around the
50%) such as fillets, portions or elaborated products, in which the morphological
characteristics are absent, making these frauds particularly elusive [18]. Furthermore,
fish is a perishable product that may suffer a fast enzymatic decomposition and
microbial spoilage compared with other foods [19]. This means that small changes in
the preservation conditions along the value chain, such as temperature or salt level
variations, can have a high impact on the fish quality and safety, resulting in a fast
degradation, higher food waste and the risk of intoxications.

On the market side, consumers are demanding more transparency in the labelling
of seafood. To ensure the prevention and prompt detection of illegal activities and the
access to all the information about the nature, origin and characteristics of the fish,
monitoring of all the processes and quality analysis must be done thoroughly through
the whole production chain and market, until it arrives to the consumers [20, 21]. The
implementation of reliable methods to ensure a complete and correct traceability of
the product and to avoid fraud is of primary interest for both industry and consumers.
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Distribution g -
center = 9 —"}

Consumer H-A

A Processing

I factory

4
2

Figure 2.
Flow chart of seafood value chain from catch to consumer, indicating the different points where the quality of the

fish should be monitoved. %%) Monitoring of chain conditions and quality attvibutes; :é) inspection technologies
and quality control.
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1.3 NIRS in fish analysis

Nowadays, the quality, authenticity and safety control procedures in fish industry
are carried out using traditional laboratory techniques, making virtually impossible
any real-time application. However, some rapid techniques, such as NIRS, have shown
the capacity of obtaining valuable information in a rapid way, which is important for
the fish chain analysis [22].

NIRS is a tool already well developed in agriculture [23] and other products
[24, 25]. The capacity of this technique to detect vibrations of molecules with polar
bonds, such as those with hydrogen as C-H (aliphatic compounds, fat, oils, proteins),
N-H (proteins) or O-H (water, alcohols, acids), is especially useful to determine the
composition of organic matter. This makes this technique suitable for the quantifica-
tion of the chemical composition of samples with a high percentage of fat, protein or
water content and allows the determination of other parameters that depend on many
chemical and physical properties such as the species [26], freshness, storage condi-
tions (unfrozen or frozen-thawed fish) [27] or even non-polar analytes in low con-
centrations through indirect ways.

For all the previously mentioned reasons, NIRS, coupled with chemometrics, is
starting to be considered as essential as other analytical methods for fish analysis.
Indeed, the number of Web of Science indexed articles in which NIRS techniques
have been applied to determine fish quality, safety or authenticity have increased
rapidly during the last 20 years. While this technique is mostly used for fish quality
control and authenticity, applications such as fish safety have begun to be explored in
the last 10 years (Figure 3).

m SAFETY

m AUTHENTICITY
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Figure 3.

Nugrunber of publications since 2001 regarding NIR and fish. Data extracted from Web of Science in April 2022.
The keywords used in topic, common for all the sections, were fish’ AND ‘NIR’ OR ‘near infrared spectvoscopy’. For
quality control, two independent searches were made: i) ‘composition’ OR fat protein’ AND ‘quality’ii) freshness’
AND Sstorage’ NOT Safety’. For authenticity, four independent searches were made: i) ‘specie™ AND
‘identification’ OR ‘substitution’ OR ‘authentication’ ii) ‘origin’ iii) farm™* wild’ OR ‘production method™ iv) fresh
thawed’ OR ‘unfrozen thawed’ OR fresh frozen’ OR ‘unfrozen frozen’. For safety, two independent searches were
made: i) ‘spoilage’ OR ‘toxic’ OR “amine™ AND Safety’ii) ‘micro™ OR ‘bacteria’ AND Safety’.
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2. Applications of NIRS in fish chain

While writing this chapter, the authors reviewed the use of NIRS in the fish chain
regarding three different application fields: fish quality control, fish authenticity and
fish safety (Figure 4). The supplementary material, which shows a summary of the
works that will be reviewed in this chapter, is available in the Appendix.

2.1 Fish quality control

Assuring the quality of products is one of the objectives that any industry must
consider, and it is of major importance in the fish chain, due to the problems that are
usually associated with its evaluation at an industrial level [28]. Unlike other food-
stuff, quality of fish and fish products is more difficult to control, due to several
factors, such as the variations in species, sex, age or habitats [29]. In this sense, fish
quality control refers specially to the determination of the proximate composition of
the fish samples and the evaluation of the freshness of the products. From one side,
the measurement of the proximate composition of fishery species is very important,
since it varies from one species and one individual to another. Moreover, it also gives
an idea of the sexual stage of the fish [30], and it changes depending on many factors
(diet, origin, rearing systems). The proximate composition determines the organolep-
tic quality of a specific fish product [31]. At the same time, the determination of the
freshness of samples is another indicator of the quality of the product. Freshness is an
ambiguous term, which can be interpreted in different ways, and it should not be used
unless it is properly defined. Through this chapter, the concept of freshness is going to
be a quality descriptor of fish samples, and it will refer to the time past after the catch
of the fish. If that time is short, the sample will be considered fresh, as it will retain its
original characteristics. As time passes, samples will lose quality, due to the action of
biochemical, chemical, physical and microbial processes, and therefore losing fresh-
ness [32]. Nowadays, NIRS is becoming an alternative as a quality control method,
due to its advantages over traditional analysis [33].

2.1.1 Proximate composition

Fish is mainly composed of water, protein, fat and other minoritarian compounds
[28]. As fish proximate composition is a quantitative analysis, regression techniques
(usually partial least square regression or PLSR) are used to determine the composi-
tion of fish by NIRS, as an alternative to laboratory determinations.

Many authors have determined the proximate composition of different fish species
using NIRS. In one of the first studies, NIRS was used to determine moisture, fat and

= APPLICATIONS
FISH & Near Infrared Spectroscopy (NIR)

AUTHENTICITY SAFETY

*  Proximate/nutritional * Species identification * Spoilage compounds
compasition = Geographical origin = M\cmc:rgamsms
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Figure 4.
Classification of the problematics considered and reviewed under this chapter.
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protein content in Atlantic salmon (Salmo salar) fillets and in minced samples [34].
Principal component regressions (PCRs) were used to perform the calibrations, which
were evaluated using a full cross-validation. This study illustrated the potentiality of
NIRS for predicting the proximate composition of minced fish, obtaining with the best
models a root mean square error of cross-validation (RMSECV) of 6.6, 3.8 and 3.0 g/
Kg in fat, moisture and protein analysis, respectively. However, they failed in the
analysis of the whole fish, with RMSECV higher than 13.2 g/Kg in all the models. Years
later, another study performed PLSR directly in fish fillets of Chinese export tilapia
[31]. The regressions showed good results for the determination of moisture and lipid
content, with r* = 0.96 and 0.97 and standard error of cross-validation or SECV = 0.87
and 0.71, respectively. Even though the regression made on the protein content had a
lower coefficient of determination in the cross-validation (r* = 0.31), it showed good
results regarding the error (SECV = 0.55). This difference was due to the small protein
differences that tilapia fillets have between them, and it could be solved adding
samples with more variability to the calibration set. It is important to highlight that
they performed an external validation and not only a cross-validation, for moisture
and protein determination, using new model-outside samples, which presented varia-
tions that authors considered acceptable between predicted and measured values (a
maximum relative error of 1.67% for moisture and 6.48% for lipid). Similar studies
regarding the analysis of the proximate composition in fish samples are shown in
Table 1.

2.1.2 Freshness

In this chapter, freshness has been considered as a quality characteristic, and it will
be defined as the time passed after the catch. It is also influenced by the temperature
during the storage [32]. Freshness is usually evaluated using sensory analyses, which
consider several parameters such as flesh elasticity, pupil colour and skin odour,
among others [43].

Although principal component analysis (PCA) is not a classificatory nor a discrimi-
nant method (since it is a non-supervised technique, which only takes into account the
spectral information), and it should not be used with that purpose, some authors have
applied it in order to see the differences between fresh fish and fish samples that have
been stored in the fridge for days. In this sense, some authors used short-wavelength
near infrared spectroscopy (SW-NIRS) to differentiate fresh from non-fresh rainbow
trout (Oncorhynchus mykiss) samples, in fillets and minced [44]. Fish samples were
stored at 4°C for 8 days, or at room temperature (21°C) for 24 hours. PCA results
showed a clear separation between control samples (1 day stored) and fish kept 4 days
or longer in refrigeration. Regarding fish at room temperature, a segregation was found
for samples stored 10 hours or longer in comparison to control samples (stored 0 hours).
Other studies performed PCA to discriminate between fresh Atlantic salmon (Salmo
salar) and salmon stored at 4°C for 9 days, finding a clear separation between fresh and
non-fresh fillets [45]. A similar experiment used PCA to discriminate golden pompano
(Trachinotus ovatus) samples regarding the storage time using visible/near-infrared
spectroscopy (VIS/NIRS) [46]. However, they concluded that samples stored for 0, 2
and 3 days could not be well discriminated using this analysis. They also created models
to predict the storage time, but the model which used VIS/NIRS spectroscopy was not
validated (only a model combining VIS/NIRS data and electronic nose information was
validated, obtaining an accuracy of 93.3%). Another study analysed the spectra of rohu
fish (Labeo rohita) sliced into pieces, using SW-NIRS and PCA to distinguish between
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Fish species Sample Measured Algorithm Results Reference
presentation parameters

Atlantic salmon Whole Fat and PLSR r* = 0.87, 0.86; [35]
(Salmo salar) moisture RMSECV =1.12,

0.98%, respectively
Sea bass Fillet Water, ether PLSR SECV <2.81% in all [36]
(Dicentrarchus labrax) portions, extract and the cases

whole fresh  crude protein
minced fillet,

freeze-dried

minced fillet

Sea bass Fresh and Water, ether PLSR SECV <0.39% in all [37]
(Dicentrarchus labrax) freeze-dried extract and the cases

minced crude protein

fillets
Skipjack tuna Fish flesh Moisture, PLS-2 r?>0.90 inall, small  [38]
(Katsuwonus pelamis) protein, free deviations between
and yellow fin and total fat reference and
(Thunnus albacares) predicted values in the

cross-validation

Nile tilapia’s Fillets Fat content PLSR correlation [39]
(Oreochromis niloticus) and FAs coefficient = 0.70,

0.71; (RMSEP) = 2.39,

4.76 mg FA/g of total

lipids, respectively
Saithe (Pollachius Thawed fish  Total lipid PLSR r? > 0.73, 0.96. The [33]
virens) and hoki pieces content, highest RMSEP = 5.31,
(Macruronus phospholipids, 4.10%, respectively.
novaezelandiae) (PUFAs)* and

(MUFAs)

Cured salmon roe Roe and Moisture and ~ PCR, MLS, r*> 0.71 and standard [40-42]
(Oncorhynchus keta), — salmon sodium PLSRand  error < 1.87%,
cured Atlantic salmon pieces chloride different 1* > 0.72 and standard
(Salmo salar) and cold neural error < 2.04%,
smoked Atlantic network r* > 0.64 and standard
salmon (8. salar). algorithms  error < 4.10% in the

cross-validation for
both components,
respectively

*PUFAs: polyunsaturated fatty acids; MUFAs: monounsaturated fatty acids, FAs: fatty acids; MLR multiple linear
regression; RMSEP: root mean squared error of prediction.

Table 1.
Use of NIRS to analyse proximate composition of fish.

fresh fish (after being collected) and fish stored in the fridge at 4°C during 4, 7 and
12 days [47]. In the PCA analysis, samples were well grouped by their freshness, so that
four clusters were created (one per each measurement day).

Different studies aim not only to separate fresh samples from non-fresh ones, but
also to make models to correlate spectral data with the storage time. One of them
explored the suitability of SW-NIRS to estimate the freshness of the fillets of two fish
species: cod (Gadus morhua) and salmon (Salmo salar) [32]. PLSR models were cre-
ated to predict the number of days that the fish has been stored and validated using a
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full cross-validation. Cod gave the best correlation with the visible wavelength range
(r? = 0.97, RMSE = 1.04 days) and salmon with the NIR range (correlation of 0.98 and
RMSE = 1.20 days). A similar study predicted the freshness in cod (Gadus morhua)
fillets with a handheld interactance probe, using VIS/NIRS. Fillets were stored in a
cold room (between 2 and 4°C) for 13 days, making measurements at days 0, 2, 4, 7,
10 and 13 [48]. PLSR models were validated using a leave-one-out cross-validation.
The best results were obtained selecting some wavelengths of the visible range (448,
487, 606 and 646 nm) and using SNV, giving a correlation coefficient of 0.93 and an
RMSECV = 1.66 days. Other researchers used VIS/NIRS to perform a similar study on
Atlantic salmon (Salmo salar L.) fillets [49]. In those, PLSR models using the wave-
length region between 605 and 965 nm and the pre-treatment with SNV gave the
lowest error in the leave-one-out cross-validation (RMSECV = 1.91 days). In another
work the freshness of cod (Gadus morhua) was predicted using VIS/NIRS [50].
Authors built PLSR models to predict the quality index method (QIM), a sensory
analysis made to determine the freshness of cod fillets. A full cross-validation was used
to test the performance of the models, giving the analysis made with the visible part of
the spectra the best results (correlation coefficients = 0.96 and RMSE = 2.6 points).

2.2 Fish authenticity

The globalization and expansion of the fish and aquaculture sector, in addition to
the increasing public concern about food quality, have caused a growing interest in
several issues related to fish authenticity. According to the European Regulation (EU)
n. 1379/2013 [51], fishery and aquaculture products must be labelled with the com-
mercial designation, proper scientific name of the species, production method (e.g.
caught, farmed), fishing gear (e.g. hook, trap, trawl), catch or production area and
storage method (unfrozen or frozen-thawed). Other claims, such as environmental
and production techniques, can also be reported on the label, and all this information
must be verified by effective methods. Special mention is the differentiation of
farmed from wild-produced seafood, which is becoming a concern among consumers,
since the quality and the price may be affected by the production method. The
presence of errors in the label information about fish origin and production process is
increasing, so that nowadays fish is the second most vulnerable category of food to
fraud [52]. In order to protect consumers and with the aim to avoid it, the assessment
of seafood origin is increasing as a security measure. Regulatory interventions are
trying to stop the mislabelling or the substitution of wild with farmed fish, which is
mitigating risks for the consumer’s confidence and health [53].

Both the geographical origin and the production method, among others, can
strongly affect the characteristics of the two types of products, whose discriminating
properties are usually difficult to determine. Several analytical techniques have
been traditionally used to assess fish authenticity. However, even though they are well
established, there is still a necessity for faster, easier and more affordable methods [52].

2.2.1 Species identification

The substitution of valuable species with cheaper ones at any point of the supply
chain is one of the most common frauds, sometimes in an unintentional way due to
the similarities between species or the use of different names for the same species.
However, the differences in the economic value, the exploitation of endangered spe-
cies, the replacement with poisonous fish and their difficult identification, make the

80



Applications of Near-Infrared Spectroscopy (NIRS) in Fish Value Chain
DOI: http://dx.doi.org/10.5772 /intechopen.105736

substitution of fish species an extended problem, especially severe after processing, at
the retailers and supermarkets [54]. The mentioned frauds particularly affect fish
fillets and ready-to-eat products, such as fish patties, which cannot be recognized
through the traditional morphological analysis.

The use of NIRS with the objective of discriminating between species has been
explored during the last years [52]. For instance, in a preliminary study under indus-
trial conditions, some authors used NIRS coupled with partial least square discrimi-
nant analysis (PLS-DA) and linear discriminant analysis (LDA) on PCA scores to
discriminate between fishmeal made with different fish species: salmon (Salmo salar),
blue whiting (Micromesistius poutassau), mackerel (Scomber scombrus) or herring
(Clupea harengus) [55]. They obtained a correct prediction percentage > 80%, tested
using cross-validation.

In other studies, authors measured the skin and meat of two different species of
cod (winter cod and cod), mullet (red mullet and Atlantic mullet) and trout (samlet
and salmon trout) with a handheld NIR spectrometer [56]. The data were analysed
using PCA and soft independent model of class analogies (SIMCA), obtaining
promising results with the last method. Other authors used Fourier transform NIR
(FT-NIR) to distinguish fillets of red mullet (Mullus surmuletus) and plaice
(Pleuronectes platessa), fish with higher economic value, from Atlantic mullet
(Pseudupeneus prayensis) and flounder (Platichthys flesus flesus), species which are
cheaper [57]. LDA and SIMCA were used to classify them, obtaining a sensitivity
higher than 70% and a specificity of 100% for FT-NIR and SIMCA, and a 100%
correct classification with LDA for both techniques.

The differentiation between different carp species: silver (Hypophthalmichthys
molitrix) black (Mylopharyngodon piceus), bighead (Avristichthys nobilis), grass
(Ctenopharyngodon idellus) and common carp (Cyprinus carpio) and also crucian
(Carassius auratus) and bream (Parabramis pekinensis) has also been studied [58].
Only nine selected wavelengths in the 1000-1799 nm region after the pre-treatment
were used. In this case, two models using PCA-LDA and the fast Fourier transforma-
tion pre-processing (FFT) before LDA analysis were built. They showed a 100%
accuracy, specificity, sensitivity and precision. Fish surimi made from white croaker
(Argyrosomus argentatus), hairtail (Trichiurus haumela) and redcoat (Nemipterus
virgatus) was successfully classified by using LDA and multiplicative scatter correction
(MSC) as pre-treatment. The results of the prediction of the calibration and the
validation data sets were 98.5% and 100%, respectively [59].

More recently, an attempt to distinguish Atlantic cod (Gadus morhua) from had-
dock (Melanogrammus aeglefinus) was made. Raw fillets and patties were measured
with a handheld and a benchtop instrument, with the spectra pre-processed using
SNV, MSC or SG, and analysed with LDA and SIMCA. LDA with MSC pre-treatment
obtained a 100% of correct classifications for both fillets and patties for the external
validation set, regardless of the instrument. The SIMCA method also obtained a 100%
of successful classification of fillets using SNV and SG (first and second derivative) for
the benchtop instrument and using MSC for the portable NIR device. With SIMCA,
100% correct predictions of patties were obtained for all instruments and pre-
processing techniques [60].

2.2.2 Farmed vs. wild fish and types of farming

In the last years, there has been an increasing interest from farming industries,
retailers and even from consumers in investigating the differences between cultured
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and wild fish [61]. Most of the studies which differentiate farm from wild fish are
centred in fish species such as European sea bass (Dicentrarchus labrax L.), which is
one of the most economically important fish species in the whole Mediterranean area
[62]. The intense competition among producing countries in the Mediterranean Sea
(Turkey and Greece are the largest producing countries and Italy, Spain and France
are the world’s leading importers) and the lowering of the market prices are requiring
ways to differentiate sea bass quality. The differences in the production methods
(farm and wild specimens) and, among farmed individuals, in the rearing systems and
the feeding regimens used, may affect the flesh quality. Usually, farmed fish presents
lighter fillet colour, softer texture and milder flavour than wild fish [36, 61]. Previous
studies aimed to differentiate between farmed and wild sea bass were based on
discriminating the two classes depending on their protein and amino acids composi-
tion, metallic ions and fatty acids groups, being usually the lipid profile the differen-
tial factor. However, the extraction of lipids and the transformation of the
triglycerides into their corresponding fatty acid methyl esters (FAMEs) plus the
analysis by chromatography with a flame ionization detector (GC-FID) are a tedious
and time-consuming methodology, which not only generates toxic waste but can also
provoke the oxidation of the polyunsaturated groups [63].

NIRS has shown its potentiality in some studies as a rapid method to classify sea
bass according to rearing systems [53]. Some authors used an NIR spectrometer to
discriminate between four types of sea bass rearing systems: extensive, semi-intensive,
intensive and sea-cage in fresh minced fish and freeze-dried minced samples [36].
They performed a four-cluster SIMCA analysis, which was evaluated using a full cross-
validation. The best results were obtained with the freeze-dried minced fillets (83%,
80%, 74% and 83% of samples well classified for extensive, semi-intensive, intensive
and sea-cage methods, respectively). Similar results were obtained by [37] in the
discrimination of organic or semi-intensive sea bass. Some years later, NIRS was also
used to discriminate between farm and wild seabass fillets, which were minced before
the analysis [53]. They developed three different approaches: an authentication using
measured chemical variables (PLS-DA_mc), an authentication using estimated chemi-
cal variables (PLS-DA_ec), an authentication with direct use of spectral data (PLS-
DA_NIR) and the WPTER algorithm. The evaluation of the validation data set gave
very similar results for all the techniques in the classification of declared wild samples.
Regarding the declared farming samples, PLS-DA_mc classified correctly all the sam-
ples, while PLS-DA_ec misclassified 2, and PLS-DA_NIR and WPTER misclassified 3
(in all the cases out of 34). All the methods indicated that the most relevant spectral
regions in the models were the ones related to the absorbance of the CH, CH,, CH; and
H,O0 groups, which corresponded to fat, fatty acids, and water content, highlighting
that the difference between farm and wild sea bass is very related with the fat/water
percentage and the lipid profile. Other authors also studied the differences between sea
bass, according to the production method (wild or farmed) and the rearing system
used (extensive, semi-intensive or intensive) [62]. In this study, an NIR spectrometer
was used to analyse minced and homogenized fillets. In this case, cross-validation and
an external validation were made. PCA was used as exploratory analysis and two
different orthogonal partial least square-discriminant analysis (OPLS-DA) models
were performed. The evaluation of the external validation showed an overall classifi-
cation rate of a 100% for the production method and 94.44% for the farming system.
Looking at the categories, all the farm and wild samples were correctly classified, while
regarding the farming system, wild samples presented a classification rate of 100%,
extensive samples 66.67%, semi-intensive samples 80.00% and intensive samples
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100%. Although most of the studies regarding discrimination between farm and wild
fish are performed in sea bass, other species have also been analysed. Segregation
between wild and farm sole (Solea solea) and turbot (Psetta maxima) has also been
performed [64]. Here, several chemometric methods were tested, obtaining the best
results with logistic regression in sole (90% of precision, recall and F1-score) and with
support vector machine in turbot (99% of precision, recall and F1-score) in the evalu-
ation of the test set.

2.2.3 Geographical origin

NIRS is one of the most used techniques to determine the origin of a lot of types of
foods (oil, coffee, wine, etc). However, especially in fish and fish products, its use for
such purpose is a challenge due to the difficulty in proving the geographical origin of a
particular fish. A very large number of samples must be measured for each location due
to a high heterogeneity among them, depending on the season or different years, the
available food, if the fish has been captured before or after the spawning season, etc.
With the aim of determining the viability of NIRS regarding the geographical origin, it
often requires multi-disciplinary methods that could consider all the environmental and
genetic factors that determine fish characteristics. Even so, there are some studies that
successfully applied NIRS to determine the geographical origin of fish products.

Some authors used NIRS to classify tilapia fillets in four different Chinese regions
(Guangdong, Hainan, Guanxi and Fujian provinces) [31]. The classification models
were carried out with SIMCA, achieving more than 80% correct classification for the
Guangdong, Hainan and Fujian and 75% of the Guangxi samples by the cross-validation
method. None of them were assigned to more than one category, less than 20% to none
of the classes and only less than 2% were incorrectly classified. The differentiation
between minced fish fillets made using European seabass (Dicentrarchus labrax L.)
caught in three areas of the Mediterranean Sea has been also explored [62]. In this case,
NIRS was used in combination with PLS-DA method. The external validation with a test
set resulted in 100% of the eastern, 88% central and 85% western Mediterranean
samples were correctly classified. In another study, NIRS was used successfully to assess
the geographical origin (Morocco, Spain, Tunisia or Croatia) of minced semi-finished
and finished salted anchovies (Engraulis encrasicholus) [65]. The combination of models
based on orthogonal PLS-DA gave the correct identification of the origin of both types
of anchovies with >98% sensitivity, > 99% specificity and > 99% accuracy in an
external validation using a test set with the 20% of the samples. Moroccan samples were
distinguished for the proteins and degradation compounds absorption bands, Tunisian
anchovies for the unsaturated lipids, while Croatian and Spanish samples were classified
for their differences on both types of absorption bands.

2.2.4 Unfrozen vs. frozen-thawed fish

Freezing, due to its advantages, is intensively used for preserving fish. It maintains
the product safety, the sensory qualities and also the nutritional characteristics. How-
ever, freezing the products, as well as the storage and the thawing process, changes
the physical and biochemical properties of the fish muscle [66]. Recent technological
advances in freezing and the posterior storage have allowed to minimize the damage
caused by the thawing process, while maintaining the product quality. The impact the
freezing process does on the product depends on several factors inherent to fish
characteristics (genetics, muscle type, husbandry) and the post-mortem treatments
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(freezing rate, storage time, storage pressure and temperature, thawing method) [67].
Slow freezing leads to the formation of large extracellular ice crystals which damage
the cell membranes and muscle proteins [68-70]. Also, in general, freezing-thawing
cycles are related to the degradation of textural properties due to physical damages
and protein denaturation and oxidation [66].

As it has been reported before, most of the analytical techniques used for deter-
mining whether the fish has been frozen or not, despite their accuracy, are destructive,
time-consuming and expensive, making them not suitable for commercial applications
[71]. As an alternative, NIRS, in combination with qualitative chemometric methods,
has been adopted as an efficient solution for this determination.

Several authors have used NIRS and chemometrics to discriminate between unfro-
zen and frozen-thawed fish. FT-NIRS has been used, coupled with two different
classification algorithms (LDA and SIMCA), to discriminate between unfrozen and
thawed Atlantic mullet (Pseudupeneus prayensis) fillets [57]. LDA provided the most
accurate results in the evaluation of the external validation set, with correct classifi-
cation rates of 97.2% for unfrozen and 100% for thawed samples. The same classifi-
cation algorithms were used in [72] to distinguish whether red sea bream (Pagrus
major) samples were unfrozen or frozen-thawed using an NIR spectrophotometer in
interactance mode. They observed that the change in total reflectance, the major
effect of the freeze-thawing process, arises from changes in the scattered light at the
surface of the fish due to alterations in its structure. The classification accuracy when
using absorbance spectra without any pre-processing (100%) was much higher than
for spectra pre-treated with the multiplicative scatter correction (MSC) (81%),
confirming that light scattering contains most of the information. VIS/NIRS tech-
niques were as well used to distinguish unfrozen from thawed swordfish (Xiphias
gladius L) cutlets stored at different temperatures (—10 and — 18°C) for several days
[73]. VIS/NIR spectra were collected using a portable spectrophotometer and a NIR
monochromator. The correct classification percentage for VIS/NIR spectra was
>96.7%, while for the NIR spectra was >90.0%, with no effect on the classification
due to the temperature or days that the frozen samples were stored. In another
reference, the authors distinguished unfrozen from frozen tuna fillets (Thunnus
thynnus) which were frozen and, after 5, 21 and 35 days, thawed and then re-scanned
[74]. In this study, the PLS-DA algorithm with double cross-validation was used to
classify unfrozen from frozen-thawed fillets with a 92% and 82% of correctly classi-
fied samples, respectively. Some researchers have tried to discriminate between tilapia
fillets (Oreochromis) that have been subjected to different freezing-thawing cycles,
from one to seven [75]. In this project, NIR spectra were collected at each cycle and
the test data analysed with PCA and discrimination analysis, obtaining a correct
classification of 86% for once frozen-thawed fillets and 93% for samples subjected to
several freezing cycles. Finally, in other recent study, unfrozen and frozen-thawed
bigeye tuna (Thunnus obesus) fillets were also measured with NIRS for their discrim-
ination [76]. To include variability, samples were injected with different commercially
used concentrated solutions (NaCl, polyphosphates and protein hydrolysate). Three
different models, based on PLS-DA, were developed giving NIRS the best results with
an accuracy of 0.91 and an error rate of 0.10 for the prediction of the validation set.

2.3 Fish safety

Fish and fish products are very perishable, being subject to a fast deterioration
process and becoming easily unsuitable for consumption and, therefore, a possible
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threat to public health. The biological composition and characteristics of fish, i.e. low
percentage of connective tissue, autolytic enzymes, neutral pH, high water activity
[27] and the growth of spoilage bacteria, contribute to the short shelf-life of these
products [45]. It is estimated that 25% of the fish losses are initiated by microbial and
chemical deterioration [77].

Even though most studies regarding NIRS in the fish industry have been conducted
to determine their quality and authenticity, the use of this technique in food safety
evaluation is still relatively new but constantly increasing [25]. During the last years,
many studies have been conducted in the field of fish safety, in order to determine the
presence of spoilage compounds and microorganism in fish products.

2.3.1 Detection of spoilage compounds

Some toxic compounds produced during fish spoilage can be measured by NIRS to
evaluate fish safety. An important group is formed by biogenic amines, with hista-
mine being one of the most critical, as it is related with the most common foodborne
illness associated with fish consumption [78]. They are a group of nitrogenous com-
pounds, usually measured to evaluate the safety of aquatic products. Among them, the
most common are histamine, putrescine, cadaverine and tyramine. Biogenic amines
are formed by the decarboxylation of amino acids or by the amination and transami-
nation of aldehydes and ketones. The consumption of fish products with excessive
levels of biogenic amines may lead to food intoxication, so they have become an
important index to evaluate fish safety [79].

NIRS has been used as a tool to determine the cadaverine content in homogenized
and ultrafiltered solutions of Chub Mackerel (Scomber japonicus) stored at different
temperatures (5 and 25°C) [80]. The 1 obtained in the regression analysis was 0.98
and 0.99 for the different dilutions made. However, authors mentioned that NIRS
measurements of cadaverine content made directly in the fish were not successful.
Histamine was also determined by this spectroscopic technique. It is the only biogenic
amine for which international regulatory levels have been established [78]. The pres-
ence of this amine is due to the bacterial decarboxylation of histidine, an amino acid
present in high levels in fish muscle, specially from Scomberiscida and Scombridae
families (which include tuna). Studies have tried to predict this compound in order to
assure fish safety. Histamine content has been measured in different dry extracts of
skipjack tuna (Katsuwonus pelmis) using NIRS [81]. The standard error of prediction
or SEP in all the cases (using different solvents and different pre-processing tech-
niques) was between 2.94 and 3.47 in the validation set, with r* between 0.63 and
0.79. Later on, in a similar experiment, histamine in raw (Thunnus albacares) and in
processed tuna (Katsuwonus pelamis and Thunnus albacares) was detected, which were
previously minced and homogenized [78]. Both models showed r* values higher than
0.97 and RMSEP lower than 10 mg kg71, with the obtained results being better for
processed tuna. Considering the mentioned studies, promising results have been seen
in all the works regarding the detection of biogenic amines in fish by NIRS. However,
more efforts are still needed to determine these compounds directly in the fish fillet,
without the necessity of destroying the sample.

Biogenic amines are not the only compounds associated with the spoilage of fish.
Trimethylamine concentration can also be used as an indicator of fish spoilage, since it
is related with the putrefaction process and the fishy odour. This compound has been
estimated in fresh fish (Hypophthalmichthys molitrix) using FT-NIRS and different
chemometric algorithms [77]. In this case, measurements were made directly in the
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fish, which was sliced in small cubes. Regression analysis showed RMSEP between
5.10 and 5.75 mg N/100 g and correlation coefficients of prediction between 0.94 and
0.98. K-value is another indicator of fish deterioration that is related to the degrada-
tion of ATP in the fish flesh. Likewise, this index was also estimated in fresh silver
carps (Hypophthalmichthys molitrix) using FT-NIRS to make the measurements
directly in the fish. Several chemometric techniques were compared, obtaining as best
result an RMSEP of 0.036 and a correlation coefficient of prediction of 93.74% [82].
Another way to measure the spoilage of saithe (Pollachius virens) and hoki (Macruronus
novaezelandiae) fillets has been also explored [33]. Here the authors developed PLSR
models to predict free fatty acids (FFA), fluorescent interaction compounds (OFR) and
thiobarbituric acid reactive substances (TBARS), in order to measure the lipid oxida-
tion, one of the major deteriorative reactions in fish muscle. Results showed acceptable
results for the test set in both species (r* between 0.63 and 0.98), although some high
errors were found (RMSEP of 2.90 and 3.43 g FFA/100 g lipids, 0.97 and 0.55 pmol
malonaldehyde diethylacetal/kg of samples for TBARS and 5.23 and 1.20 for OFR in
hoki and saithe, respectively). Similar results were found regarding FFA [83] and on
finding lipid oxidation products in vegetable oils [84]. Other similar analysis were
performed using NIRS to predict the pH, TBARS, total volatile basic nitrogen (TVB-N)
and K-value of minced bighead carp (Aristichthys nobilis) [85]. PLSR together with
competitive adaptive reweighted sampling (CARS) algorithm and pre-processing
methods were used to make regressions, obtaining satisfactory results for the prediction
of the test set (coefficients of prediction of 0.945, 0.932, 0.954 and 0.807 and RMSEP of
0.081, 2.099, 0.107 and 6.509 for pH, TVB-N, TBA and K value, respectively).

2.3.2 Microovganisms

Fish is one of the most vulnerable aquatic products, as it serves as a growth
medium for microorganisms, which can be either pathogenic or cause fish spoilage. In
this sense, spectroscopic techniques have shown potential for spoilage monitoring to
confirm if fish is safe for consumption or not, since conventional methods to deter-
mine microorganisms are really time-consuming and tedious [86]. However, although
some works have been done regarding the detection of microorganisms by NIRS and
the potentiality of the technique is big, this is an application that must be studied
carefully, and it must be validated using techniques with limits of detection more
sensitive than NIR.

Some studies tried to use SW-NIRS to quantify microbial loads (expressed as total
viable count) in rainbow trout (Oncorhynchus mykiss) [44]. Regression models were
built based on spectra taken in the flesh and skin of fish fillets, stored at 4°C for
8 days, and also in minced samples stored at room temperature 24 hours. All the
models gave goods results, the model made in the flesh being slightly better (r* = 0.97
and SEP = 0.38 log CFU/g) compared with the models of the skin and the minced
samples (r* = 0.94 and 0.82 and SEP = 0.53 and 0.82 log CFU/g, respectively). Similar
experiments have used FT-NIRS to detect and predict microbial spoilage on Atlantic
salmon fillets (Salmo salar) [45]. The results showed that the regression analysis was
able to predict the numbers of bacteria (expressed as total aerobic plate counts) after
9 days of storage at 4°C, with an r* of 0.64 and a RMSEP of 0.32 log cfu/g in the
validation set. A portable spectrometer was also used to determine the total bacteria
content in flounder fillets (Paralicthys olivaceus), expressed as the aerobic plate count
of total bacteria, after 8 days of storage at 4°C [87]. Different models based on
different chemometrics techniques were developed, obtaining the best results using a
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combination of genetic algorithm and artificial neural networks, with an r* of 0.966
and an RMSEP of 0.083 in the test set.

3. Conclusions

NIRS has been proved as an effective analysis tool for the fish value chain.
Although the use of this technology in fish and fish products routine inspection has
recently increased, more and more studies are available each year, some applications
are more developed than others. The monitoring of the quality and authenticity of the
fish chain by NIRS is well known, with applications that are nowadays implemented
in the food industry. However, more efforts are still needed regarding the use of this
technology for safety issues, where the limit of detection still represents a big chal-
lenge. Even if some studies have been carried out successfully during the last decade,
these applications should be studied carefully, and more investigations must be done
before trying to implement NIRS as an alternative to the already established destruc-
tive methods.
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Chapter 6

Monitoring Brain Activities Using
fNIRS to Avoid Stroke

Yun-Hsuan Chen and Mohamad Sawan

Abstract

Functional near-infrared spectroscopy (fNIRS) is an emerging wearable
neuroimaging technique based on monitoring the hemodynamics of brain activ-
ity. First, the operation principle of fNIRS is described. This includes introducing
the absorption spectra of the targeted molecule: the oxygenated and deoxygen-
ated hemoglobin. Then, the optical path formed by emitters and detectors and the
concentration of the molecules is determined using Beer-Lambert law. In the second
part, the advantages of applying fNIRS are compared with other neuroimaging
techniques, such as computed tomography and magnetic resonance imaging. The
compared parameters include time and spatial resolution, immobility, etc. Next, the
evolution of the fNIRS devices is shown. It includes the commercially available sys-
tems and the others under construction in academia. In the last section, the applica-
tions of fNIRS to avoid stroke are presented. The challenges of achieving good signal
quality and high user comfort monitoring on stroke patients are discussed. Due to the
wearable, user-friendly, and accessibility characteristics of fNIRS, it has the potential
to be a complementary technique for real-time bedside monitoring of stroke patients.
A stroke risk prediction system can be implemented to avoid stroke by combining
the recorded fNIRS signals, routinely monitored physiological parameters, electronic
health records, and machine learning models.

Keywords: neuroimaging, functional near-infrared spectroscopy (f{NIRS),
hemodynamics, monitoring, wearable devices, stroke

1. Introduction

Studying the brain signals helps to gain knowledge of its function. Clinically, corti-
cal signal recordings provide information for researchers to investigate the mechanisms
of the cerebral diseases and help the clinicians identify the type of diseases, locate the
lesions, and further prescribe the treatments and medications [1, 2]. Therefore, various
neuroimaging techniques flourished this century [3]. These techniques are imple-
mented in various applications these decades.

Neuroimaging techniques can be separated into invasive and non-invasive types.
The former includes electrocorticography (ECoG), intracortical implants, stereo-
electroencephalography (SEEG), spikes, and local field potential (LPF). The latter
includes scalp encephalography (EEG), computed tomography (CT), functional mag-
netic resonance imaging (fMRI), magnetoencephalography (MEG), photoacoustic
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imaging (PAI), functional near-infrared spectroscopy (fNIRS), and Positron
emission tomography (PET). Invasive approaches encounter more clinical issues, such
as infection, biocompatibility, etc. Non-invasive techniques, such as CT, fMRI, MEG,
and PET, can achieve high temporal and spatial resolution. However, these tools are
bulky and not easy to access, which is not appropriate for real-time monitoring [4].
Thus, lightweight, compact systems like EEG and fNIRS attract attention [5]. EEG
records the electrical signals of many neurons, resulting in a low-spatial resolution. In
comparison, fNIRS is an approach to overcome the limitations mentioned above [6].

NIRS is often used to study brain activity during cognitive and motion tasks [7].
Clinically, fNIRS is applied to diagnose, monitor the progression of the diseases,
predict the outcomes of the disorders, and track the effect of rehabilitation [8].

The brain function changes and the evolution of the brain diseases or the recovery
process suggest the effectiveness of treatments or rehabilitation. Furthermore, the
fNIRS biomarkers can be identified to distinguish the abnormalities and further
stratify the severity of the diseases. With the development of various neuromodula-
tion approaches, such as transcranial direct current stimulation (tDCS), transcranial
magnetic stimulation (TMS), and ultrasound, combining f{NIRS and these techniques
to alter the brain activity, a closed-loop brain-machine/—computer interface can be
achieved [9, 10]. These closed-loop systems can be used for abstinence of addiction,
to reduce the symptoms of epileptic seizures, to release the migraine, and even to
enhance attention [11, 12].

While fNIRS have been applied to various neural diseases, this chapter brings
an overview of the application to stroke, with special attention to stroke prevention
and prediction. Stroke is the second leading cause of death worldwide. Over 50%
of stroke patients suffer from various levels of disability after the onset resulting in
heavy family and social burdens [13]. However, it is reported in the countries’ guide-
lines that 85% of stroke is preventable. A stroke happens when the blood flow in the
brain is interrupted or significantly reduced. This is highly related to the changes in
the amount of hemoglobin, which can be detected using fNIRS. This neuroimaging
technique has been applied in various stroke cases, such as stroke prediction in people
with specific diseases, monitoring during the treatment, stroke management in the
perioperative period, and rehabilitation evaluation [14]. Since stroke is known as a
chronic disease, investigations are carried out to predict the sign of the stroke onset
by tracking the risk factors changes. With user-friendly, compact, and light-weighted
characteristics, fNIRS is a promising tool to monitor the hemodynamic parameters
continuously or in a high-frequency mode. Combining the real-time monitored physi-
ological parameters and the electronic health records (EHRs), a prediction model can
be established by introducing machine learning models [15].

In this chapter, a detailed introduction to the mechanism of neurovascular cou-
pling (Section 2.1), the principles of {NIRS (Section 2.2), the advantages of fNIRS
(Section 2.3), the evolutions of fNIRS devices, and the commercially available or
self-developed devices (Section 2.4) are presented. Then, the potential of using fNIRS
to avoid stroke is elaborated in Section 3. Section 4 is the conclusion.

2. Functional near-infrared spectroscopy (fNIRS)

In this section, an overview of fNIRS, an emerging neuroimaging technique, is
presented. The principle, the advantages, and the evolution of the f{NIRS systems are
discussed in these sections.
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2.1 Neurovascular coupling

Neurovascular coupling is a mechanism that the hemoglobin concentration
variations result from brain activities. This is the phenomenon that an f{NIRS can
monitor. When the neurons are in the rest state, the concentrations of the surround-
ing oxygenated hemoglobin (OxyHb) and the deoxygenated hemoglobin (DeoxyHb)
are in a particular state to support the normal metabolism (Figure 1a). When the
neurons are activated, they need oxygen to support their activation (Figure 1b).
Therefore, the blood flow of the vessels around the neurons increases, increasing
OxyHb to provide additional oxygen to the neurons. Though the neurons consume the
oxygen, converting the OxyHb to DeoxyHb during activation, the increased OxyHb
is more than the OxyHb which is transformed. Therefore, an increase of OxyHb and
areduction of DeoxyHb are observed during this neuronal activation phase, called
neurovascular coupling (Figure 1c).

2.2 Principles of fNIRS

The incident lights at the wavelengths that can react the most with the target
molecules are applied to monitor the concentration variation optically. The target
molecules mean OxyHb and DeoxyHb, whose concentrations are altered due
to brain activities. However, OxyHb and DeoxyHb are not the only molecules in the
brain. Water is another molecule that accounts for a large percentage of the brain.
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Figure 1.

Sc%ematics of the neurovascular coupling: (a) At rest state, the concentration of oxygenated and deoxygenated
hemoglobins (OxyHb and DeoxyHb) is at a certain metabolic state, (b) during neuronal activation, the blood
flow, meaning the OxyHb increases to provide the needed oxygen to the activated neurons. While more OxyHb is
supplied, more DeoxyHb is generated due to the consumption of the oxygen from the OxyHb molecules, and (c)
the overview of the variation of OxyHb and DeoxyHb resulted from the neurovascular coupling when neurons are
activated. The red cell is the oxygenated hemoglobin. White circles on the red cells are oxygen. When the oxygen is
provided to the neurons, the ved cell converts to the blue cell, called deoxygenated hemoglobin.

107



Infraved Spectroscopy - Perspectives and Applications

The absorption spectra of these three molecules are shown in Figure 2. An optical
window with the wavelength from 700 to 900 nm is an accepted range for the public
to detect the concentration of OxyHb and DeoxyHb with limited interferences from
the water molecules. To maximize the detection accuracy, fNIRS devices are often
equipped with light emitters at 760 nm and 850 nm, which is the wavelength of
maximum absorption factors of DeoxyHb and OxyHb, respectively.

After penetrating the cerebral tissues, the incident light is collected by detectors.
The detected light is attenuated due to the scattering, absorption, and transmission
effects of the interaction of the light and the medium (Figure 3). Beer-Lambert law
defines the relationship between attenuation and the attenuating species’ concen-
tration and the optical path length [6]. For the near-infrared spectroscopy (NIRS)
applied on the scalp, since the optical path between the emitter and the detector is
not straight, a modified Beer-Lambert law with differential path length factor (DPF)
as an additional parameter is applied. Besides, another parameter, G, representing
photon loss due to light scattering, is added in the modified formula. Assuming DPF
and d are known and remain constant, G remains constant, and the attenuation
difference can determine the concentration difference of the attenuating species.
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Figure 2.
Absorption spectra of the molecules in the brain. fNIRS is an optical approach to monitor the concentration
variation of HbOxy and HbDeoxy.
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Figure 3.

Modified beer-Lambert law is applied to the vecorded fNIRS signals to determine the concentration changes of
HbOxy and HbDeoxy: 1,: The intensity of the inserted light; I: The intensity of the detected light; a: Attenuation;
e: Attenuation factor; C: Concentration of attenuating species; d: Optical path length; G: Photon loss due to light
scattering, which depends mainly on geometrical factors introduced; DPF: Differential path length factor.
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Since it is challenging to define the value G, most of the available NIRS devices can
monitor the relative concentration, meaning the variation of concentration, not the
absolute value of the concentration of the hemoglobins. This is the imaging principle
of a continuous-wave NIRS (cw-NIRS).

To obtain the absolute values of hemoglobins, time-domain and frequency-domain
modalities are designed, known as TD-NIRS and FD-NIRS. Diffused optical tomog-
raphy (DOT) is an upgrade version of TD-NIRS to achieve a high spatial resolution
and distinguish the signals from different depth layers under the scalp [16]. This NIRS
approach being applied to study the functional changes of the brain cortex during
various activities is later known as functional near-infrared spectroscopy, shortened
as fNIRS. This shares the same idea as functional MRI (fMRI), to investigate the
brain’s activated region during certain tasks.

Figure 4 presents an example of the location arrangement of fNIRS’s optical
electrodes (optodes), meaning the emitters and the detectors. A banana-shaped
optical path is formed between each emitter and detector pair. The concentration
changes of the hemoglobin passing through the path region can be determined using
the modified Beer-Lambert law. The commonly used distance between an emitter and
a detector is 3 cm, attaining the deepest sensing depth at 1-1.5 cm beneath the scalp.
This shallow layer is mostly located with capillary vessels. Depending on the region
of interest, the emitters and detectors can be placed alternately or in other patterns
on the scalp. Illustrations in Figure 4 show the optical path of a cw-fNIRS. If apply-
ing a TD-fNIRS, the photons that arrive at different times can be detected, giving the
hemodynamic information of various depths of the tissue.

2.3 Comparison of fNIRS and other neuroimaging techniques

Magnetic resonance imaging (MRI), computed tomography (CT), and
magnetoencephalography (MEG) are the most common techniques to characterize
the abnormalities in the brain (Figure 5) [17]. Though MRI and CT offer brain images
with a high spatial resolution within the millimeter range, the temporal resolution
is low, impeding their application in real-time monitoring. In addition, MRI and CT
tests are rather expensive and time-consuming. The MRI, CT, and MEG tests equip-
ment is bulky and should occupy a custom-designed room. Therefore, the patients
need to be transported for every measurement. Moreover, the MRI measurements

detector emitter

Figure 4.
Placement of fNIRS optodes on the scalp. The hemoglobin changes in the blood vessels located in the optical path
formed by a pair of emitter and detector can be monitored.
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Comparison of various types of neuroimaging techniques: CT (computed tomography); EEG
(electroencephalogram); fMRI (functional magnetic resonance imaging); fNIRS (functional near-infraved
spectroscopy); and MEG (magnetoencephalography).

cause loud noise and are sensitive to motions, reducing its usability in a certain group
of patients, such as infants. Besides, there are other restrictions for receiving MRI
measurements, such as for patients with a pacemaker or metallic implants due to
the magnetic fields. CT has the additional disadvantage that patients are exposed
to ionizing radiations. Due to the discussed disadvantages, there is no appropriate
neuroimaging technique to real-time monitor the hemodynamic response in routine
clinical practice.

fNIRS uses pairs of optodes, including a near-infrared light source and a detector,
to monitor the concentration change of OxyHb, DeoxyHb, and cerebral blood flow
resulting from the brain’s hemodynamic activity [18]. Both EEG and fNIRS recording
systems are non-invasive, flexible, low-cost, compact, light-weighted, small-sized,
portable, undemanding set-up and can be used ambulatory. In addition, they both
have less physical restriction and less motion artifact interference compared with
functional MRI (fMRI) and CT. Moreover, they have no high intensity (>1 T) mag-
netic field or ionizing radiations compared with fMRI and CT. Regarding EEG, the
spatial resolution is not increased since the recorded signal is generated by the bunch
of neurons close to the electrode. The studies using fNIRS to monitor the variations of
pathophysiological parameters are introduced in the following paragraphs.

2.4 Evolution of fNIRS devices

The components forming an fNIRS system are the emitter, the detector, and the
recording module. The emitters can be a laser, laser diode, or light-emitting diode
(LED). The detectors can be photomultiplier tubes (PMTs), silicon photodiodes
(SPDs), avalanche photodiodes (APDs), or a novel type called silicon photomulti-
plier (SiPM). SiPM overcomes the shortcomings of the bulky size of PMTs and the
lower sensitivity to light resulting in a limited detection depth of the brain [19].
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The evolution of fNIRS technologies in terms of the parameters related to signal
quality and user-friendly is shown in Table 1. The early fNIRS was often equipped
with fiber laser as emitter, therefore using mainline power resulting in a rather bulky
system and low mobility. The subjects wearing the cap with optic fiber bundles need
to stay around the device and experience movements restriction. A compact fNIRS
system with LED powered by batteries is designed to become a wearable device to
extend the application scenarios. The fiber laser fNIRS devices can be weighted up to
100 kg, while the LED devices’ weight is around 500 g for the helmet, including the
optodes.

The oximeter is the original device using the NIRS principle to detect the con-
centration variation of the hemoglobin [20]. The device is a clip to be placed on the
finger or two patches attached to the forehead to detect the oxygen saturation of the
blood (SpO,). These oximeters are single sites with emitters of often two wavelengths
each, which are used to detect the OxyHb and DeoxyHb. The oximeters are consid-
ered simple prototypes of various emerging increasing complexity fNIRS devices.
Increasing the number of optode channels is mandatory to simultaneously monitor
the hemodynamic states of multiple areas of the cerebral cortex. The challenges of
upgrading a single site to multiple sites fNIRS are applying the frequency encoding
method to minimize the interferences from other optical paths. After overcoming this
issue, the channel number of fNIRS boomed. It is noted that one single light emitter
can create multiple channels if numerous detectors surround it. Using laser fibers,
around one hundred channels can be reached. However, achieving these numerous
channels requires heavy cables and emitters mounted on the cap. The weighty system
causes discomfort. In addition, the relatively rigid cables limit the number of optodes
can be placed on the scalp. In contrast, the channel number of fNIRS easily achieves
one to two thousand channels if using LED as emitters. Thus, the hemodynamic
conditions of the brain cortex’s large region of interest can be imaged.

Due to the limitation of the light penetration, cw-fNIRS is only sensitive to the
hemodynamic variation of the vessels at 1-2 cm beneath the scalp, around half
of the commonly used distance between the light source and the detector, 3 cm.

Parameters Evolution Trends
From To
Size Bulky Light and compact
Mobility Fixed location and motion Wireless and wearable thanks to batteries
restricted due to mainline powered operated
Channel Number Single channel Optical fibers: ~100 channels
LED: can reach 1000-2000 channels
Penetration Depth cw-fNIRS: 1-2 cm TD-fNIRS: various depths can be
monitored
Imaging reconstruction Single site High spatial resolution using high-density
ability diffuse optical tomography (HD-DOT)
Flexibility for NIRS itself only fNIRS-EEG, fNIRS-PET, f{NIRS-fMRI, etc.
multimodal
neuroimaging
Table1.

Evolution of the key parameters of the fNIRS devices.
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With TD-{NIRS, the OxyHb and DeoxyHb concentration changes at various depths
of the cerebral tissue can be determined [21].

Only the hemodynamic states of light scattered spots can be determined with
limited fNIRS channels. High density diffused optical tomography (HD-DOS) is
designed to construct the 3D images of hemodynamics based on NIRS principles [16].
This HD-DOS contained various distances between the emitter and the detector, from
1to 6 cm, to increase the spatial resolutions of a conventional cw-fNIRS.

As introduced in Section 2.3, every neuroimaging technique has its advantages
and shortcomings. Therefore, applying multiple them simultaneously compensates
for the shortcomings of each other and achieves a more comprehensive view of the
brain activity. The fNIRS-EEG system can simultaneously record the neuron electri-
cal signals and hemodynamic signals, which helps investigate the neurovascular
coupling effect. However, fNIRS-fMRI obtains cross-validation for brain activity.
The high-temporal-resolution fNIRS and the high-spatial-resolution fMRI are
complementary.

Concerning the commercially available fNIRS devices, around 20 companies
worldwide, such as NIRx, Artinis, ISS, SHIMADZU, g.tec, etc. Most of their products
are cw-fNIRS; only one company, ISS Inc., introduced the multi-channel FD-fNIRS.
Also, no company offers a TD-fNIRS yet. Both laser fiber and LED are used in these
commercially available systems for the light emitters.

Regarding the emerging platforms in academia, research groups are focusing
on gaining more flexibility when applying fNIRS in specific applications. Most of
them focus on miniaturization and improving the temporal and spatial resolutions.

A review paper summarized fNIRS hardware implanted in academia from 2012 to
2017 [22]. In recent 5 years, a 16-source and 16-detector fNIRS intended for epilepsy
study was recently published [23]. An open-source, light-weighted (142 g) f{NIRS is
developed [24]. WearLight, a wearable fNIRS, is designed [25]. Growing research has
been conducted to implement TD-fNIRS to compensate for the missing product in the
market [26].

Furthermore, many multimodal fNIRS-EEG systems are designed to better
explore both the electrical and hemodynamic signals of the neurovascular coupling
[27]. The co-author of this chapter is one of the first few group to present the mul-
timodal fNIRS-EEG system [28]. This prototype was further optimized and proved
to be valid when monitoring signals from patients with epilepsy and stroke [29]. In
addition, Mobile Modular Multimodal Biosignal Acquisition (M3BA architecture)
is an architecture that can wirelessly transmit EEG, fNIRS, and accelerometer
signals [30].

3. Applications of fNIRS on stroke

The stroke-related applications using fNIRS include predictions, diagnosis, moni-
toring during treatments, outcome prediction, stroke management, and rehabilita-
tions [14]. fNIRS monitoring during the treatments is the most challenging part since
the protocol needs to be fine-tuned to reduce the impede on the planned surgeries and
treatments. In Section 3.1, the studies that reported the fNIRS measurements during
the treatments of stroke patients are summarized. In Section 3.2, the role of fNIRS on
stroke risk prediction and prevention is discussed. The challenges of applying fNIRS
to avoid stroke are discussed in Section 3.3.
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3.1fNIRS monitoring during treatments

A stroke happens when the blood flow in the brain is interrupted or significantly
reduced. Lack of oxygen and nutrients supply to the brain cells results in cell death.
Ischemic stroke contributes to 85% of strokes occurs when the blood flow in cerebral
vessels is either blocked by a blood clot or reduced by atherosclerosis. Removing
the obstruction and restoring the blood flow of the affected area as early as possible
reduces the impact of ischemia and improves the outcome of stroke.

Nowadays, intravenous thrombolysis therapy using tissue plasminogen activator
(tPA) is the only medicine treatment approved by U.S. Food and Drug Administration
for acute ischemic stroke [31]. tPA is an enzyme involved in clot breakdown. However,
less than 50% of the patients receiving tPA therapy are successfully recanalized.

At least 30% of them encounter the main complication, hemorrhage of tPA. Half
of them show no response to the tPA therapy due to the complex conditions of the
combination of characteristics of the blood clot and their health conditions [32].

Since another treatment named mechanical thrombectomy (MT) has a longer time
window, a higher recanalization rate, fewer contraindications, and fewer complica-
tions than intravenous thrombolysis, it has become a more popular approach for
treatment. MT improves functional outcome and prevents severe disability and mor-
tality for those eligible for this treatment nowadays [33]. MT is a surgery to remove a
blood clot from a blood vessel of patients with large vessel occlusion (LVO). Though
the surgical approaches and devices of MT have been rapidly improved these years,
4-29% of the patients encounter complications after receiving MT [34]. Around
6% of patients have hemorrhage and 2-20% have reocclusion. Without immediate
detection and proper treatments for these complications, the recanalization of MT
treatment is in vain.

Real-time monitoring the hemodynamic status prior to, during, and after the treat-
ments can help detect the abnormalities in time and alert the clinicians to take action.
Continuous fNIRS monitoring of the cerebral hemodynamic variations of patients
who underwent tPA therapy, known as thrombolysis, was reported in a few publica-
tions [35-37]. One research group suggested that the OxyHb and the total hemoglobin
concentration (THC) of both ipsilesional and contralesional hemispheres increased
during the first 2.5 h after tPA treatment [35]. While another group studied the relative
change in regional O, saturation (rSO,) and the interhemispheric rSO2 (IHArSO,)
difference of 1 hour, 6 hours, 12 hours, 18 hours, and 24 hours after the tPA treatment
are analyzed and compared with the National Institutes of Health Stroke Scale (NIHSS
scores) or either MRI and CT images at the same time frame [36]. A protocol is pro-
posed in a clinical trial to monitor the fNIRS data along with the blood pressure, heart
rate, respiratory rate, rSO,, Glasgow coma scale and the NIHSS at every 15 minutes
from the beginning of the thrombolysis till 120 minutes after the starting point [37].

On the other hand, recent and important studies on continuous fNIRS monitor-
ing of the cerebral hemodynamic variations of patients receiving MT treatment are
summarized in Table 2. Most studies start fNIRS monitoring prior to MT treatment.
However, since the preparation of fNIRS monitoring can impede an urgent surgery,
the number of measurements starting prior to the MT is limited.

Regarding the locations of optodes, the optodes are placed on the forehead
of patients in most studies. While the optodes are placed on the region of inter-
est (ROI), the area is close to the location of ischemic stroke and the opposite
hemisphere in only one study. The measured parameters: OxyHb, DeoxyHb, HbT
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Studies Time Frame Number Number Locations of Parameters
(prior to, of of fNIRS optodes used to access
during or patients optodes hemodynamic
after MT) and of the activity

channels

Giacalone Two times: 47 TD-fNIRS: F3-F5, C3-C1, DeoxyHb, OxyHb,

etal. [38] 1st within patients 12 pairs of P3-P5 for HbT, and StO,

24 h of stroke +35 optodes the left
symptoms controls hemisphere
onset and 2nd and F4-F6,
from the first C4-C2, P4-P6
time point up for the right
to 5 days hemisphere.
More on ROI.
Hiramatsu Prior toand 3 2 light 1on each SO,
etal. [39] during sources and side of the
1 detector forehead
-> 1 channel
on each
side of the
forehead
Ritzenthaler Prior, 17 2 light 1oneach rSO,,
etal. [40] during, and sources and side of the interhemispheric
continuous for 1 detector forehead difference (IHD)
24 h after MT -> 1 channel
on each
side of the
forehead
Hametner Prior", 63, 43 are 2 light Upper outer unilateral rSO,,
etal. [41] during, and good for sources and forehead IH/\rSO, average
continue until analyzing 1 detector successive 1SO,
patients were -> 1 channel variability
extubated or on each
until 6 hours side of the
after the forehead
intervention
Iversen [42] (1) Prior, 100 8 light Frontal CBF, Cerebral
duringand2h (target) sources and cortex autoregulation (CA)
after MT 2 detectors
(2) 24 h after
MT
(3) 3mafter
MT
Forti [43] Prior to, 2 TD-DOS Forehead Absolute values of
during and and DCS OxyHb & DeoxyHb
after MT modules: 2 (viaTD-DOS), CBF
optodes — 1 (viaDCS)
channel
Akiyama Prior to, 17 2 optodes — Region of OxyHb, DeoxyHb,
[44] during and 1 channel interests HbT, Time to peak
after the CAS concentration (TTP)

rSO,: regional cevebral tissue oxygenation; StOy: tissue oxygen saturation; ROI: region of interest; CAS: Carotid artery
stenting; IHAvSO,: interhemispheric rSO, difference; DCS: Diffuse correlation spectroscopy; DOS: diffuse optical
spectroscopy.

": only 25% of the analyzed data includes recording before the MT

Table 2.
Studies regarding fNIRS monitoring of acute stroke patients with mechanical thrombectomy vecanalization or stenting.
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(the combination of the previous two parameters), and rSO, (regional cerebral
tissue oxygenation) are used to evaluate the efficacy of MT and monitor the hemo-
dynamic states after the surgery. In some studies, the difference between the param-
eters of two hemispheres over time is characterized. It is found that the variations
of the recorded parameters suggest the success of recanalization and are associated
with the clinical outcome.

From the above examples, it is concluded that NIRS technique can provide
information of real-time changes in hemodynamic response revealing the effects of
thrombolysis and thrombectomy. Further applying this information to avoid stroke
will be presented in Section 3.2.

3.2 Using fNIRS-EEG to predict and further avoid stroke

Since multimodal fNIRS-EEG is becoming wearable devices with high accessibil-
ity for brain monitoring, this section will focus on combining these two techniques.
The concept of applying multimodal fNIRS-EEG neuroimaging for stroke risk
prediction is shown in Figure 6. The first stage is to identify the fNIRS-EEG bio-
markers associated with the hemodynamic conditions of stroke onset zones. Studies
are launched to monitor the physiological signals of a stroke patient before the
treatments are carried out. The measurements continue along with the treatments
to the recovering phase in the perioperative period. The variation of the biomarkers
when the treatments succeed, the MT or the tPA, or when any complications occur
is valuable to train a model for stroke risk prediction. Combining f{NIRS and EEG
data recordings with other physiological parameters and electronic health records
(EHRs) to implement into a machine learning model, a prediction system can be
obtained to predict either the onset of complications in stroke patients or on people
with a high risk of stroke.

The first milestone to achieve the aim of stroke prediction is real-time tracking
of the occurrence of complications after MT or tPA according to the parameters
recorded from the multimodal fNIRS-EEG system and the routine clinical recordings.
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Figure 6.

Combining the fNIRS-EEG, other physiological parameters, EHRs, and ML model, a system can be established
to predict the onset of the complications after stroke treatments or the onset of stroke cases in people with a high
risk of stroke. DAR: The ratio of the power of the delta band to the power of alpha bands in EEG signals. ML:
Machine learning. MT: Mechanical thrombectomy. rSO,: Regional cerebral tissue oxygenation.
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Investigating the mechanisms of the variation of the recorded parameters while
combining other available physiological parameters over time distinguish the differ-
ent impacts on brain activity caused by different complications. When understanding
the variation trend of the recorded physiological parameters prior to and during the
occurrence of complications after treatments (the yellow time range in Figure 6),
these parameters are potential biomarkers as an alert for close attention and even
further personalized medical or surgical treatments.

The conventional neuroimaging technologies and routine monitored physiologi-
cal parameters have limitations for stroke management. CT or MRI examinations
are impracticable for continuous bedside monitoring of post-treatment patients.
Routine measured physiological parameters (i.e., blood pressure (BP), peripheral
pulse oximetry (SpO,), electrocardiography (ECG), heart rate (HR), etc.) indirectly
suggest the reduction of blood flow in a certain area of the brain. Promisingly, the
fNIRS-EEG recordings provide additional parameters directly reflect the variation of
hemodynamic activity and neuron electrical in real-time. The first step to creating the
prediction system is to demonstrate this multimodal fNIRS-EEG system is a promis-
ing tool to fill in the vacancy of current technologies for post-treatment management.

The second step is to develop a machine learning (ML) model for stroke risk
prediction based on the database collected during the monitoring. With the emerg-
ing of applying ML models on electronic health records (EHRs) for risk prediction
of diseases, the recorded data will be cleaned and organized as a database for future
research use. Besides the parameters derived from fNIRS-EEG recordings, the
routine measurements of physiological parameters (i.e., BP, SpO,, ECG, HR, etc.) for
post-treatment are included in the database. In addition, the medical history of the
recruited patients is included in the database since these factors impact the outcome.
Furthermore, the clinical outcomes (the disability and mortality of certain periods
after MT) are included. To deal with such a high dimension EHRs and the recorded
physiological data, machine learning is an emerging technique to explore the rela-
tionship between input features and outcome. Therefore, it is becoming a popular
technique for disease prediction. Examples are implementing ML algorithms for
predicting seizures using intracortical EEG (iEEG) recordings and predicting bladder
volume using a smart neuroprosthesis [45]. The association of the recorded fNIRS-
EEG parameters and other data in EHRs with the reduction of blood flow when
complications occur is analyzed using machine learning techniques. The importance
of features (recorded parameters and patients’ health information) is ranked accord-
ing to the occurrence and progression of reocclusion or hemorrhage during modeling.

With the non-invasive and wearable fNIRS-EEG system and the development
prediction model, the variation of selected features recorded from post-treatment
can identify or predict the occurrence of complications. In addition, the model can be
used to guide personalized medical management based on each patient’s condition.
Moreover, the fNIRS-EEG system and prediction model applied to people with high
stroke risk can suggest the progress of atherosclerosis (accounts for 20% of ischemic
stroke) or predict the occurrence of ischemic stroke.

3.3 Challenges of using fNIRS to avoid stroke

The challenges of acquiring high-quality fNIRS signals of brain activity and the
corresponding possible solutions have been well explored [14]. The difficulties of
applying fNIRS to stroke patients to generate a stroke risk prediction system are
introduced here.
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3.3.1. Appropriate patients with electrodes and optodes located in the region of
interest benefit the most from the fNIRS-EEG measurement

To record the effective signals revealing the occurrence of complications after the
treatments, placing the optodes and electrodes on the area that may present the most
variation of neuron electrical signals and hemodynamics is a key scientific issue. This
issue can be resolved by selecting appropriate patients and relevant locations of the
electrodes and optodes.

fNIRS has limited spatial resolution due to the properties of light penetration, thus,
the recorded data is sensitive to the hemodynamic changes of the blood vessels located
no deeper than 1-2 cm beneath the scalp [46, 47]. Therefore, patients with revascularized
vessels located at a shallow layer of the cerebral cortex are appropriate for the proposed
EEG-fNIRS measurement. Accordingly, potential complications that occur close to the
revascularized vessels can be monitored by the fNIRS-EEG system. Based on this crite-
rion, the patients recruited in the study discussed in Figure 6 were selected by physicians
according to the CT, MRI, or other imaging techniques carried out immediately after
admission and after the treatment. CT can distinguish ischemic stroke and hemorrhage
stroke. Moreover, the location of infarction and the successfulness of recanalization
before and after treatment can be determined. On the other hand, MRI detects the loca-
tion of ischemia and the affected area with higher precision than CT images.

When potential patients for the measurement are selected, the locations of the
fNIRS optodes and EEG electrodes are determined and arranged alternately to cover
the area of interest. Such area of interest includes the brain area around the infarcted
site and the surgical intervention as well as the symmetric area of the contralesional
hemisphere.

3.3.2. Duration of monitoring

Various types of complications occur at different times after treatment. For
example, around 6% of patients receiving MT have hemorrhage and 2-20% of them
have reocclusion. Hemorrhage often happens within 24 hours of the start of MT.
Various types of hemorrhage are related to surgical procedures or the health condition
of patients (blood pressure, location of ischemia region, severity of the stroke, etc.).
Reocclusion happens when more platelets accumulate at a certain location of a vessel
where the surgery takes place due to the damage of the wall of the vessel. In addition,
patients with more embolic fragments and stenosis at the thrombectomy site have a
high risk of reocclusion. The reocclusion often occurs 24 to 48 hours after MT and is
associated with poor outcomes [48].

To monitor the progress of various types of complications, the ideal duration of
monitoring should last 24 hours continuously after MT and then at least every 12 hours
from 24 hours after MT till the patient is discharged from the hospital.

3.3.3. Data analysis to extract the effective parameters vecorded using fNIRS-EEG

Investigating various approaches to handle the recorded data during data analysis
to find the optimal parameters suggesting the occurrence and progress of complica-
tions is the 3rd key issue. The analyzed data include directly measured signals, derived
values, or the combination of the data from fNIRS and EEG recordings.

For fNIRS, the investigated parameters are the change of total hemoglobin con-
centration (THC) and regional cerebral oxygen saturation (rSO,) can be computed
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based on AOxyHb and ADeoxyHb. The hemodynamics across the hemispheres can be
compared by the interhemispheric rSO2 (IHArSO2) difference. The association of the
recorded parameters with physiological conditions is analyzed to better understand
the causes of the variation of parameters.

Regarding EEG, since it is not easy for people unfamiliar with EEG signals to
understand the related neurological activity with the corresponding recording,
one common approach to analyzing these signals is to convert them to a frequency
domain. The converted data inspecting the signal strength as a function of frequency
is defined as power spectrum density (PSD). This is useful since it is known that
signal patterns of certain frequencies will occur during certain brain activities. It
has been studied that the ratio of the power of the delta band to the power of alpha
bands (DAR) correlated the most to the infarct area of ischemic stroke [49]. Also, the
interhemispheric asymmetry can be characterized using the Brain Symmetry Index
(BSI) derived based on the power of signals from the bilateral hemispheres.

The parameters for analysis are not restricted to those discussed above; other pos-
sible combinations of the recorded data are also explored. The factors integrated with
the direct and indirect parameters from fNIRS and EEG recording can be potential
features reflecting the occurrence of complications after stroke treatments.

Besides data collected from the recording facilities, other data recorded through
conventional clinical procedures after MT are the key elements to be compared
with. Ideally, continuous CT or MRI scans show the most detailed information on
the occurrence and progress of complications. However, it is not feasible to attain
the scans frequently. Therefore, the vital signs and the rating scales evaluating the
impairment caused by a stroke are the parameters to suggest the occurrence of com-
plications or the outcome of recanalization. Routine measurements recommended
by worldwide guidelines for post-thrombectomy patients are BP, SpO,, ECG, heart
rate, and blood glucose.

The National Institute of Health Stroke Scale (NIHSS) is the most used score scale
for stroke management to quantify neurological dysfunction or deficit after stroke.
According to the guidelines regarding the management after thrombectomy, the vital
signs and NIHSS are monitored every 30 minutes within the first 6 hours, then every
1 hour from 6 to 24 hours, and then once per 6 hours from 24 to 72 hours. The cor-
relation between the data from fNIRS-EEG recordings and conventional features for
detecting complications can suggest the occurrence of complications or stroke onset.

4, Conclusions

We introduced in this chapter the emerging optical technique, fNIRS, to monitor
the hemodynamic condition reflecting the activities of the brain. fNIRS consists
of emitting light with wavelengths near-infrared range to detect the concentration
variation of OxyHb and DeoxyHb. Consequently, the detected light is converted to
the absorber’ concentration using the modified Beer-Lambert law. fNIRS is an out-
standing technique to perform real-time monitoring compared with other common
neuroimaging techniques in size, weight, and accessibility. fNIRS has been applied on
stroke patients to monitor their hemodynamic conditions in prior-, peri-, and post-
operative periods. The variations of images provided by fNIRS, before the onset of
complications on stroke patients who received either thrombolysis or thrombectomy
treatments are crucial to stroke prediction. Integrating the recorded fNIRS-EEG
features, other physiological parameters, and EHRs, the ML model can provide a risk
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of the stroke prediction system. With the feasibility of continuous or high-frequency
fNIRS recordings, the prediction precision of the prediction system to avoid stroke
can be increased.
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Chapter7

Application of Infrared
Techniques for Characterisation of
Vector-Borne Disease Vectors

Maggy Sikulu-Lovd and Rafael Maciel-de-Freitas

Abstract

The interest of the entomological community in the application of the Near
Infrared (NIR) and Mid Infrared (MIR) spectroscopy techniques for characterisation
of insect species has seen a dramatic increase over the last decade. In this chapter, we
discuss the application of the Near infrared spectroscopy technique for characteris-
ing insects including mosquitoes, triatomine bugs, Culicoides and houseflies under
varying environmental and experimental conditions. We focus our discussion on
the recent progress made in the application of the NIRS technique to predict the age,
species and infection status of mosquito vectors of malaria and arbovirus infections
relative to traditional tools such as dissections and molecular techniques and how the
tool could be applied in vector surveillance programs to determine disease hotspots
and direct current and future interventions. Lastly, we briefly discuss the application
of MIR spectroscopy technique for age grading, species identification, blood meal
identification and as a potential diagnostic tool for malaria parasites.

Keywords: surveillance, malaria, arbovirus, vector-borne disease, dengue,
disease transmission, Zika, chikungunya, age-grading, taxonomic identification

1. Introduction

Entomological and epidemiological surveillance can be broadly described as the
continuous monitoring of the transmission potential of vectors and human casesina
given area, respectively. It is an information-based activity involving the collection,
analysis, interpretation and appropriate presentation of large volumes of data origi-
nating from a variety of sources to monitor the presence of pathogens in a population
in a timely manner [1, 2]. Teams with a strong background in entomology, epidemiol-
ogy, demography, climatology, cartography, statistics and modelling contribute to
this exercise creating a multidisciplinary surveillance system to help understand
spatiotemporal features of disease transmission [3, 4]. Since one of the most relevant
characteristics of surveillance is to inform where and when the risk of disease trans-
mission is higher, it can trigger targeted application of appropriate interventions.
Therefore, timely surveillance could help mitigate disease transmission in endemic
settings [5, 6].
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Surveillance of insects of medical and veterinary importance is a crucial undertak-
ing required to assess the effectiveness of interventions targeting those insects. For
example, prevention of mosquito-borne diseases including malaria and arboviruses
such as Zika, dengue, chikungunya and yellow fever, rely on vector control inter-
ventions such as insecticide-treated bed nets, indoor residual spraying or the use
of repellents as protective measures against infective bites [7]. The effectiveness of
these interventions can be determined by assessing changes in insect’s behaviour. For
example, mosquitoes can change their biting and resting behaviour to avoid contact
with insecticide-treated surfaces [8]. Moreover, a change in species composition
might mean interventions that normally work against an existing species are no longer
effective against the new species [9]. This means routine surveillance to monitor such
changes among insect vector populations is a crucial determinant of the effectiveness
of interventions.

Estimating survival of insect populations such as mosquitoes to determine how
long they have lived is one way of assessing the effectiveness of an intervention.
Another method for assessing the effectiveness of interventions against insect
populations involves determining the species composition of the target population.
This is traditionally achieved through amplification of DNA of the target insect using
molecular techniques such as Polymerase Chain Reaction [10]. Effectiveness of inter-
ventions can also be assessed by determining whether the target insect population
is infected with pathogens such as parasites or viruses. The life cycle of insects that
transmit pathogens involves 1) adult emergence from pupae, 2) mating, 3) feeding
including blood and sugar feeding, 4) laying eggs and repeating steps 3-4 until the
insect eventually dies. When the insect feeds on an infected host, the pathogens infect
the midgut of the disease vector where they undergo a period of development known
as the extrinsic incubation period (EIP). The EIP usually ranges from 4 to 18 days
depending on the insect and the environmental factors such as temperature [11, 12].
Mature pathogens migrate to the salivary glands of the insect and can be inoculated
into a host during the next cycle of feeding. PCR [13, 14], enzyme-linked immuno-
sorbent assay [15-17] or dissection coupled with microscopy [18] are the conventional
ways of differentiating infected from uninfected insects. The effectiveness of more
recent interventions where mosquitoes infected with an intracellular endosymbiont
bacteria known as Wolbachia [19, 20] to block pathogen transmission [21, 22], are
assessed by the number of insects that have maternally acquired the bacteria by PCR
or quantitative PCR [23].

Traditional age grading, species identification and infection detection techniques
can be time-consuming and costly for large-scale surveillance. These limitations have
led to the development of alternative techniques including the application of the near-
infrared (NIR) and the Mid-infrared (NIR) spectroscopy. The next sections of the
book chapter will discuss the recent applications of the two techniques as alternative
techniques for age grading, species identification, infection detection and blood meal
analysis of mosquitoes and other insects of medical and veterinary importance.

2. Application of NIRS for characterisation of insects

2.1 Age grading

Age grading involves the assessment of insect vectors to determine how long they
have survived. For example, malaria and arbovirus transmitting mosquitoes are
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only infectious to the host if they are at least 10-12 days old post emergence due to
the period required by the pathogen to develop within the mosquito. Estimating age
of mosquitoes is therefore crucial as it determines the efficacy of interventions that
target survival of those insects. Traditionally, the age of mosquitoes is determined by
dissecting their ovaries to determine whether they have previously laid eggs [24] or
how many times they have laid eggs [25, 26]. Those that have laid eggs are presumed
to successfully have been blood-fed on a host therefore they are considered older
and potentially infectious compared to those without an egg-laying history which is
normally regarded as young or harmless mosquitoes. Here we will discuss how infra-
red has been used as an alternative age grading technique for malaria and arbovirus
transmitting mosquitoes as well as for fruitflies, houseflies and culicoides.

2.1.1 Houseflies

Houseflies are mechanical vectors of more than 100 diseases caused by viruses,
bacteria, parasites and fungus to humans and animals. NIR was first applied to predict
the age of houseflies in 2000 [27]. The technique was compared against pteridine
fluorescence technique. NIR correctly classified houseflies with a predictive accuracy
ranging from 89 to 91% as either 1 day or 10-day-old flies depending on whether
the head or the whole body was scanned and whether they were scanned fresh or
preserved in ethanol for 2 days. Wavelengths responsible for differentiating young
from old flies were identified as 850-950, 1125—1225, 1350—1450, and 1650-1700 nm.
These wavelengths correspond to the first, second, and third CH absorption overtones
of CH3, CH2, and CH groups and the first combinatioof n CH absorption (Figure1).

2.1.2 Mosquitoes

Mosquitoes were first age graded using NIR in 2009 by Mayagaya and colleagues
using ASD NIR spectrometers (ASD, Inc., Boulder, Colorado), [28]. The authors
showed that NIR could predict the age of the main African malaria vector Anopheles
gambiae and Anopheles arabiensis reared in the lab with an accuracy of 90% into
< 7 or > 7 days age groups. NIR was also used to predict the age of male mosquitoes in
the same study. Since then, NIR has been used to predict the age of the two African

Beata Cosflicient
t_':

|
| i Y Mina 4 !
50 AN wil.J® 1 |} | [
| 1™ gy oy FVAL
40 ¥ lI
U |
G0
80— - - 1
750 10c0 1250 1500 1750
‘Wavalength

Figure 1.

Regression coefficient graph for age grading houseflies using NIR showing absorption bands in the 1st, 2nd, 3rd
overtone regions and combination region [27].
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malaria mosquitoes from varying environmental conditions including those reared in
a semi-field system SFS [29], those exposed to pyrethroids [30], and more recently to
predict the age of the primary vector of arboviruses Aedes aegypti [31] and the sec-
ondary vector Aedes albopictus [32] in the lab with similar predictive accuracy as the
malaria vector. Across all species, NIR accurately differentiated very young (1-4 days)
old mosquitoes from very old >15 days old mosquitoes but overlaps were observed

for middle age groups. This could be due to minimal age-related changes occurring
among the middle-aged (5-10 days old) mosquitoes. Recent advances in machine
learning techniques have reduced this overlap to produce age prediction models

with on a finer scale [33, 34]. NIR age prediction seems to correlate with a number

of changes occurring within a mosquito as it undergoes the ageing process such as
changes in cuticular hydrocarbons [35], changes in protein expression levels [36, 37]
and changes in transcriptional profiles [38] all of which have previously been linked
to the ageing process of a mosquito. Figure 2 shows regression coefficients used to
predict the age of female An. gambiae [28] and female Ae. aegypti [31] mosquitoes
with the most informative peaks seen from 1100 nm to 1900 nm for both species.

2.1.3 Culicoides

The ability of NIR QualitySpec Pro spectrometer (ASD, Inc., Boulder) to predict
the age of female Culicoides sonorensis the blood-feeding species of Ceratopogonidae
commonly referred to as biting midges, a vector of bluetongue and other arboviruses
was first demonstrated by Reeves and colleagues in 2010 [39]. Three colonies namely
VanRyan (VR), Ausma (AU) and AK were used. Using PLS to train models, NIR
differentiated younger midges that were 1-3 days old from older midges that were
9-12 days with an overlap observed between adjacent age groups. Younger age groups
(1-3 days old) midges were generally predicted as older and older midges (12 days
old) were generally predicted as younger (Figure 3).

2.1.4 Fruit flies; drosophila

Aw and colleagues have demonstrated the capacity of NIR spectroscopy technique
(ASD, Inc., Boulder Colarado) to predict the age of male and female Drosophila mela-
nogaster and Drosophila simulans using laboratory-reared colonies [40]. Training sets
developed from D. melanogaster Alst and D. simulans Hw strains with seven age groups
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Figure 2.

Regression coefficients for predicting (A) the age of An. gambiae (Ifakara strain) and (B) Ae. aegypti (Australia
strain).
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Figure 3.
Regression coefficients used to predict the age of thye three colonies of Culicoides sonorensis [39].

(1,5, 9, 13, 17, 21 and 25 days old) were used to predict independent sets of D. melano-
gaster Dah and D. simulans Ky strains at three age groups (5, 13 and 21 days old) into
three age groups (<9, 9-18 and > 18 days old). Generally, females were predicted with
higher accuracy than males. The prediction accuracy of females that were 5, 13 and
21 days old was 88,86 and 56%, respectively for D. simulans Ky and 62, 83 and 84% for
D. melanogaster Dah whereas the accuracy for predicting the age of males that were 5,
13 and 21 days old was 78, 82 and 37%, respectively for D. simulans Ky and 62, 83 and
84% for D. melanogaster Dah. Like mosquitoes, female flies were generally predicted
more accurately into two groups < 9 (72-88% accuracy) and > 9 days old (88-98%
accuracy) than into three groups most probably due to the increasing age-associated
changes as the flies got older.

2.2 Species identification
Species identification is crucial for vector control programs as it determines

whether existing interventions are effective against all or selected vector species
in the target area. A change in mosquito feeding behaviour that is from indoors to
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Figure 4.

Regression coefficients for determining the species of (A) female An. gambiae s.s. and An. avabiensis mosquitoes
when using 10 partial least squares regression factors [28], and (B) D. melanogaster and D. simulans with
important peaks shown with letters A-E [40].
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outdoors can lead to significant impacts on the efficacy of existing interventions. That
means interventions targeting indoor biting mosquitoes such as bed nets or indoor
residual sprays would no longer be effective [9]. Secondly, different species may
require different control interventions depending on their breeding, biting or resting
behaviour. We discuss here the application of NIR for differentiating cryptic species
of mosquitoes and Drosophila.

NIR has been used to differentiate two insect species that would otherwise rely
on molecular techniques for differentiation. The major African malaria mosquito An.
gambiae and An. arabiensis are morphologically identical species. NIR has been used to
differentiate these two species from laboratory colonies, semi field colonies and from
the wild with predictive accuracies of 90% [28, 29] achieved for both laboratory and
field collected samples. NIR has also been used to differentiate Drosophila species, D
melanogaster and D simulans with 94% and 82% accuracy, respectively (Figure 4) [40].

2.3 Infection detection

One of the fields in which Infrared techniques have recently been successfully
applied is the detection of infection in intact insects [41]. This is particularly impor-
tant in detecting disease hotspots during an outbreak. For infection detection, the
NIRS technique has been shown to be simple, cost-effective and rapid relative to
molecular techniques such as PCR. In recently published work, NIRS was reported
to be 18 times faster and 110 cheaper than RT-qPCR for Zika detection in Ae. aegypti
mosquitoes [42]. Therefore, facilitating timely entomo-virological surveillance to
reduce outbreaks in human population [43, 44].

2.3.1 NIRS detection of arboviruses in mosquitoes

The term arbovirus is an acronym for arthropod-borne virus, that is, virus
transmitted through the bite of infected vectors. Arboviruses transmitted to humans
by mosquitoes belonging to the family Togaviridae for example, Chikungunya and
Ross River viruses or to family Flaviviridae for example, Dengue, Zika, Yellow Fever,
Japanese Encephalitis, St. Louis, West Nile viruses etc. [45-47]. With the exception
of the African Swine Fever Virus, arboviruses have ribonucleic acid (RNA) in their
genome with a positive sense single-stranded RNA (+ssRNA), or a negative sense
single-stranded RNA (-ssRNA) [48].

For arboviruses to be transmitted to humans, they require a period of development
with an insect. The mosquito cycle begins when a mosquito ingests blood from an
infected host during the viremia period and ends with the inoculation of the virus, into
a susceptible host. However, an extrinsic incubation period (EIP) is required, whereby
an intense viral replication in different organs and tissues of the insect occurs, including
the reproductive system, possibly infecting unborn offspring [49]. Depending on the
virus type and environmental temperature, viruses and parasites take 5-14 days from the
ingestion of an infectious blood meal to reach the salivary glands of mosquitoes [50].

Traditionally, the diagnosis of arbovirus infection in mosquitoes is based on
the use of molecular-based techniques such as polymerase chain reaction (PCR),
and quantitative PCR (qPCR) [51-54]. However, these techniques are not suitable
for large-scale surveillance due to the time, cost and expertise required to process
samples. Thus, the development of new techniques to improve surveillance using a
fast, reliable and affordable identification of pathogens in disease vectors is an urgent
need [41, 55-57].
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The development of spectroscopy techniques to detect arbovirus infection has been
a growing field of research in the last 5 years. The majority of published results dem-
onstrate the application of NIRS for the detection of arboviruses such as dengue, Zika
and chikungunya in intact laboratory-reared Aedes aegypti mosquitdes [41, 42, 58]. The
first attempt to detect arboviruses in mosquito vectors using NIRS was published in
2018 by Fernandes and colleagues who showed that Zika virus (ZIKV) in laboratory-
reared Ae. aegypti mosquitoes could be detected by simply shining infrared light on
the head/thorax or the abdomen of female mosquitoes and using machine learning
techniques to differentiate infected from uninfected samples. ZIKV was originally an
understudied virus restricted to certain regions of Africa. However, around 2010, it
started to spread to other parts of the world, and it was declared a public health emer-
gency of international concern in 2015 following its association with microcephaly in
newborns and Guillain-Barré syndrome in adults in South America.

Using Partial Least Square regression models, independent samples of mosquitoes
that were either infected with Zika or without Zika infection were predicted with
97.3% and 88.8% when head/thoraces were scanned and 88.8% when abdomens were
scanned. The difference in accuracy between heads/thoraces and abdomen is most
likely related to virus multiplication in the mosquito body. The highest accuracy of
99.6%, (N = 228) was observed when mosquito heads/thoraces were scanned 7 days
post-infection (dpi), which could correlate with the duration of ZIKV EIP in Ae.
aegypti mosquitoes [42]. Slightly lower prediction accuracy for mosquitoes scanned at
4 and 10 dpi indicates low viraemia in heads/thoraces following this incubation period.

Following successful demonstration that NIR can predict Zika in intact mosqui-
toes in laboratory-controlled assays, its accuracy in a more natural setting was tested.
This involved infecting mosquitoes with ZIKV or chikungunya virus (CHIKV) and
scanning the samples 14 dpi, that is, after the virus had sufficient time to complete
its EIP within the mosquito. Mosquitoes were killed by aggressively shaking their
cage to mimic natural death in the field whilest being in traps. The intention was to
avoid the use of any chemical compound that could affect NIR spectra. Traditionally,
surveillance systems for arboviruses vectors rely on checking mosquito adult traps
once every week. Following the death of mosquitoes, they were individually added to
a catching bag of a BG-Sentinel trap, a harsh microenvironment produced by the con-
stantly blowing fan intended to retain trapped mosquitoes. Spectra were individually
collected daily over a period of seven days. The findings of this study show that NIR
can predict both ZIKV and CHIKV 7 days post their death with predictive accuracy
>90% for both arboviruses (Figure 5) [58].

2.3.2 NIRS detection of Wolbachia in mosquitoes and drosophila

Wolbachia is a gram-negative intracellular symbiont bacterium that is found
naturally infecting arthropods, such as insects, arachnids, crustaceans, and isopods
[59-61]. In addition, they are also found in nematodes. This bacterium is present
in 40-60% of species, including some mosquitoes such as Culex quinquefasciatus,
Astacus fluviatilis and Ae. albopictus [62]. However, the main vectors of malaria and
arboviruses; Anopheles and Ae. aegypti are not naturally infected by this bacterium.

The NIRS technique has been used to detect Wolbachia in D. melanogaster and D.
simulans, both of which are natural hosts of Wolbachia. The average predictive accu-
racy was 87% and 92% for D. melanogaster and D. simulans, respectively [40]. Authors
attributed their findings to spectral signatures related to either the presence and the
concentration of lipopolysaccharide molecules or the physiological changes caused by
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Average raw spectra (left panel) and regression coefficients of Zika infected and uninfected mosquitoes. Fig
adapted from [42].

this bacterium on Wolbachia-infected flies. Wolbachia is presented in high densities
in insect bodies, which can be detected in germ line cells and non-reproductive host
tissues [40, 63, 64]. For mosquitoes, NIRS has only been used to detect two species
of Wolbachia in male and female Ae. aegypti [65]. NIRS differentiated females and
males infected with wMelPop from uninfected ones with an overall accuracy of 96%
and 87.5%, respectively whereas wMel infected females and males were predicted
with na accuracy of 92% and 89%, respectively. The higher accuracy in detecting
wMelPop-infection in Ae. aegypti females might be due to their existence in higher
densities following its transinfection in Ae. aegypti compared to wMel. In addition,
NIRS differentiated females and males infected with wMel from those infected with
wMelPop with an accuracy of 96.6% and 84.5%, respectively [65] and in a separate
study to detect wMel in mosquitoes 7 days post death (Figure 6) [58].

2.3.3 NIRS detection of plasmodium pavasites in anopheles mosquitoes

Malaria is an infectious, febrile, potentially serious disease caused by protozoan
parasites belonging to the genus Plasmodium transmitted to humans via bites of
female infected Anopheles mosquitoes. A total of five species of Plasmodium can be
transmitted to humans: Plasmodium falciparum is responsible for > 90% of reported
annual cases and deaths, mostly in sub-Saharan Africa.

Malaria occurrence is widespread but has a higher prevalence in tropical and
subtropical areas. In 2020, 240 million cases of malaria were estimated, resulting in
an estimated 627,000 deaths with 95% of the cases and deaths in Sub-saharan Africa.

Esperanca and colleagues demonstrated for the first time that NIR could detect
Plasmodium berghei in laboratory-reared Anopheles stephensi [66]. The average clas-
sification accuracy for differentiating infected from uninfected mosquitoes was
72%. However, NIRS was incapable of determining sporozoite intensity [66]. A
more recent publication indicated the technique was capable of detecting oocyst and
sporozoite-stage infections with 88% and 95% accuracy, respectively but the predic-
tion accuracy was dependent on parasite concentration [67].

The latest manuscript reported findings on the investigation of the ability of NIRS
to identify P, falciparum in An. coluzzii mosquitoes. Models were developed labora-
tory-reared infected mosquitoes by using blood from infected subjects. Overall, NIRS
correctly classified 73% of mosquitoes as infected or uninfected and differentiated
between uninfected and those with either oocysts or sporozoites with a 70% accuracy.
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Shows comparative average raw spectra of wild, wMel and wMelPop Wolbachia strains for female and male Ae.
aegypti mosquitoes [65].

However, those models were unable to predict infection in wild-caught mosquitoes
[68]. This indicates that robust NIRS models for predicting infection in wild mosqui-
toes need to be developed from naturally infected mosquitoes.

2.3.4 NIRS detection of Trypanosoma cruzi in Triatomine sp.

Chagas disease (CD), or American trypanosomiasis, is an infectious disease that
plagues the entire American continent, from the southern United States to Argentina
and Chile. The WHO estimates that the number of infected individuals in Latin
America is approximately 6 million people, with about 70 million living at risk of con-
tracting the disease [69]. In recent decades, due to increase mobility between distant
regions of the globe, CD has become a global health priority. The disease has become
a problem in areas such as Europe and Japan, as a consequence of the immigration of
infected individuals acting as blood or organ donors to non-endemic countries [70].

The etiological agent of CD is Trypanosoma cruzi, a flagellated protozoan of the
order Kinetoplastida, family Trypanosomatidae, genus Trypanosoma, which is
characterised by the existence of a flagellum and a single mitochondrion, where the
kinetoplast - a specialised organelle containing the DNA - islocated. T cruzi is the
only human trypanosome transmitted by the excreta of an invertebrate vector and is
included in the section Stercoraria. The strains of the parasite circulating in nature,
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on the NIR spectra in the 1600—-1800-nm region for differentiating T. cruzi-infected from uninfected excreta.
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during their life cycle, can infect different vertebrates (humans, domestic animals and
other wild mammals) and invertebrate (triatomines) hosts. Throughout its life cycle,
T. cruzi assumes morphologically and physiologically distinct evolutionary forms.
These evolutionary forms are identified by the relative position of the kinetoplast in
relation to the cell nucleus and the appearance of the flagellum, the main ones being:
trypomastigote, amastigote and epimastigote [71].

The vectors of CD are insects of the Triatominae subfamily (Hemiptera:
Reduviidae) and are popularly known as barbeiros (Brazil), vinchuca (Argentina,
Bolivia and Chile), chinchorro (Ecuador), chirimacha (Peru), chipo (Venezuela)
and kissing bug (USA). They are nocturnal insects a characteristic that helps their
hemophagic behaviour, because they take advantage of the resting period of their
hosts to perform their blood repast while reducing the chances of being predated.
Currently, there are 150 described species of triatomines, all of which are considered
potential vectors of CD. The main vector of CD in the Americas is Triatoma infestans,
although other species such as T dimidiata, T. brasiliensis, and Rhodnius prolixus
among others, may be of high relevance in specific geographic areas [72].

NIRS has only been recently applied to detect T. cruzi in Triatomine species reared
in the lab. It was 100% accurate for predicting T. cruzi infection in either the midgut
or the rectum of T. infestans. Furthermore, the model developed for predicting infec-
tion in insect midgut could be applied for diagnosis of T. cruzi on the rectum and vice-
versa. The authors also demonstrated that NIRS could accurately predict infection
with 100% accuracy using either wet or dry samples [73]. Figure 7 shows regression
coefficients used to differentiate infected from uninfected excreta.

3. Mid infrared for predicting age, species and infection

MIR is a recently developed technique in the field of vector-borne diseases. For
age grading mosquitoes, it has been demonstrated on the African malaria mosquitoes
An. gambiae and An. avabiensis and Aedes aegypti mosquitoes. The capacity of MIR to
predict the age of laboratory-reared mosquitoes was demonstrated by Jiménez and
colleagues in 2019 [74] using Bruker Vertex 70 spectrometer (Bruker Corporation,
Billerica, Massachusetts, USA). Here they showed that the age of young (1d and 15
d old mosquitoes) could be differentiated from the middle age groups. In their most
recent study on age grading, they scaled up the sample size of Anopheles mosquitoes
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MIR spectra of a mosquito and chlorvoform adapted from [74].

to 40,000 and demonstrated the technique’s capacity to distinguish mosquitoes with
varying egg laying history that is, those with 1-3 gonotrophic cycles [75]. In addition
to age grading, MIR has been shown as a predictor of the source of host blood meal of
blood-fed Anopheles mosquitoes [76]. This is important as it demonstrates whether
a mosquito species prefers one host over the other or if it can feed on multiple hosts
species. In addition to age grading and blood meal analysis, MIR can differentiate
cryptic species of An. gambiae with a predictive accuracy of 90% for both laboratory
and field-collected samples [74].

Other studies have reported on the capacity of MIR to detect infections such as
Wolbachia in mosquitoes [77] as well as a diagnostic tool for Plasmodium parasites
in blood samples from human subjects in Thailand [78] and Tanzania [79]. Overall,
the findings of these studies demonstrate the potential of MIR technique for multiple
applications in the field of mosquito-borne diseases. A raw spectrum of a mosquito
collected by mid-infrared is shown in Figure 8.

4. Preservation techniques compatible with infrared techniques

Most vector control interventions conduct large scale studies in remote areas
where thousands of samples are collected, stored and processed at a later stage in
the laboratory. These samples are often stored in preservatives to ensure the DNA/
RNA does not degrade prior to processing of the samples. For infrared techniques
to be incorporated in such studies, the predictive accuracy of samples should not
be affected by these preservatives. Three studies have demonstrated that a number
of preservatives are compatible with these techniques including Silica gel, ethanol,
Carnoy’s solution, RNAlater solution and storage in 4 degrees [78-80]. The predictive
accuracy of samples preserved by these techniques was observed from 1 to 52 weeks.
Overall, preservation with the silica gel technique has been recommended for both
MIR and NIR techniques for periods of 2-52 weeks [72]. RNAlater, storage in 4
degrees was also shown accurately for the longest period that the samples were stored
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under that is 4 weeks [78]. Based on the nature of studies conducted for mosquito
control programs, silica gel is the preferred preservation technique as it is associated
with low cost and can used in the field under varying temperatures.

5. Conclusions

The application of both Near and mid-Infrared spectroscopy techniques for age,
species and infection detection for malaria and arbovirus vectors is a relatively new
area of research. Several studies have reported the potential of infrared techniques as
alternative tools for vector surveillance and diagnostic tools. Relative to existing tech-
niques, they are rapid and cost-effective and can easily be scaled up for programmatic
use. However, there is very limited data on their applicability in the field. It is recom-
mended that for both techniques to be field ready, robust models should be developed
and validated using field collected samples from multiple settings. Secondly, none of
the published studies provide evidence whether their ability to predict age, species
or infection is based on the detection of specific chemical compounds or the actual
pathogen presented in the mosquito/human samples. This needs to be established to
improve the predictive accuracy of these techniques. Overall infrared spectroscopy
techniques represent a big step forward in the field of vector-borne diseases and
have potential to stop outbreaks in a timely manner through rapid identification of
hotspots.

Acknowledgements

We would like to thank Ms. Tharanga Kariyawasam (The University of
Queensland) for assistance with references and Dr. Gabriela A Garcia (Fiocruz),
and Associate Professor Anton Lord (Queensland University of Technology)
for their initial contribution to this chapter. We also appreciate the Fundagéo de
Amparo a Pesquisa no Estado do Rio de Janeiro (FAPER]), Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico (CNPq), Fiocruz (INOVA) and the
University of Queensland for funding.

Conflict of interest

The authors declare no conflict of interest.

136



Application of Infrared Techniques for Characterisation of Vector-Borne Disease Vectors
DOI: http://dx.doi.org/10.5772/intechopen.106941

Author details
Maggy Sikulu-Lord™* and Rafael Maciel-de-Freitas™*
1 The School of Biological Sciences, The University of Queensland, St Lucia, Australia

2 Laboratério de Transmissores de Hematozodrios, Instituto Oswaldo Cruz, Fiocruz,
Rio de Janeiro, Brazil

3 Department of Arbovirology, Bernhard-Nocht Institute for Tropical Medicine,
Hamburg, Germany

*Address all correspondence to: maggy.lord@ug.edu.au

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

137



Infrared Spectroscopy - Perspectives and Applications

References

[1] Runge-Ranzinger S et al. What does
dengue disease surveillance contribute
to predicting and detecting outbreaks
and describing trends? Tropical
Medicine & International Health.
2008;13(8):1022-1041

[2] Runge-Ranzinger S et al. Dengue
disease surveillance: An updated
systematic literature review. Tropical
Medicine & International Health.
2014;19(9):1116-1160

(3] Pley C et al. Digital and technological
innovation in vector-borne disease
surveillance to predict, detect, and control
climate-driven outbreaks. The Lancet
Planetary Health. 2021;5(10):€739-€745

[4] Braks M et al. Making vector-
borne disease surveillance work:
New opportunities from the SDG
perspectives. Frontiers in veterinary
science. 2019:232

[5] Dzul-Manzanilla F et al. Identifying
urban hotspots of dengue, chikungunya,
and Zika transmission in Mexico to
support risk stratification efforts: A
spatial analysis. The Lancet Planetary
Health. 2021;5(5):e277-e285

[6] Daszak P. Global trends in
emerging infectious diseases. Nature.
2008;451(7181):990-993

[7]1 Rozendaal JA. Vector Control:
Methods for Use by Individuals
and Communities. World Health
Organization; 1997

[8] Sokhna C, Ndiath M, Rogier C. The
changes in mosquito vector behaviour
and the emerging resistance to
insecticides will challenge the decline
of malaria. Clinical Microbiology and
Infection. 2013;19(10):902-907

138

[9] Russell TL et al. Increased proportions
of outdoor feeding among residual
malaria vector populations following
increased use of insecticide-treated

nets in rural Tanzania. Malaria Journal.
2011;10(1):1-10

[10] Walton C et al. Molecular identification
of mosquito species. Biological Journal of
the Linnean Society. 1999;68(1-2):241-256

[11] Beier CJ. Malaria parasite
development in mosquitoes. Annual
Review of Entomology. 1998;43:519-543

[12] Chan M, Johansson MA. The
incubation periods of dengue viruses.
PLoS One. 2012;7(11):e50972

[13] Kuno G. Universal diagnostic
RT-PCR protocol for arboviruses. Journal
of Virological Methods. 1998;72(1):27-41

[14] Tassanakajon A et al. Polymerase
chain reaction detection of plasmodium
falciparum in mosquitoes. Transactions
of the Royal Society of Tropical Medicine
and Hygiene. 1993;87(3):273-275

[15] Wirtz R et al. Field evaluation

of enzyme-linked immunosorbent
assays for plasmodium falciparum

and plasmodium vivax sporozoites in
mosquitoes (Diptera: Culicidae) from
Papua New Guinea. Journal of Medical
Entomology. 1987;24(4):433-437

[16] Sylvestre G et al. Preliminary
evaluation on the efficiency of the kit
Platelia dengue NS1 Ag-ELISA to detect
dengue virus in dried Aedes aegypti:

A potential tool to improve dengue
surveillance. Parasites & Vectors.
2014;7(1):1-7

[17] Abraham PR et al. Detection of
recombinant dengue virus 2 NS1



Application of Infrared Techniques for Characterisation of Vector-Borne Disease Vectors

DOI: http://dx.doi.org/10.5772/intechopen.106941

protein in Aedes aegypti mosquitoes
using commercial dengue NS1 ELISA
kit. Journal of Vector Borne Diseases.
2022;59(1):98

[18] Beier JC et al. Malaria sporozoite
detection by dissection and ELISA
to assess infectivity of afrotropical
anopheles (Diptera: Culicidae).
Journal of Medical Entomology.
1990;27(3):377-384

[19] McMeniman CJ et al. Stable
introduction of a life-shortening
Wolbachia infection into the

mosquito Aedes aegypti. Science.
2009;323(5910):141-144

[20] Hoffmann AA et al. Successful
establishment of Wolbachia in
Aedes populations to suppress

dengue transmission. Nature.
2011;476(7361):454-457

[21] Aliota MT et al. The wMel strain
of Wolbachia reduces transmission of
Zika virus by Aedes aegypti. Scientific
Reports. 2016;6:28792

[22] Walker T et al. The wMel Wolbachia
strain blocks dengue and invades caged
Aedes aegypti populations. Nature.
2011;476(7361):450-453

[23] Lee SF et al. High-throughput PCR
assays to monitor Wolbachia infection
in the dengue mosquito (Aedes aegypti)
and Drosophila simulans. Applied

and Environmental Microbiology.
2012;78(13):4740-4743

[24] Detinova T. Age-grouping methods
in Diptera of medical importance,

with special reference to some vectors
of malaria. Monograph Series. World
Health Organization. 1962;47:13-191

[25] Polovodova V. Age changes in
ovaries of anopheles and methods of
determination of age composition in

139

mosquito population. Med Parazit
(Mosk). 1941;10:387

[26] Polovodova VP. The determination of
the physiological age of female anopheles
by number of gonotrophic cycles
completed. Medskaya Parazitol Parazitar
Bolezni. 1949;18:352-355

[27] Perez-Mendoza ] et al. Chronological
age-grading of house flies by using near-

infrared spectroscopy. Journal of Medical
Entomology. 2002;39(3):499-508

[28] Mayagaya VS et al. Non-destructive
determination of age and species of
Anopheles gambiae s.1. using near-
infrared spectroscopy. The American
Journal of Tropical Medicine and
Hygiene. 2009;81:622-630

[29] Sikulu M et al. Near-infrared
spectroscopy as a complementary age
grading and species identification tool
for African malaria vectors. Parasites &

Vectors. 2010;3:49

[30] Sikulu MT et al. Using a near-
infrared spectrometer to estimate the

age of anopheles mosquitoes exposed to
pyrethroids. PLoS One. 2014;9(3):e90657

[31] Sikulu-Lord MT et al. Near-infrared
spectroscopy, a rapid method for
predicting the age of male and female
wild-type and Wolbachia infected
Aedes aegypti. PLoS Neglected Tropical
Diseases. 2016;10(10):e0005040

[32] Sikulu-Lord MT et al. First report
on the application of near-infrared
spectroscopy to predict the age of Aedes
albopictus Skuse. Scientific Reports.
2018;8(1):9590

(33] Milali MP et al. Age grading

an. Gambiae and an. Arabiensis
using near infrared spectra and
artificial neural networks. PLoS One.
2019;14(8):e0209451



Infrared Spectroscopy - Perspectives and Applications

[34] Milali MP et al. An autoencoder
and artificial neural network-based
method to estimate parity status of wild

mosquitoes from near-infrared spectra.
PLoS One. 2020;15(6):e0234557

[35] Gerade BB et al. Field validation
of Aedes aegypti (Diptera: Culicidae)
age estimation by analysis of cuticular
hydrocarbons. Journal of Medical
Entomology. 2004;41(2):231-238

[36] Hugo LE et al. Proteomic biomarkers
for ageing the mosquito Aedes aegypti to
determine risk of pathogen transmission.
PLoS One. 2013;8(3):e58656

[37] Sikulu MT et al. Proteomic changes
occurring in the malaria mosquitoes
Anopheles gambiae and Anopheles
stephensi during aging. Journal of
Proteomics. 2015;126:234-244

[38] Cook PE et al. The use of
transcriptional profiles to predict adult
mosquito age under field conditions.
Proceedings of the National Academy of
Sciences. 2006;103(48):18060-18065

[39] Reeves WK et al. Age-grading the
biting midge Culicoides sonorensis using
near-infrared spectroscopy. Medical and
Veterinary Entomology. 2010;24(1):32-37

[40] Aw WC, Dowell FE, Ballard JWO.
Using near-infrared spectroscopy to
resolve the species, gender, age, and

the presence of Wolbachia infection in
laboratory-reared drosophila. G3: Genes|
genomes|. Genetics. 2012;2(9):1057-1065

[41] Goh B et al. The application of
spectroscopy techniques for diagnosis
of malaria parasites and arboviruses
and surveillance of mosquito vectors: A
systematic review and critical appraisal
of evidence. PLoS Neglected Tropical
Diseases. 2021;15(4):e0009218

[42] Fernandes JN et al. Rapid,
noninvasive detection of Zika virus

140

in Aedes aegypti mosquitoes by near-
infrared spectroscopy. Science Advances.
2018;4(5):eaat0496

[43] Gu W et al. Fundamental issues

in mosquito surveillance for arboviral
transmission. Transactions of the
Royal Society of Tropical Medicine and
Hygiene. 2008;102(8):817-822

[44] Lau SM et al. Surveillance of adult
Aedes mosquitoes in Selangor, Malaysia.
Tropical Medicine & International
Health. 2015;20(10):1271-1280

[45] Souza-Neto JA, Powell JR,

Bonizzoni M. Aedes aegypti vector
competence studies: A review. Infection,
Genetics and Evolution. 2019;67:191-209

[46] Brady O], Hay SI. The global
expansion of dengue: How Aedes
aegypti mosquitoes enabled the first

pandemic arbovirus. Annual Review of
Entomology. 2020;65:191-208

[47] Weaver SC et al. Zika, chikungunya,
and other emerging vector-borne viral
diseases. Annual Review of Medicine.
2018;69:395

[48] Gaudreault NN et al. African swine
fever virus: An emerging DNA arbovirus.
Frontiers in Veterinary Science. 2020;7:215

[49] Ferreira-de-Lima VH,
Lima-Camara TN. Natural vertical
transmission of dengue virus in Aedes
aegypti and Aedes albopictus: A
systematic review. Parasites & Vectors.
2018;11(1):1-8

[50] Salazar MI et al. Dengue virus type
2: Replication and tropisms in orally
infected Aedes aegypti mosquitoes. BMC
Microbiology. 2007;7(1):1-13

[51] Musso D, Gubler DJ. Zika virus.
Clinical Microbiology Reviews.
2016;29(3):487-524



Application of Infrared Techniques for Characterisation of Vector-Borne Disease Vectors

DOI: http://dx.doi.org/10.5772/intechopen.106941

[52] Musso D, Despreés P. Serological
diagnosis of flavivirus-associated human
infections. Diagnostics. 2020;10(5):302

[53] Munoz-Jordan JL. Diagnosis of

Zika virus infections: Challenges and
opportunities. The Journal of Infectious
Diseases. 2017;216 (suppl_10):5951-5956

[54] Silva JV Jr et al. A scoping review
of chikungunya virus infection:
Epidemiology, clinical characteristics,
viral co-circulation complications, and
control. Acta Tropica. 2018;188:213-224

[55] Reusken CB et al. Laboratory
preparedness and response with

a focus on arboviruses in Europe.
Clinical Microbiology and Infection.
2018;24(3):221-228

[56] Ellwanger JH, Kaminski VDL,
Chies JAB. How to detect new viral
outbreaks or epidemics? We need to
survey the circulation of viruses in
humans and other animals using fast,
sensible, cheap, and broad-spectrum
methodologies. Brazilian Journal of
Infectious Diseases. 2017;21:211-212

[57] Ramirez AL et al. Searching for
the proverbial needle in a haystack:
Advances in mosquito-borne arbovirus
surveillance. Parasites & Vectors.
2018;11(1):1-12

[58] Santos L et al. High throughput
estimates of Wolbachia, Zika and
chikungunya infection in Aedes aegypti
by near-infrared spectroscopy to improve
arbovirus surveillance. Communications
Biology. 2021;4(1):1-9

[59] Landmann F. The Wolbachia
endosymbionts. Microbiology Spectrum.
2019;7(2) 7.2:25

[60] Taylor MJ et al. W olbachia filarial
interactions. Cellular Microbiology.
2013;15(4):520-526

141

[61] Kaur R et al. Living in the
endosymbiotic world of Wolbachia: A
centennial review. Cell Host & Microbe.
2021;29(6):879-893

[62] Hilgenboecker K et al. How many
species are infected with Wolbachia?-a
statistical analysis of current

data. FEMS Microbiology Letters.
2008;281(2):215-220

[63] Moreira LA et al. A Wolbachia
symbiont in Aedes aegypti
limits infection with dengue,

chikungunya, and plasmodium. Cell.
2009;139(7):1268-1278

[64] Terradas G, McGraw EA. Wolbachia-
mediated virus blocking in the mosquito
vector Aedes aegypti. Current Opinion in
Insect Science. 2017;22:37-44

[65] Sikulu-Lord MT et al. Rapid

and non-destructive detection and
identification of two strains of Wolbachia
Aedes aegypti by near-infrared
spectroscopy. PLoS Neglected Tropical
Diseases. 2016;10(6):e0004759

[66] Esperancga PM et al. Detection

of plasmodium berghei infected
Anopheles stephensi using near-infrared
spectroscopy. Parasites & Vectors.
2018;11(1):1-9

[67] Maia MF et al. Detection of
plasmodium falciparum infected
Anopheles gambiae using near-

infrared spectroscopy. Malaria Journal.
2019;18(1):1-11

[68] Da DF et al. Detection of
plasmodium falciparum in laboratory-
reared and naturally infected wild
mosquitoes using near-infrared
spectroscopy. Scientific Reports.
2021;11(1):1-8

[69] James SL et al. Global, regional, and
national incidence, prevalence, and years



Infrared Spectroscopy - Perspectives and Applications

lived with disability for 354 diseases and
injuries for 195 countries and territories,
1990-2017: A systematic analysis for the
global burden of disease study 2017. The
Lancet. 2018;392(10159):1789-1858

[70] Bern C et al. Chagas disease in the
United States: A public health approach.
Clinical Microbiology Reviews.
2019;33(1):e00023-e00019

[71] Burleigh BA, Andrews NW. The
mechanisms of Trypanosoma cruzi
invasion of mammalian cells. Annual
Review of Microbiology. 1995;49:175-201

[72] Monteiro FA et al. Evolution,
systematics, and biogeography of
the Triatominae, vectors of Chagas
disease. Advances in Parasitology.
2018;99:265-344

[73] Tatila-Ferreira A et al. Near infrared
spectroscopy accurately detects
Trypanosoma cruzi non-destructively in
midguts, rectum and excreta samples of
Triatoma infestans. Scientific Reports.
2021;11(1):1-10

[74] Jiménez MG et al. Prediction of
mosquito species and population

age structure using mid-infrared
spectroscopy and supervised machine
learning. Wellcome open research.
2019;4

[75] Siria DJ et al. Rapid age-grading
and species identification of natural
mosquitoes for malaria surveillance.
Nature Communications. 2022;13(1):1-9

[76] Mwanga EP et al. Using mid-
infrared spectroscopy and supervised
machine-learning to identify vertebrate
blood meals in the malaria vector.
Anopheles arabiensis. Malaria Journal.
2019;18(1):1-9

[77]1 Khoshmanesh A et al. Screening
of Wolbachia endosymbiont infection

142

in Aedes aegypti mosquitoes using
attenuated total reflection mid-infrared
spectroscopy. Analytical Chemistry.
2017;89(10):5285-5293

(78] Heraud P et al. Infrared spectroscopy
coupled to cloud-based data management
as a tool to diagnose malaria: A pilot
study in a malaria-endemic country.
Malaria Journal. 2019;18(1):1-11

[79] Mwanga EP et al. Detection of
malaria parasites in dried human blood
spots using mid-infrared spectroscopy
and logistic regression analysis. Malaria
Journal. 2019;18(1):341



Chapter 8

Application of Infrared
Spectroscopy in the
Characterization of Lignocellulosic
Biomasses Utilized in Wastewater
Treatment

Marwa El-Azazy, Ahmed S. El-Shafie and Khalid Al-Saad

Abstract

Global economies are confronting major energy challenges. Mitigating the energy
depletion crisis and finding alternative and unconventional energy sources have been
subjects for many investigations. Plant-sourced biomasses have started to attract
global attention as a renewable energy source. Maximizing the performance of the
biomass feedstock in different applications requires the availability of reliable and
cost-effective techniques for characterization of the biomass. Comprehending the
structure of lignocellulosic biomass is a very important way to assess the feasibility of
bond formation and functionalization, structural architecture, and hence sculpting of
the corresponding structure—property liaison. Over the past decades, non-invasive
techniques have brought many pros that make them a valuable tool in depicting the
structure of lignocellulosic materials. The current chapter will be focused on the
applications of Fourier transform infrared (FTIR) spectroscopy especially in the mid-
infrared region in the compositional and structural analysis of lignocellulosic bio-
masses. The chapter will provide a display of examples from the literature for the
application of FTIR spectroscopy in finding the composition of various biomasses
obtained from different parts of plants and applied for wastewater treatment. A
comparison between biomasses and physically/chemically treated products will be
discussed.

Keywords: biomasses, leaves, seeds, peels, wastewater treatment, adsorbents,
characterization, Fourier transform infrared (FTIR) spectroscopy, adsorption
capacity

1. Introduction

Nowadays, the global economies are confronting two major energy challenges:
indemnifying an affordable source of energy and simultaneously realizing the trans-
formation into a clean, efficient, and sustainable energy system [1, 2]. To that end,

143 IntechOpen



Infrared Spectroscopy - Perspectives and Applications

mitigating the energy depletion crisis and finding alternative and unconventional
energy sources have been the subject for many investigations. Recently, plant-sourced
biomasses have started to attract global attention as a sustainable, untapped, and
renewable energy source. The feasibility of conversion of the raw feedstock into liquid
fuels and other value-added products via processes such as thermochemical, micro-
bial, or enzymatic treatments is an advantage. On the other hand, the chemical
composition of the biomasses is unique and could certainly affect these conversion
processes and the nature of the obtained products in different ways [1-6]. Moreover,
biomasses are abundantly available and therefore can be regenerated in copious
amounts annually. Preponderantly, biomass is a composite mixture of both organic
(major) and inorganic (minor) components. Lignocellulose is one of the main wood
extractives and is usually a mixture of lignin and the cellulosic carbohydrates (cellu-
lose and hemicellulose). The term “lignocellulose” is generally employed to signify the
plant biomass [1]. Lignocellulosic biomasses could therefore have different applica-
tions.

One of the most important categories of biomasses is agricultural residues or the
waste biomass—a secondary product for the agricultural industry [7]. Representing a
major part of the annual overall biomass production, especially in developing coun-
tries, agro-waste biomasses epitomize a valuable source of energy and fuel. Yet,
several other applications entail the usage of biomass both in the raw format (bio-
mass) or following a thermochemical treatment (biochar or hydrochar). These appli-
cations include use of biomass/biochar as an animal feed and fertilizer, for pollutant
sequestration for wastewater treatment, and as a substitute for petrochemical-based
plastics and, hence, biodegradable packaging [6-16].

Guaranteeing and maximizing the performance of biomass feedstock in different
applications require the availability of reliable and cost-effective techniques for struc-
tural and compositional characterization of the biomass. For example, comprehending
the microstructure of lignocellulosic biomass is a very important way to assess the heat
and mass transfer phenomena, the feasibility of bond formation and functiona-
lization, and structural architecture and hence sculpting of the corresponding
structure—property liaison, which are essential for designing and developing
value-added products. While several “traditional” analytical techniques for biomass
characterization are already in use, some of these techniques are time-consuming and
require tough chemicals that, in turn, could need further remediation. Moreover,
some of these techniques require pre-treatment procedures that also encompass the
use of hazardous chemicals. Most importantly, many of these techniques are invasive/
destructive. Wet chemical methods such as hydrolysis using sulfates, alkali, gas chro-
matography, high performance liquid chromatography, nitrobenzene oxidation, and
transesterification are among these conventional approaches [16-19]. Consequently,
finding an effective alternative approach that is cost-effective, non-laborious, and
non-invasive for compositional analysis and characterization of the lignocellulosic
biomass is important to improve researchers’ insights into the structure—property—
performance relationships.

From that point, and over the past decades, non-invasive techniques are attracting
the attention of the scientific community. In addition to being non-destructive, these
techniques bring many other pros such as minimizing the wastes and hence
supporting the method greenness, allowing the repetitive measurements of the same
property over time, and hence improving the quality of the output. Moreover, these
techniques are cost-effective, user-friendly, and fast. Several imaging and spectro-
scopic techniques could be classified under this category, including scanning electron
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microscopy (SEM), X-ray micro-computed tomography (X-ray pCT), and Fourier
transform infrared (FTIR) and near-infrared spectroscopies (NIRS) [16, 17].

SEM analysis depends on the detection of the interaction of the gold-coated sample
atoms with the high-energy (0—30 kV) accelerated and diffracted backscattered
electrons to generate the SEM micrographs that show the morphological and topogra-
phy data (e.g., crystallinity, variations in chemical structure prior to and following any
sort of treatment, fiber distribution, and size variations). In addition, elemental anal-
ysis of the surface can also be performed with the energy dispersive X-ray (EDX)
aspect. Compared to optical microscopes, SEM has a much higher resolution that
could hit 0.01 pm [16, 20-23]. On the other hand, X-ray pCT depends on the creation
of virtual 3D images following the interaction of the X-ray photons with the sample.
X-ray pCT is a non-invasive approach that is useful in finding the internal architecture
of the composite biomaterials, and it could provide both qualitative and quantitative
data on the spatial distribution of properties such as porosity, average pore-to-pore
distance, internal defects, and structural discontinuity [24, 25].

Vibrational spectroscopy-based techniques (infrared and Raman spectroscopies)
are used to measure the molecular vibrations following the absorption of photons.
Both techniques give spectral sketches that express the chemical temperament of a
sample. Three zones could be recognized in the infrared (IR) region: (1) the far IR
(FIR, 400-10 cm ™, 25-300 pm), (2) the mid-IR (MIR, 4000-400 cm ", 2.5-25 pm),
and the near-IR (NIR, 14,000-4000 cm %, 0.7-2.5 pm) [16, 26-28]. Yet, it is impor-
tant to point out that each of the three regions has substantial applications in different
fields.

FTIR spectrometers are usually used for measurements in near- and mid-IR
regions. NIRS is basically based on the interaction of light with the sample in the NIR
region. Two major processes could be observed in the NIR region: molecular overtones
and combination bands associated with hydrogen bonds. Yet, these spectral bands are
of much weaker intensities compared to the fundamental vibrational bands, an issue
that causes absence of the distinctive characteristics and anharmonicity [16, 26-29].
The NIR spectrometer is simple, speedy, portable, non-destructive, and of low cost
and high throughput. Therefore, there are various applications of NIRS including both
qualitative and quantitative investigations [30-36]. Selective absorption of NIR radi-
ation by the principal functionalities in the lignocellulosic materials makes NIRS a
powerful approach for studying woods and lignocelluloses and identifying the com-
position of biomasses, their biochemical properties following the application of certain
treatment conditions, and the impact of genetic engineering on lignocellulosic feed-
stock [37-44]. On the other hand, the mid-IR spectra, unlike the NIR spectra, are
completely interpretable, especially the absorbance bands, because of the chemical
peak specificity. Applications entailing the mid-IR region are therefore more known
[45-50].

The current chapter will be focused on the applications of FTIR especially in the
mid-IR region in the characterization of lignocellulosic biomasses. The discussion
throughout this chapter would revolve around the impact of the detected chemical
composition on the performance and adsorptive capacities of the characterized adsor-
bents for wastewater treatment applications. Readers will be first introduced to the
working principle of FTIR spectroscopy and applications in functional groups deter-
mination. Application of FTIR spectroscopy in identification of structural changes of
agro-waste materials following physical and chemical treatments will be reviewed.
Discussion will further continue to include the classification of agricultural waste
materials-based sorbents according to the employed plant part. Comparison among
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the different waste-derived adsorbents will entail features such as the nature of the
water pollutant, adsorption capacity, and proposed sorption mechanism.

2. FTIR in the characterization of lignocellulosic biomasses

In this section, an overview of the working principle of FTIR spectroscopy will be
presented. The advantages of application of FTIR spectroscopy in analyzing biomass
structure and monitoring changes that occur from physical and chemical treatments
will be also discussed.

2.1 Working principle and advantages

In general, FTIR spectroscopy is a technique that is based on the detection of the
interaction between a substance that possesses a functional moiety (chemical func-
tional groups) and the IR radiation. Samples can be in any physical form (solid, liquid,
or gas). An FTIR spectrometer measures the frequencies at which the sample absorbs
and generates unique absorption spectra. The spectrometer measures the intensities of
these absorption bands as well. With such a unique spectrum, identification of peaks
at different wavenumbers is beneficial for the recognition of a particular chemical
constituent by contrasting them with those in a reference library. The intensity of the
measured peaks can be utilized quantitatively for finding the concentration of a
component. The spectrum is a 2D-plot in which the axes are characterized by the
intensity and frequency of the sample absorption.

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy
is a technique that has a plethora of applications. The coupling of FTIR to ATR allows
the determination of samples in different states using different techniques, for exam-
ple, mounting of solid or liquid samples on an ATR crystal and mixing the powdered
sample with KBr [16, 26, 51]. The conventional ATR-FTIR spectroscopy entails using a
single detector and generating a single spectrum per measurement. Such a spectrum is
an average signal for the area of the sample under consideration. In ATR-FTIR imag-
ing, however, many spatially resolved spectra are compiled utilizing an array detector
[52]. Yet, the combination of the power of the FTIR array detectors with that of the
algorithms of the software serves to fortify the sensitivity as well as the accuracy of
the technique. Furthermore, the absence of the water background absorbance, being
non-destructive, the high signal-to-noise ratio, in addition to the fast-scanning speed
compared to the dispersive instruments and applicability to a wide range of samples
have widened the applications of FTIR spectroscopy. Add to that the liability for
coupling to multivariate statistical techniques, which facilitates obtaining quantitative
data and hence building predictive models [53].

2.2 Compositional analysis of biomasses

Biomasses can be classified into four classes according to their origin: (1) non-
woody plants, which are rich in starch, cellulosic material, and saccharides; (2) woody
plants, which are mainly the source of cellulose, hemicellulose, and lignin; (3) agri-
cultural residues, which are also rich in lignocellulosic materials; and (4) biofluids
oleaginous materials, which are sources of fatty acids and esters. These materials
represent the raw feed for industrial conversion processes, which could be chemical
(catalytic), biochemical (fermentation or enzymatic routes), or thermochemical
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processes (gasification, pyrolysis, and combustion) [54]. Each of these materials
before and after conversion processes possesses a unique chemical structure that
facilitates its employment for the designated task and helps its identification using the
available analytical procedure.

Further classification of biomasses into subgroups, species, and varieties could be
done according to their diversity, sources, and origin. For example, wood and woody
biomasses could be classified into soft and hard, for example, stems, leaves, shrubs,
barks, and branches. Herbaceous and agricultural biomasses could be annual or
perennial, field- or processed-based biomasses from different species such as grasses,
flowers, straws, stalks, fibers, shells, husks, pits and stones, and other residues such as
cobs, pulps, coir, seeds, grains, and so on. Chemically, biomass is a mixture of organic
matter (major) and inorganic matter (minor) comprising a variety of solid and fluid
well-associated phases. The organic matter is usually in the solid state and could be
non-crystalline (cellulose, lignin, etc.) or crystalline (organic minerals). The inorganic
content is also solid and could be crystalline (minerals such as phosphates, carbonates,
etc.), semi-crystalline, and amorphous (e.g., glasses, silicates). The fluid matter is
mostly inorganic and could be in the fluid, liquid, or gas state [55].

Analyzing the composition and hence comprehending the properties of biomasses
either in their raw format or following physical or chemical treatments is therefore
needed to guarantee the quality of the materials and the production processes and
therefore supporting the execution of both market and environmental regulations.
This, in turn, facilitates new products to be created that enhance the value of the
biomass and the derived products and accordingly support the concepts of the circular
economy. First and foremost, determining the target for which the biomass will be
used is the most crucial when finding the appropriate analytical technique. For exam-
ple, the analysis of oleaginous material content that will be utilized to produce bio-
diesel needs a different analytical approach from those needed for the analysis of
sugarcane to be utilized to produce ethanol or sucrose.

Another example: using FTIR spectroscopy to determine the nature of the func-
tional groups on the surface of the biomass/biochar intended to be used for water
treatment applications via adsorption helps maximize the removal efficiency and
understanding the sorption mechanism. Focusing on fiber research, ATR-FTIR spec-
troscopy has been widely used for fast depiction of the cell wall structure with an
empbhasis on the analysis of pectin and its degree of esterification [56, 57]; cell wall
polysaccharides, especially cellulose, hemicellulose, lignin, and starch [58-61]; map-
ping of the chemical composition of investigated fibers with the purpose of assessing
the purity and the structure [62]; and the impact of modification (physical or chem-
ical treatments) on fruits’ and vegetables’ fiber structures [63-66].

The next few subsections will focus on the applications of FTIR spectroscopy for
the identification of functional groups in different plant parts and the impact of
thermal treatment on the adsorption performance.

2.2.1 Biomass-based adsorbents

Various investigations have been reported in the literature to find the applications
of agricultural waste materials (fruits, vegetables, etc.) for wastewater treatment.
More than a few advanced composite materials that are agro-waste-based have been
engineered for particular applications in wastewater treatment. Agro-wastes, for
instance, leaves, seeds, pruning, peels, shells, pulps, and so on, possess distinct ele-
mental compositions and characteristic structures and morphologies, which in the
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long run impact the product. These wastes represent a burden on the environment if
not properly recycled and reused. Therefore, recycling into value-added products for
wastewater treatment has been a subject for many investigations, as will be detailed in
the next few subsections.

2.2.2 FTIR analysis of peel-based adsorbents

Among the different agro-waste-derived biosorbents, the waste peels are deemed
as promising waste resources for the development of biosorbents, thanks to their high
lignocellulosic content and the high carbon and oxygen content as illustrated by their
elemental composition. Proximate analysis shows that banana peels, for example, are
constituted of mainly hemicellulose (41.38%) and cellulose and lignin to a lower
extent [67]. On the other hand, biopolymer compositional analysis shows that peanut
shells contain 18.8% of cellulose and 81.2% of lignocellulose [68]. Table 1 shows
examples of the applications of peel-based adsorbents (raw, thermally, and
chemically treated) for the removal of various pollutants (heavy metals, dyes, and
drugs) [69-76]. Table 1 shows the most characteristic FTIR peaks of the studied peels;
the suggested removal mechanism of the target pollutant, whether physi- or
chemisorption; as well as the reported maximum sorption capacity (¢a.> mg/g).

The structural changes in hemicelluloses, cellulose, and lignin following the
pyrolysis, torrefaction, or any thermal treatment can be observed in the FTIR spectra.
Comparing the spectrum of raw pistachio nutshell (RPNS) to that of the thermally
treated candidate at 500°C (PNS500), it can be deduced that the thermal treatment

Adsorbent Adsorbate v(cm™?) Assignment Mechanism Qmax
(mg/g)
Watermelon Acridine 2916 C-H symmetric and - Atlow [AO]: 69.44 [14]
rinds (thermal  orange (AO) asymmetric stretching Chemisorption
treatment) vibrations — At high
[AO]:

Physisorption
Pistachio nut Basic fuchsin 1600 C=C stretching Physisorption  118.2  [69]
shells (thermal A K

1379 methyl group vibration

treatment)

1060  C=0 vibration of carboxylic
acid and ketone

1590 -C=C stretching

1027 C — O — C stretching for
hemicellulose and cellulose

1450- Bending vibrations of O-H

1310 and C-H groups
Pomegranate Ni(II) 3348 alcohol, phenol, carboxylic NS* NS*  [70]
peels (thermal 1227 Bending of -OH
treatment)

3254 N-H stretching

2921 & stretching aliphatic C-H
2879 group bond

1724 Carbonyl (C=0) stretching
vibration from aldehyde,
ketone, carboxylic acid
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Adsorbent Adsorbate r(cm™?) Assignment Mechanism Gmax
(mg/g)
1608.74  Stretching vibrations bonds
of C=0 and C=C aromatic,
C=N, N-H of amines or
amides, or C-C aromatic
stretching
1320 C-0 group from alcohol,
phenol, ether, ester
1017.33 C — O or C-N groups
881 C-S bond
Potato peels Cdrn) 3000- -OH vibration (derived from Physisorption 239.64 [71]
(thermal 3300  cellulose, hemicellulose, and
treatment) lignin)
2938 C-H stretching
1632 -C=0 stretching vibration
1572 aromatic C=C stretching
mode
1409 & aryl OH groups
1154
1081 & —-OH and C-O stretching
1364
ZnO- Ciprofloxacin  969.07-  O-H hydroxyl and C-O-C NS* 1575  [72]
impregnated 1517.25 ether groups in
activated polysaccharides
carbon 163839  C-O &C=0 vibration
prepared from .
jackfruit peel & (quinolone)
) 1771.87
2476.06 COO stretching
3414.34 N-H stretching
Garlic peel Enrofloxacin 1675 —COOH group Physisorption  150.17 [73]
(one—st.ep . 1514- aromatic C=C
carbonization 1465
method)
1205- -S=0/C-0 vibration
1109
791 S-O stretching vibration
Pomelo fruit Pb(II) 3449 Stretching vibration of Electrostatic 92,13  [74]
peel (thermal the bonded hydroxyl interactions &
treatment) group in the cellulose ion exchanges
molecule & adsorptive
1 .
1587 Stretching vibration of the nteractions
C=C bond
1375 Bending vibration of C-H
bond
1034 Stretching vibration of the

C-O bond
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Adsorbent Adsorbate r(cm™?) Assignment Mechanism Gmax
(mg/g)

Persimmon peel Ga(III) 1161 C=0 and C-O stretching Electrostatic 128 [75]
(chemical and adsorption
modification) 1726 and cation

1029 Si-O vibrations exchange

3393 —~OH vibration
Banana blossom Cr(VI) 3500-  Hydroxyl (O-H) stretching NS* 227.27 [76]
peels (chemical 3300 vibration of cellulose
treat: t
reatment) 2920 C-H stretching

1616 O-H bending of adsorbed

water

1311 C-H & O-H bending

and vibrations

1375

1244 C-O stretching

*NS: not stated.

Table 1.
Peel-based adsovbents (raw, thermally treated, chemically modified).

has led to the removal of hydroxyl, carboxylic, carbonyl, and esters groups in the form
of water, CO, CO,, and small volatile organic compounds. Such a behavior could be
ascribed to the dehydration that happens during the thermal treatment process
(Figure 1) [69]. Similar attributes could be observed upon chemical modification of
biomasses or biochars [72]. FTIR spectroscopy identifies not only the structural
alterations of the lignocellulosic biomass but also the presence of carbohydrate,
protein, and lipid in the non-lignocellulosic biomass [77].

Different mechanisms have been reported for the removal of inorganics and
organics from wastewater using agro-waste materials. Reflecting on the adsorption
mechanism of peel-based sorbent, we can see the involvement of surface complex-
ation, ion-exchange, surface precipitation, physisorption, chemisorption, or both
physi- and chemisorption depending on pollutant concentration. Proposal of a
sorption mechanism is greatly dependent on the source biomass, the nature of the
surface in terms of porosity, surface area, and the existence of functional groups.
The presence of polar organic groups on the sorbent surface could help in the
formation of chelates with metal-ion pollutants. The role and relevance of
functional moieties on the surface of the agroforestry-based sorbents in the
removal of organics were confirmed using statistical physics and density functional
theory. Findings showed that the existence of hydrogen and oxygen functional
groups on the biomass surface were the main responsible functionalities for dye
adsorption [78].

2.2.3 FTIR analysis of leaf-based adsorbents

Similar to the peel-based biosorbents, the leaf-based biosorbents are composed of a
variety of inorganic and organic compounds, which, in turn, represent the potential
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Figure 1.
Fourier-transform infrared (FTIR) spectra of raw pistachio nutshells (RPNS) and the thermally treated sample at

500°C (PNS500) (veproduced from [69], Licensee MDPI, Basel, Switzerland, under the terms and conditions of
the Creative Commons Attribution (CC BY) license).

binding sites that could scavenger potential contaminants during the adsorption pro-
cess. The presence of these potential binding sites is dependent on the experimental
conditions and whether the leaves will be used in their raw format (biomass) or after
chemical or physical treatments. Table 2 shows examples from the literature of
different leaf-derived biosorbents and their structural composition as elucidated by
FTIR spectroscopy [79-85].

The lignocellulosic composition could vary from one plant part to another. In
banana leaves, for example and when compared to the peels of the same fruit, reports
show that hemicellulose content is much less (23.46%), while the cellulose content is
higher (35.58%). The elemental composition of both is almost the same [67]. Pineap-
ple leaves (PAL) have been used for the depollution of rose Bengal-contaminated
water [79]. FTIR spectra of the non-thermally treated biomass (RPAL) and the ther-
mally treated species at 250°C (TTPAL250) were depicted and compared. The ligno-
cellulosic composition was reflected on the FTIR spectra with a difference in intensity
and location of some peaks. This could be ascribed to the decomposition of lignocel-
lulosic materials upon thermal treatment, a finding that explains the inferior adsorp-
tion capability of the thermally treated PAL compared to the RPAL.
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Adsorbent Adsorbate v(em ™) Assignment Mechanism ¢, (mg/g)
Green tea Methylene blue 3279 —OH vibration or RGTW: RGTW: [13]
(thermal N-H Chemisorption 68.28
treatment) i TTGTW500: TTGTWS500:
2918 &  —C-H stretching of Physisorption 69.01
2845 the alkane ¥ P ’
1624 —C=0 stretching
vibration
1533 Secondary amine
1455 N-H bending
1342 C-H or -CH,
bending
1234 -S0j stretching
1146 C — O group
1027 C=0
Pineapple Rose Bengal 3325 & -OH or N-H Physisorption 58.8 [79]
leaves 3318.4 vibration
1
(therma 2913- C-H stretching
treatment)
2920
1595- bending N-H of
1585.8 amines
1365 & Bending-OH
1375
1034.3 C-O stretching
Aloe Vera Titan yellow 3300 —OH vibration Physisorption 55.25 [15, 80]
leaves 2916 C-H stretchi
(thermal - —H stretching
2850
treatment)
1731 —C=0 stretching
vibration
1586 —-COO" stretching
vibration
1250 C-C stretching
1153 C — O — Cstretching
of aliphatic ether
1019 C-O stretching
Tea leaf- Chlortetracycline 3442  Stretching vibrations 7—r interaction 627 [81]
based biochar of O-H
(thermal
treatment) 1734 €=0 group
1232 C-0 group
1060 C-0O-C group
Olive tree Pb(II) 3500 & —OH stretching *NS 35.97 [82]
leaves (reflux 3100 vibration
extraction 2950 S tric C_H
method) yrometric Lo

band
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Adsorbent Adsorbate v(em ™) Assignment Mechanism ¢, (mg/g)
2700 Asymmetric C-H
bands
1600 &  —OH and -COOH
1650
1400- C-O stretching of
1325 cellulose
1120-  Organic phosphates
950 (P-O-P), carbonates
(C-0), and silicates
(Si-0-Si)
deformation
vibrations
780 C-O stretching band
568 C-C stretching band
Platanus Cd(Irn) 3700- —OH stretching Cation-n 52.5 [83]
orientalis Linn 3200 vibrations interaction,
POL) I di
(POL) leaves 1750-  C=O stretching and ton
(modified 1540 brati exchange
with KMnO, vibration
& K,Cr,07) 1420 CO;72
880 C-H in the benzene
rings
700- Tetrahedral
500 complexes (Mn*'—
o™)
Aegle Cr(VI) 3275.54 O-H stretch *NS 8.12 [84]
marmelos
2918.58 C-H stretch
leaves (raw
material) 1595.10 C-C stretch
1375.02 N-O asymmetric
stretching
1243.45 C-N stretch
(primary cause of
interaction with
anions HCrO, )
Mulberry Methyl orange  3680- C-H deformation *NS MPC dosage  [85]
leaves 3000 & (0.1g) 100:
(microwave 1421 0.0181
treatment) . . .
1700  Stretching vibration
of C=0
1980 C=C bonding
2882 Lignin composition
875 Hemicellulose

*NS: not stated; RGTW: Raw green tea waste; TTGTW500: Thermally treated green tea waste at 500°C.

Table 2.

Leaf-based adsorbents (vaw, thermally treated, chemically modified).
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2.2.4 FTIR analysis of seed-based adsorbents

By the same token, seeds and stones have also been applied to cleanse polluted
water. As could be understood, stones and seeds are rich in lignin, and consequently,
adsorbents with carbon content of 45-50% could be obtained from seeds and stones of
several fruits (Table 3) [78, 86-92]. Olive stones have been widely applied for waste-
water treatment. Pristine and magnetic stones were applied for the treatment of
antibiotic-contaminated wastewater [89]. Peaks attributed to the aromatic skeletal
vibration of lignin and C-H deformation of cellulose were detected. Brazilian berry
seeds were used to remove methylene blue from wastewater [78]. Results showed that
dye could be adsorbed via the interaction with two functional groups of the Brazilian
berry seed. FTIR characterization together with modeling and density functional
theory showed that the hydrogen and oxygen functionalities could be the main func-
tional groups accountable for the interaction with the dye molecule.

Adsorbent Adsorbate r(cm™) Assignment Mechanism Qmax
(mg/g)
Date pits (thermal Cu(II) 3330 —OH or -NH or Mixture of 4.036 [86]
treatment) both physisorption &
hemisorpti
2921&  Aliphatic C-H chemisorption
2843 stretching
1739 —C=0 stretching
vibration
1602  -C=C- stretching

vibration

1039 C — O stretching
vibration

Tigecycline 3181 hydroxyl (-OH)  Chemisorption atlow 57.14  [87]
stretching concentrations

Date pits biochar
and Magnetic date

pits (thermal vibration followed by

e oed 0 Nitbeng P
Y P &1632 vibration of the 5 . g

modification) concentrations

quinolines moiety

1118 &  C-O stretching of
1097 aliphatic ether

892 C=C bending of

&793 the alkene
570 Fe-O bond
vibration
Spent coffee Balofloxacin 3400  Hydrogen bonded Physisorption 196.73  [88]
grounds OH

impregnated with

TiO, (thermal 2927 & aliphatic C-H

treatment followed 2855 stretch.mg
) vibration
by chemical
modification) 2164 &  C-C stretching
2168 vibration in
alkyne
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Adsorbent Adsorbate v(cm™) Assignment Mechanism Gmax
(mg/g)
1500- Carboxyl C=0
1700  and aromatic C=C
stretching
vibrations
1063 C-OH vibration
1630  bending vibration
modes of Ti-OH
1383 Ti-O stretching
mode
Pristine and Clofazimine 1580  Aromatic skeletal Physisorption 174.03  [89]
magnetic olive vibration in lignin
stones biochar R
(thermal treatment 1370 C-H deformation
followed by 1170 C-O-C vibration
chemical K
e 890 C-H deformation
modification) .
in cellulose
760 Aryl C-H or the
aryl C-O groups
564 Fe-O bond
vibration
Adenanthera Reactive 3602-  —OH stretching NS 8235  [90]
Paronina L seed- Red 195Dye 3617 belongs to
activated carbon alcohols
th 1&
(therma 3413~ _NH stretching
chemical
. . 3435 belongs to
modification) . K .
aliphatic primary
amines
2893 & Aliphatic C-H
2924 stretching
vibration
1380-  -CH bending of
1384 alkenes
Sodium alginate— Methylene 3234,  Asymmetric and Ion-exchange 3333 [91]
flax seed ash beads blue 1594, symmetric C=0 mechanism
(thermal & &1405 stretching
chemical vibrations
modification) 1025  C-O stretching
3113 —OH vibrations
1593, Asymmetric
1417 & COO™ symmetric
1015 COO™ & C-0-C
stretching,
respectively
1421  C=0 bending and
and C-O stretching
1030 vibrations
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Adsorbent Adsorbate v(cm™) Assignment Mechanism Gmax
(mg/g)
Magnetic Fe;04 Congo red 3439 Stretching Hydrogen bonding 2169 [92]
nanoparticle-loaded vibrations of the and electrostatic
papaya (Carica hydroxyl group interactions
L.
papaya L.) seed 2893 C-H stretching
vibration in CH
and CH,
1638 —-C=0 stretching
vibration
1412 -C-0 group
&1324
1017 Stretching
vibrations of the
C-O group
778 C-H in out-of-
plane bending
vibrations
608 Stretching
vibration of Fe-O
Brazilian berry seeds Methylene 3428 O-H elongation ~ Hydrogen and oxygen 206.24 [78]
bl functionalities of
% 2925& Vibrationalbonds . IO
2849 of C-H . .
the main functional
1700 C=Oand N-H  groups responsible for
stretching dye adsorption
vibration
1061 &  Vibration bonds
1012 of C-O
602 C-N bond

Table 3.
Seed-based adsorbents.

2.3 Functional groups and adsorption mechanism

Several variables influence the adsorption mechanism of any adsorbent, includ-
ing the existence of functional groups, surface area, surface charge, and pH. Several
investigations have described the significance of the existent functional groups in
removing various contaminants (organics and inorganics) [15, 70, 93]. Chemical
interactions of the existing functionalities on the sorbent surface and the different
pollutants depend mainly on the carbon surface’s chemistry and heterogeneity, the
aqueous solution ionic properties, and the pollutant structure. As illustrated in
Figure 2, the interaction mechanisms between the adsorbate and the adsorbent from
an aqueous solution include several mechanisms [94]. Their particular involvement
in the adsorption approach differs greatly depending on the adsorbate structure,
solution ionic conditions, and the nature of the carbon materials. Two mechanisms
are commonly used to describe the adsorption of different pollutants from aqueous
solution, including chemisorption (ion exchange, complexation, precipitation) or
physisorption (electrostatic interaction) [15, 86-88]. Most of these mechanisms are
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Figure 2.
Adsorption mechanisms onto biochar and their regeneration processes. (Reproduced from [94], Licensee MDPI,
under the terms and conditions of the Creative Commons Attribution (CC BY 4.0) license).

strongly related to surface functional groups, such as ion exchange, electrostatic
interaction, surface complexation via electrostatic forces, binding site creation, and
covalent bonding [95]. One of the key mechanisms for the adsorption of various
pollutants, such as heavy metals, is the ion exchange mechanism between pollutants
and protons present in oxygen-containing functional groups such as carboxyl and
hydroxyl groups [96]. The efficacy of the ion exchange method in the adsorption of
various contaminants onto carbonaceous surfaces is mostly determined by the pol-
lutant’s ionic size and the kind of functional group of the adsorbent. On the other
hand, electrostatic interaction occurs between positively charged pollutants like
heavy metals and cationic dyes and negatively charged carbonaceous adsorbents
containing anionic functional groups [15]. This process is considered relatively inef-
ficient; the contribution of electrostatic interaction to cationic pollutants’ adsorption
onto carbonaceous adsorbents is considered a secondary contribution. The reason
for that is that the charge of the carbonaceous surfaces is varied, and the efficiency
of the electrostatic interaction is dependent mainly on the pH of the adsorbate
solution and the point of zero charges of the prepared adsorbent. The interaction
between carbon and the pollutant depends on the surface functional groups’ ioniza-
tion degree. Finally, surface complexation mainly describes heavy metals’ adsorp-
tion and includes the formations of multi-atom structures with particular metal-
functional group interactions. For instance, heavy metal can be effectively adsorbed
by forming a complex with different functional groups on the adsorbent surface,
such as carboxyl, phenolic, and lactone groups [97].

3. Conclusions

Plant-sourced biosorbents are currently attracting global attention. Being easily
functionalized with high surface area and superior adsorption capacity for various
contaminants, biomasses represent a sustainable solution with a tremendous potential
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for wastewater treatment. Recycling of these waste materials into value-added prod-
ucts offers ample advantages in terms of protecting the environment from a possible
burden in case these wastes were not properly reused and simultaneously offering a
green and economic solution for decontaminating water. Analysis of the composition
and hence comprehending the properties of biomasses either in their raw format or
following physical or chemical treatments is crucial to guarantee the quality of the
produced materials and the production processes and therefore supporting the execu-
tion of both market and environmental regulations. Throughout this chapter, we have
shown the readers the importance of using Fourier transform infrared (FTIR) spec-
troscopy in depicting the composition of biomass-based adsorbents, an issue that is
essential for designing and developing the value-added products. Compared to the
traditional analytical techniques, FTIR spectroscopy offers many advantages and is an
effective alternative that is cost-effective, non-laborious, and non-invasive for com-
positional analysis and characterization of the lignocellulosic biomasses.
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Chapter 9

Infrared Spectroscopy for
Detecting Adulterants in Food
and Traditional Indonesian Herbal
Medicine

Aulia M.T. Nasution and Hery Suyanto

Abstract

Adulteration in food has a detrimental effect on the product’s quality, which may
result in nutritional deficiency. It can also be harmful, particularly for medicinal
herbal products, as certain adulterants are very toxic to the body. It is thus critical to
screen and identify the presence of any probable adulterants in food and herbal
products in order to ensure the customers’ safety. Infrared Spectroscopy is a very
viable technique for such purposes, as specific molecules absorb light at specific
wavelengths, which correspond to the vibration frequency of the molecule’s bonds.
Adulterants typically have their own unique molecular fingerprints, which exhibit
their own vibrational spectra. On the basis of these principles, IR Spectroscopy is
sensitive enough to detect the presence of potentially detrimental as well as harmful
compounds added to food and medicinal products. This chapter describes how Infra-
red Spectroscopy can be beneficially used in detecting the presence of adulterants that
are unintentionally or irresponsibly added to food or traditional herbal products. The
last one is more of a result of a lack of knowledge and awareness of food adulterants
and their deleterious impacts.

Keywords: infrared spectroscopy, adulterants, vibrational spectra, traditional herbal
medicine products

1. Introduction

Adulteration is the irresponsible act to downgrading the quality of food products
delivered to the market, either by the replacement of some ingredients with other
substitute components or by addition of certain component into its ingredients. The
substitute components added into food products are then called as “adulterants” [1].
Responsible authorities must guarantee the safety of food products supplied to con-
sumers in order to prevent any possible health hazards caused by foodborne illness or
injury. Adulterations potentially occur at any stage in the food product’s supply chain,
starting from the farm, in the production facility, through distribution system, and
eventually all ways to the market where the products are purchased by customers [2-4].
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There are numerous possible practices for such reckless adulteration, which can be
broadly classified into intentional and unintentional [1, 5]. Adulteration practices can
be driven by many motivations, either to get economic gains or to cause harm to
society, i.e., public health disasters, economic reasons, or terror-related purposes.
According to the United Nations’ Committee on World Food Security [6], specific
goals related to the previously described issues are the food security, which means that
all people, at all times, have physical, social, and economic access to sufficient, safe,
and nutritious food that meets their food preferences and dietary needs for an active
and healthy life. In a more visualized way, the classification of any efforts and moti-
vations to undermine food security can be clearly depicted as in Figure 1.

Adulteration is also found in many medicinal or pharmaceutical products (drugs).
The types of adulteration made in the drugs are varied, from replacing the main drug’s
active ingredients with similar but cheaper substitutes. These substitutes may have
similar or weaker strengths or even induce complementary effects that might affect
other health problems in their consumers. In some drugs that are sold illegally, a.k.a.
street drugs, psychoactive substances that provide mood-altering, stimulant, or seda-
tive effects are added. In these kinds of drugs, psychoactive substances (such as
caffeine, paracetamol, amphetamines, cocaine, and morphine) are added to modify
their physicochemical or psychological activity [8-12].

Indonesian traditional herbal medicine (a.k.a. as “Jamu”) is predominantly made
from extracted natural herbs, such as roots, bark, flowers, seeds, leaves, and fruits.
Traditionally, Jamu is produced in liquid form, and it has been used by the Indonesian
people for centuries to maintain health and alleviate illness. Even though Western
(standard) medicine is becoming more prominently used in Indonesia, Jamu remains
popular both in rural and urban areas, since people believe that it is regarded safer
than any chemical synthetized drug. The production of Jamu is done traditionally with
knowledge that is inherited from generation to generation. Unfortunately, many of
these traditional producers have lack knowledge about how to process their Jamu in a
hygienic manner. Often, the marketed products are found to be severely contami-
nated with bacteria, yeasts, and molds. Meanwhile, nowadays, Jamu is also processed
in various forms, such as capsules, tablets, and powders, and is also labeled with many
producers’ brands. Unfortunately, some irresponsible manufacturers mixed them

3 Motivation:
Food Quality Food Fraud —Economic Gadin
Motivation:
Food Safety Food Defense | Harm (Public Health,
Economic, Terror)
Unintentional Intentional
Actions

Figure 1.
Food risk matrix (adapted from [7]).

170



Infrared Spectroscopy for Detecting Adulterants in Food and Traditional Indonesian Herbal...
DOT: http://dx.doi.org/10.5772/intechopen.106803

with other chemical drugs as adulterants, which could be toxic and potentially cause
health risks [13].

In this chapter, it will be described how Infrared Spectroscopy could beneficially
contribute to screening and detecting the presence of adulterants, either in food or
Indonesian traditional herbal medicine (Jamu), and how the recognition of adulter-
ants’ molecules can be sensed using this measurement technique and the possible
recent developments in customizable handheld systems for making the screening task
easier.

2. Food fraud and modes of adulteration

The terminology Food fraud is described in the first quadrant is defined as any
suspected intentional activity by businesses or individuals with intention of deceiving
consumers and gaining an economic advantage. These categorized activities are also
known as Economically Motivated Adulteration (EMA), which happens when an
individual intentionally omits, removes, or replaces a vital element or component of a
product. Additionally, EMA occurs when a substance was added to a product with the
intention of improving the appearance or value. More specifically, as illustrated in
Figure 2, there are several forms of food fraud.

Among the seven forms of food fraud, four of them can be considered food
adulteration, i.e., dilution, substitution, concealment (masking/hiding), and
unapproved enhancements. Meanwhile, the other three, namely counterfeiting, gray
market trading, and mislabeling, are all forms of fraud that are not classified as
adulteration.

Dilution is often accomplished by increasing the volumetric amount of liquid food or
medicinal items by adding additional water or another solvent, thereby reducing the
quantity of main ingredients. Sometimes, to conceal the dilution, additional substances
such as sugar and artificial flavors are added. The principal reason is economic, since the
price of the main ingredients in the diluted product will be lower for the same volume
sold, whereas the consumers cannot realize the fraud attempts. One widely practiced
example of this kind of fraud is the dilution of pure coconut water with ordinary water
and the concealment of the dilution effect with additional sugar [14]. Another common

Adulterations

Unapproved
Enhancements

FOOD FRAUD

Non Adulterations

Figure 2.
Numerous forms of food fraud.
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example is the dilution of fruit juices, which are considered to be the most targeted food
commodities for adulteration and fraud. It is common practice in the fruit juice industry
to dilute fruit juice commodities with more water in order to reduce the required fresh
fruit and conceal it with the addition of sugars, pulp wash, and other additives such as
fruit flavor, as well as the undeclared addition of a lower-quality juice to a product (a.k.
a. juice-to-juice adulteration) [15].

Substitution is another common adulteration practice, which is done by replacing
the whole or part of the main ingredients with cheaper and harmless substitutes. Milk
and dairy products adulteration are good examples of this kind of adulteration prac-
ticed in many places on earth. Common substitutes used in milk and dairy products
adulteration include more watering, additional vegetable protein, milk from different
animal species, whey protein, synthetic urine to boost the nitrogen content, hydrogen
peroxide, and even urea and melamine [16]. The last was a well-known Chinese milk
scandal that happened in the year 2008 [17].

Unapproved enhancement is the last category of food fraud, which is considered as
adulteration. It involves the addition of unknown and unreported substances to food
items in order to improve its quality characteristics. This kind of fraud is normally
found in many supplemental medicines [18], among others are as dietary and weight-
loss supplements [19, 20], cognitive enhancement supplements [21], and supplements
for sexual enhancements [12].

3. Fraud and adulteration in medicinal products

Besides being practiced in food commodities, drug fraud and adulteration are also
happening in medicinal and pharmaceutical products. Typical adulterants are intro-
duced to raise the product’s weight, mimic or enhance its pharmacological action, or
facilitate drug transport. Drug adulteration is considered as type of fraud in which
legal or illicit drugs are cut or modified to decrease their quality below the level at
which they are sold.

There are many facets of pharmaceutical products’ counterfeiting that are nor-
mally practiced, i.e.,

1.Perfect imitation of the original products, i.e., with the same packaging and the
same Active Pharmaceutical Ingredients (APIs) at the right concentration.

2.The packaging is the same as the original pharmaceutical products, but it
contains the APIs at different concentrations from those declared.

3.The fake drug looks exactly like the real thing, but it does not have any APIs in it
atall.

4.The product contains ingredients different from those declared.
5.The product’s packaging has been falsified.

Hence, the points numbered 2, 3, 4 listed above can be considered as adulteration,
since it includes modification of the product’s ingredients.

Drugs adulteration is harmful and may bring lethal consequence since these adul-
terated drugs may induce risk of overdose and toxicity that is dangerous to human
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tissues and organs. The adulterants can be either inert and/or pharmaco-logically
active substances that have similar properties to the active ingredients in the original
drug itself. These include:

1.diluent substances, i.e., inactive, inert, or structurally different compounds that
are added to the drug in order to increase the size of the dosage form and share
certain properties such as color, consistency, and taste. Commonly used diluents
are anhydrous lactose, lactose monohydrate, talc, and sugar alcohols such as
sorbitol, xylitol, and mannitol.

2.adulterants normally used in drugs, among others are:

a. Caffeine: even often being used as common bulking agents (diluents),
caffeine provides stimulant properties similar to cocaine and
amphetamine.

b. Paracetamol: often used as diluents, but also provides analgesic properties
similar to heroin.

c. Lidocaine: has similar anesthetic properties to cocaine.

d. Procaine: in addition to providing anesthetic properties, also has been
found to vaporize heroin at a lower temperature and therefore facilitate
smoking

Contamination is another type introduction of unwanted elements into or onto a
system during manufacturing, packing, or transport, and the unwanted elements
are thus referred to as contaminants. These substances will have an adverse effect
on the product or process. Contaminants that are normally found in drugs can be
categorized as:

1. Physical contaminants: among others are metal-, glass-, mineral-, and insect
fragments, machinery wear debris, greases and oils, dust, and corrosion, fibers,
and hairs

2.Chemical contaminants: consist of heavy metals and elemental contaminants;
cleaning agents (bleach and detergents); hydrocarbons (oils, gasoline, and
diesel); preservatives and colors; and cross-contamination resulting from
packaging, manufacturing, or storage.

3.Biological contaminants include viruses, bacteria, and fungi that may be
introduced from circulated water and air inside the production system or may be
transmitted via the workers that do not strictly follow the Standard Operating
Procedures (SOPs).

4. Indonesian herbal medicine and possible adulterants

Indonesia is the world’s largest archipelagic country and consists of 18,110 islands
with a diverse range of habitats and an extremely complicated geological history
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similar to neighboring Southeast Asian countries [22]. The climatic, geological, and
biodiversity conditions in these regions stimulate the evolution of megadiverse plants
with a lot of endemic and ecologically highly adapted species [23]. The biodiversity
in Indonesia is considered to be the second largest in the world and has a lot of
indigenous medicinal plants. It is thus understandable that many Indonesian
communities, particularly in rural areas, still rely on the use of traditional herbal
medicines to maintain and improve their health conditions, as well as to prevent and
treat diseases [24].

In Indonesia, people generally named these traditional herbal medicines with the
word Jamu. This word etymologically came from ancient Javanese language, as a
contraction of two words, i.e., jampi and usodo, which means prayer and health,
respectively [25]. The historical records on Jamu as ancient traditional medication
were engraved as wall relief sculptures at several Hindu-Buddhist temples such as
Borobudur, Prambanan, and Penataran temples, as can be seen in Figure 3 [25, 26].

Jamu as herbal medications are widely practiced in many communities living in the
islands of the Indonesian archipelago, spreading from the main islands of Sumatra

e e T
-«—r‘u‘w;’?.-*._d

Figure 3.
Historical vecord on ancient used of Jamu engraved as wall velief sculptures at the Borobudur temple.
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[27-29], Java and Madura [30-33], Kalimantan [34-36], Sulawesi [37-39], Papua
[40, 41], as well as their smaller neighboring islands. Traditionally Jamu is prepared
from raw herbal ingredients in two methods, i.e.:

1.The fresh Jamu (a.k.a. Jamu segar): by grating and pounding the raw herbal
ingredients using a grater tool or a mortar pounder, respectively, then mixing
with fresh drinking water, and squeezing using muslin cloth to extract the herbal
juice. The extracted juice is then ready to be consumed.

2.The boiling Jamu (a.k.a. Jamu godhog): by boiling mixed herbal ingredients with
water in a stewing pot, usually up to the boiling water reduced by half. Upon
cooling and filtering, the decoction of herbal extract is ready to be consumed.

These preparation methods are normally adopted as personal consumption in
many households or by traditional Jamu’s handlers, which can be found in many cities
and urban areas in Indonesia. People called these Jamu’s handlers according to how
they carry their sold products, i.e., as bakul Jamu gendong, bakul Jamu dorong, bakul
Jamu sepeda, respectively, as can be depicted in Figure 4 (i.e., the left, middle, and
right).

Meanwhile, in modern processing methods, the Jamu product preparation is done
following complex, standardized, and strict methods under controlled standard oper-
ating procedures (SOPs). These SOPs are implemented in every processing stage,
starting from collecting raw herbal ingredients from farmers, where the originality,
purity, water content, and content of active ingredients of each raw herbal component
are always checked, since they will contribute to the quality of the final products. Next
step is the preprocessing stages including cleaning and washing, chopping into smaller
chips of herbal ingredients, drying, and storage for further processing. These
preprocessed ingredients are the being weighted and mixed in composition according
the prepared prescription, milled, and sieved to get a smooth powdered preparation.
This final preparation is then packaged as solid products in capsules, pills, or pow-
dered forms, or being bottled in liquid form upon dilution in prescribed solvents. List
of main Jamu factories in Indonesia can be seen in [24].

Either in the traditional or modern processing modes mentioned above, there are
open opportunities for adulteration of the prepared products.

Most traditional Jamu handlers are typically honest and humble people who strictly
hold the values of responsible business. So, they do not have any intention of

Figure 4.
Typical Jamu handlers in many cities and rural aveas in Indonesia.
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Figure 5.
Typical street drug handlers that usually sell adulterated and illegal modern processed Jamu.

adulterating their processed and sold products with ingredients other than those
taught by their ancestors. Most problems in the products sold by these traditional
handlers are solely due to contamination, either chemically or biologically. This con-
tamination is unfortunately caused by a lack of knowledge on how to maintain the
hygiene of their raw herbal ingredients, processing tools, and product storage bottles.
They do not even understand how to maintain and control the quality of the Jamu
they produce. Adulteration in traditional Jamu is only found to be done by a small
number of naughty producers and handlers that are hoping to make more profit from
their business. They usually use artificial sweeteners such as cyclamate and saccharin
[42], which can have negative health effects if consumed for an extended period of
time.

Adulteration is also not possible with the Jamu that are produced by main Jamu
factories, since their production activities are under the strict supervision of the
National Agency of Drug and Food Control (BPOM). Quality screening is regularly
done to assure that all licensed factories fulfill the standard of how to make good
traditional medicine (abbreviated as “CPOTB” in Indonesian). Factories that are
found not to conform to the standard can be further investigated, with the possibility
of suspending their operation or even having their production license revoked. Adul-
teration in modern processed Jamu is often done by unregistered and illegal small
home industries, whose adulterated products are usually distributed by street drug
handlers, which can be found on many road sides in some areas in big cities, as
depicted in Figure 5.

5. Infrared spectroscopy: principle of molecule’s spectra quantification

Infrared (IR) photon spectra are optical electromagnetic radiation components
with their wavelengths ranging from 700 nm to 30 pm. This spectral range is located
between visible light and microwave radiation, and the photon’s energy of these
electromagnetic radiation can be expressed mathematically using a well-known
Planck-Einstein equation of E = hv = h(c/A). So, the photon energy range of infrared
electromagnetic radiation (800 nm-30 pm) spread between 1.78 x 10! and
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4.14 x 1073 eV. One electron volt (eV) is defined as the unit of energy required to
accelerate an electron through a potential difference of 1 V.

In Infrared Spectroscopy, IR photons are used to probe the spectral absorption
behavior of the investigated molecules. When photons of infrared radiation interact
with molecules, one possible mode of light-matter interaction is absorption. Different
molecules possess specific spectral absorption behaviors that can be used as a deter-
mining signature for recognition of the molecule, a.k.a. molecule’s spectral finger-
print.

The molecule’s spectral absorption profile represents the number of absorbed
photons by molecules at different wavelengths of the incoming photons. This spectral
absorption behavior is usually represented as percent transmittance (% T) of the
infrared radiation that is received by the detector as a function of a photon’s wave-
length (in nm). But most spectroscopists prefer to represent the absorbance behavior
as a function of wavenumber (in cm™?!). The units for wavelength and wavenumber
are inversely proportional to each other, so spectral range of 700 nm-30 pm correlated
to wavenumber of 12,500-333.3 cm 1.

5.1 Molecular vibrations

Atoms in a molecule are connected by chemical bonds having bonding properties
determined by their electronegativity (EN), which determines an atom’s ability to
attract a bonding pair of electrons. An atom’s electronegativity is determined by
atomic number as well as the configuration of most outer electrons. The difference in
electronegativity between two atoms can be used to predict the bonding types
between two atoms in a molecule. Based on these differences, chemical bonds
between two atoms can be classified into four different classes, i.e.,

* nonpolar covalent bond (0 <EN < 0.39)

* moderately polar covalent bond (0.4 <EN < 0.89)
* very polar covalent bond (0.9 <EN <1.69), and

* ionic bond (EN >1.7)

The higher the difference in electronegativity, the stronger the bond between two
atoms will be, which means that the higher the required photon energy to break their
bond.

The behavior of molecular vibration can be analogically modeled using a harmonic
spring-mass system as usually used in explaining well-known Hook’s law. The law
states that the force F required to extend or compress a spring by some distance Ax is
linearly proportional to the distance, with the proportionality constant k, which
representing the spring’s stiffness. The diatomic model can be seen in Figure 6.

When a photon of energy AE comes and is absorbed by a molecule, this photon
energy will stimulate atoms in a molecule to vibrate, i.e., with the vibration frequency
v according to the following relation, i.e., AE = hv where / is the Planck’s constant.
This photon absorption will stimulate fundamental vibration if the molecule is initially
in its ground state. Meanwhile, absorption of multiple photons will stimulate the first
or even higher overtones.
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Figure 6.
Analogical harmonic spring-mass system for diatomic molecular vibration, displaced by Ax, either compressed
(black color) or extended (red color).

The vibration frequency in wavenumber (7) can be expressed as:

1 k (m1 +m;)

=5 s (x 0.01) (1)

v[em™]

Factor 0.01 in the parenthesis is used to convert the unit m ! into cm . The
vibrational frequency thus depends strongly on the bond’s strength, molecular geom-
etry, and the masses of connected atoms. Meanwhile, the bond’s strength itself is
affected by chemical environment factors and other influencing factors, i.e., hydrogen
bonding, coupled vibrations, electronic effects, and Fermi resonance.

5.2 Vibrational modes

As explained previously, the possible vibrational motions in diatomic molecules
are compression and extension. Meanwhile, in triatomic or higher polyatomic mole-
cules, the possible motions are more complex. These possible vibrating motions of
connected atoms are called vibrational modes, and IR Spectroscopy deals with spec-
trally quantifying the behavior of these molecular vibrations.

Basically, there are six fundamental (normal) vibrational modes of polyatomic
molecules, which can be classified into two classes, i.e., stretching (either symmetrical
or asymmetrical) and bending (wagging, twisting, scissoring, and rocking). These
bending vibrations can be further divided into two types, i.e., the in-plane (happened
on the same plane, i.e., the scissoring and rocking) and out-of-plane (happened not in
the same plane, i.e., the wagging and twisting) vibrational modes. Besides these six
normal vibrational modes, there are also local modes, which happen as the excitation
energies get higher and stimulate the overtones [43, 44].

As an example, let us see the vibrational modes of water molecules, as water is the
most common adulterant/diluter that is normally found in food and medicinal prod-
ucts. Water molecule (H,0) contains three atoms, so it has3N — 6 =3(3) -6 =3
vibrations, i.e.:

1.Symmetric stretch (77) at 3280 cm™! (3048.8 nm)
2.Symmetric bending () at 1654 cm™! (6045.9 nm)

3. Asymmetric stretch (73) at 3490 cm ™! (2865.3 nm)
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Figure 7.

Normal vibrational modes of water molecules.

These normal modes and related spectrum in the Vis and IR regions can be
depicted in Figure 7.

5.3 Infrared spectroscopy measurement techniques

There are basically two types of spectrometers used in IR Spectroscopy, i.e., the
Dispersive IR (DIR) and the Fourier Transform IR (FTIR) spectrometers. The first
typically uses radiation from a broadband source that passes through the sample,
which is then dispersed by a monochromator into component frequencies that are
further directed onto a detector for recording the spectrum. This recorded spectrum is
then compared with the reference beam, as most of the Dispersive IR spectrometers
have a double-beam configuration.

Meanwhile, the second type adopts the interferometric measuring principle, where
the splitted reference and measuring beams are combined to make an interference
pattern (interferogram). This recorded interferogram is then processed by using a
Fourier Transform algorithm to extract the spectrum. The FTIR is preferable to the
DIR due to superior speed and sensitivity, since all frequencies are examined simulta-
neously in a shorter time. Detailed comparison of these two measurement techniques
can be found in [45].

5.4 Processing and interpretation of IR spectra

In order to obtain accurately identified spectra of examined samples, it is critical to
ensure that a number of steps, beginning with sample preparation and measurements,
preprocessing, reading, and interpreting the measured spectra, are carried out cor-
rectly and precisely. As a rule of thumb, there are a number of key considerations, as
concisely given in [46], and these are:

1. Clearly understand how the spectra are measured, i.e., knowing the
instrumental resolution, sampling method used, and any spectral preprocessing,
i.e., subtraction, smoothing, baseline correction, and other processing
algorithms applied like spectral derivation. All of these factors will affect the
appearance of the spectra.

2.When using wavenumber (preferable for most spectroscopist), the spectra are
being plotted with highest wavenumber at the most left of the graph and
followed by smaller wavenumber running to the right.
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3.The peaks of the spectra should be on scale, i.e., between absorbance units of 0
and 2 (or transmittance units of 10-90%); otherwise, it is considered to be off
scale

4.Measured spectra should be in a “good quality,” i.e., low noise, little or no
baseline offset, a flat baseline, peaks on scale, and no spectral artifacts (i.e., the
unwanted spectra that are usually contributed during the sample
measurement). The use of background correction, sealing and desiccating the
measuring instrument, as well as purging measurement area with dry N, gases
are typical efforts used to minimize occurrence of spectral artifacts.

5.1dentify any possible spectral artifacts before assigning other peaks.

6. Use other supporting knowledge about the examined sample, i.e., how the
samples being prepared, its physical properties and appearances, or when
possible, analysis results using other measurement techniques such as Raman,
UV-Vis, or nuclear magnetic resonance (NMR) in order to make further
accurate interpretation tasks easier.

7.1dentify the positions of common functional groups or chemical bonds that
might be picturized in the acquired spectra. Spectral absorption ranges from
common functional groups given in Table 1.

8. Assign the most intense bands first, followed by ones with lesser intensities. One
does not need to identify all peaks in the spectra, but most importantly, it is the
spectra that are most important for the goal of analysis.

9.In the case that the changes in the intended observed effect are not clearly seen
in an overlapped spectral band, deconvoluting the spectra into its constructing
peaks would be helpful to discern the observed effect.

10.In several cases, the pattern changes in observed spectral bands are not clearly
“readable” from the spectra itself. Thus, an additional analysis tool is then

Position of peaks Functional groups or Chemical Bond
em™] (nm]
3300-3500 2857.1-3030.3 N — H stretch
3200-3400 2941.2-3125.0 O — H stretch
2850-3100 3225.8-3508.8 C — H stretch
2100-2260 4424.8-4761.9 C = N strech
C = C strecth
1650-1800 5555.6-6060.6 C = Ostretch
500-1000 10,000-20,000 C = C stretch

C — H wagging aromatic ring fingerprint region

Table 1.
Positions of some common functional groups or chemical bonds.
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required to make the interpretation of the pattern of spectral changes easier to
extract. Chemometrics analysis can be beneficial to discern these spectral
patterns.

5.5 Chemometric analysis

Infrared Spectroscopy provides spectral data that contains extremely large
amounts of information, as a fingerprinting tool to extract several important proper-
ties of the measured sample [47]. Interpretation of infrared spectra is a complex
process, since the spectra show peaks and vibrations of molecular bonds in the mea-
sured sample, as well as their combinations and overtones. Chemometrics is thus
required to interpret this data [48].

Chemometrics, according to the International Chemometrics Society, is the science
of relating measurements made on a chemical system or process to the state of the
system using mathematical or statistical methods. Since its first introduction in the
1960s, chemometrics has become dispersed in many areas [49]. It is also widely used
as an essential tool in modern analytical Vibrational-Spectroscopy-based instruments
to efficiently extract the maximum useful information from spectra in a relatively
short time.

The most commonly used chemometric methods in IR spectral analysis can be
classified into the following groups [50]: the processing techniques (e.g., normaliza-
tions, baseline corrections, centering, derivatives, multiplicative corrections, and
required combinations of them) to enhance the information contained in the spectra;
the classification methods (either supervised or unsupervised), which link any a priori
knowledge about the samples to be classified; and the regression methods, which link
the spectra to quantifiable properties of the samples, mainly those based on multivar-
iate regression through principal component analysis (PCA) and partial least squares
regression (PLSR) and Discriminant Analysis (DA) approaches. In PCA, the corre-
lated response variables in spectral data are transformed into non-correlated variables
known as principal components (PC’s) [51]. Meanwhile, the PLSR is used to reduce
the predicting variables to a smaller set of predictors, which are then used to perform
a regression [52].

6. Detecting adulterants in food and traditional Indonesian herbal
medicine using infrared spectroscopy

In this section, we will devote our discussion on how to recognize the adulteration
based on the IR Spectra acquired. The use of necessary preprocessing techniques will
be also addressed to make the changes in spectral pattern more easily readable. Cases
of adulterants discussed in this section are as previously described in Sections 2-4.

6.1 Over-dilution with water or other solvents

Dilution is the process of adding additional water or other solvents to a product in
order to increase total volume while decreasing the concentration of active ingredi-
ents. This procedure is often used to adulterate milk, juices, and other liquid food or
medicinal products. In order to recognize the dilution, one should observe and analyze
peaks of water molecule’s spectral signature embedded in the spectrum of the investi-
gated samples. Absorption spectrum of water molecule is given in Figure 8.
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Figure 8.
Water molecule absorption spectrum (reproduced from [53]).

Breast milk is regarded as the optimum exclusive source of nutrition for the first
6 months of baby’s life and may remain part of the healthy infant diet for the first
2 years of life and beyond. The WHO and UNICEF recommend that a baby initiate
breastfeeding within the first hour of birth and be exclusively breastfed for the first
6 months of life [54]. Unfortunately, not all postpartum mothers can provide sufficient
breastfeeding for their babies; therefore, in some countries there are noble initiatives
to establish a human milk banking [55]. These milk banking systems collect breast
milk from donor mothers, who have more than their babies need, process and redis-
tribute the donated milk to the needed babies, i.e., the premature and sick babies
whose mothers do not have enough milk for them.

Sadly, these noble initiatives were disgraced by irresponsible acts to adulterate the
milk. In this context, efforts to develop a screening system to differentiate between
real BM and its adulterated ones are necessary to guarantee that the needed babies
receive the required nutrition available in BM. Infrared Spectroscopy proved to be
beneficial as a screening technique for this problem.

One interesting case to discuss here is the detection of adulterated milk as
described in [56]. This paper analyzed the difference among Human Breastmilk (BM)
and related adulterated with water (W) and cow milk (CM), semi-skimmed cow milk
(SSCM), and skimmed cow milk (SCM). The recorded FTIR spectra of the compari-
son among original BM and adulterated variants are given in Figure 9. From the
spectra we can observe the prominent absorption peaks of water, as in Figure 8, i.e.,
in regions 3500-3000 cm ' and 1730-1600 cm ™ * due to H,0 stretching and H-O-H
bending vibration. These peaks seem to be overlapped with other absorption bands of
other molecules in milk, make them difficult to clearly discern visually. The other
absorption bands observed in the ranges 1630-1680 cm ™' and 1510-1570 cm ™" are due
to C=0 stretching or N-H and C-H bending vibration of the milk proteins, and the
bands of 2920, 2850, and 1743 cm ™! may be due to the antisymmetric and symmetric
stretching of CH, and C=0 groups from the fatty milk components, respectively [57].

Meanwhile the absorption bands in the ranges 3200-3700, 1030-1200, and 900-
450 cm " have been associated with carbohydrate structures. That is why other
processing technique such as derivative, PCA, and PLSR are needed to get better
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FTIR spectra comparison of pure BM, CM, SCM, and SSCM.
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(a) 3D score plot by PCA and (b) by PLSR-DA [56].
insight into the separation between real and adulterated milk, as can be seen in
Figure 10.

6.2 Boosting the nitrogen content in milk

In the year 2008, the world was shocked by the deadly milk scandal in China,

where around 300,000 children were poisoned by melamine, a chemical that is
usually used to make plastic that was added to powdered milk to increase nitrogen
content in milk. Melamine consumption may result in reproductive damage, bladder
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FTIR transmittance spectra of milk and melamine [58].

or kidney stones, and bladder cancer. Infrared Spectroscopy was beneficial as a rapid
and accurate technique in screening the availability of melamine in milk. There is a
distinct absorption band of melamine, i.e., characterized by the out-of-plane bending
of the 1,3,5-s-triazine ring of melamine at 814 cm ™}, which is absent in pure milk. This
spectral difference can be depicted in Figure 11. Using region of 851.62-798.39 cm
as calibration, Jawaid et al. [58] obtained a good PLS model for very low detection
range up to 1%, i.e., with a good correlation coefficient of R* = 0.999 and accuracy and
high precision (i.e., 0.12-1.10% error and relative standard deviation of 1.38-2.07%,
respectively), and with limit of detection (LOD) can achieve 1 ppm.

6.3 Artificial sweeteners

Sugar (sucrose) additions in food and drinks serve several functions; among other
is changing the flavor profile to increase appetite and likelihood of consumption. It is
also used to provide a sweet taste to lessen the bitter and sour taste of some ingredi-
ents in some medicinal or traditional herbal drinks (Jamu). Historically, the use of
artificial sweeteners has been used a long time ago [59] as an enhancer of the sweet
taste in food/drink products or as a substitute for sugar for those with a problem of
sugar consumption. Unfortunately, it has been found in recent decades that con-
sumption of these kinds of sweeteners may induce metabolic disorders [60, 61].

IR spectra from sucrose and other common artificial sweeteners can be seen in
Figure 12.

There are many overlapped absorption peaks observed, even though there are
some specific peaks observed that might characterize each of these sweeteners, as well
as differ from sucrose, which can be used as a rapid non-destructive tool for sweetener
identification. As in the case of milk, the use of chemometric analysis can accurately
classify the distinct signatures of sweeteners.

Interesting work is reported by Wang et al. [63] that builds and tests PLS model to
identify differentiate single and double mixtures of artificial sweeteners. Mixture of
sweeteners usually done to reduce bitter off-taste following its consumption [64]. The
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Figure 12.
Absorbance spectra of several common artificial sweeteners, reproduced from [62].

developed model may have prediction performance with R? ranging from 0.9981 to
0.9996 for a single type of sweetener, and from 0.9397 to 0.9998 for a blend of two
types of sweeteners. Blends of more sweetener types may produce lower fitting degree
of prediction and measured value, i.e., 0.7648-0.9997, 0.7292-0.9994, 0.6617-0.9968,
for three, four, and five sweetener mixtures, respectively.

6.4 Adulterated Jamu with active pharmaceutical ingredients (APIs)

Some active pharmaceutical substances found to be added in the illegally marketed
herbal medicine in Indonesia. Paracetamol, phenylbutazone, and dexamethasone are
among chemical substances that are usually added to Jamu, in order to provide pain
relieving effects and comfortable sensations to the consumers. Unfortunately, many
consumers do not realize the harmful side effects that can be induced by consuming
these adulterated Jamu [65].

In order to identify the addition of APIs in Jamu, one should know how the IR
spectrum of each API differs specifically. Different absorbance IR spectra from para-
cetamol, phenylbutazone, and dexamethasone are depicted in Figure 13. It is observed
that some distinct unique absorption peaks can be used for recognition.

There were also evidence that in some arthritic and rheumatic herbal medicine
(jamu pegal linu) was adulterated with the Piroxicam, i.e., a type of nonsteroidal anti-
inflammatory drug (NSAID) used to relieve the symptoms of painful inflammatory
conditions such as arthritis and other similar chemical such as prednisone and
naproxen [13, 65]. Figure 14 provides IR transmission spectra of piroxicam, and its
typical absorption bands are given in Table 2.
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Frequency (cm ") Band Assignments
3854 OH stretching
3338 NH stretching
2365 CH stretching
1629 Amide C=O stretching
1527 Aromatic C=C stretching
1435 N—H bending
1181 C—S stretching
938, 830 C—H bending
Table 2.

Infraved absorption bands of piroxicam.

Readers who are interested in deepening their understanding on how IR Spectros-
copy can be beneficially used to authenticate herbal products can refer to these
interesting review papers [66-68].

7. Summary and future outlooks

In this chapter, evidence of food fraud and types of adulteration in food and
medicinal products has been described. Indonesian traditional herbal products, as
traditional medication ways that are widely practiced among societies residing in the
Indonesian archipelagos, are also prone to irresponsible adulteration practices.

Infrared Spectroscopy has proved to be a sensitive and rapid identification tool for
recognizing these adulterants. Fundamental principles for generating, measuring, and
analyzing the specific spectrum of adulterant molecules have also been described.
Infrared spectra contain extremely large amounts of information as a fingerprinting
tool to extract several important properties of the measured sample, and the elabora-
tion of chemometric analysis makes the analysis of the investigated samples more
clear and easier to handle.

Grasping better insight into the responsible spectral bands that are strongly
correlated with the observed variables would be beneficial in developing a
customized portable measurement system [69]. Such a system might be helpful in
terms of technology to keep people safe from adulterated food and medicinal
products.
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Surface Characterization
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Abstract

Dental enamel is the most complex and highly mineralized human body tissue,
containing more than 95% of carbonated hydroxyapatite and less than 1% of organic
matter. Current diagnostic methods for enamel caries detection are unable to detect
incipient caries lesions. Many papers determine the re-mineralizing effect using many
fluorinated compounds and different demineralizing solutions to test physical charac-
terizations such as microhardness, roughness, wettability, among others, but there
is not much information about the use of Raman Spectroscopy. Raman Spectroscopy
is an efficient technique of chemical characterization to identify functional groups
(phosphate-hydroxyl groups) found in the hydroxyapatite formula, which helps
identify the level of mineralization on dental enamel surface. Raman spectroscopy is
applicable to any state of aggregation of the material, indicated for biological samples.
Given the minimum bandwidth of a laser source, as with all spectroscopic techniques
that use a laser source, a small sample is sufficient, which makes it an important tech-
nique in the analysis of reactive products with very low yield. Raman spectroscopy
can be used to obtain the main functional groups in order to determine the remineral-
ization of dental enamel; these results are highly valuable as they can help us make the
best decisions on dental treatments.

Keywords: dental enamel, remineralization, demineralization, Raman spectroscopy,
hydroxyapatite

1. Introduction

In mineralized biological systems, it has been found in the literature that there
are different ways to administer fluoride, like the application of varnishes, tablets,
and different dental pastes with different concentrations of fluoride that participate
in an important way in the mineralization mechanisms of the fundamental unit of
enamel (hydroxyapatite prisms), modifying the chemical composition, and increas-
ing the resistance to dissolution in an acidic environment. To inhibit the formation of
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demineralized lesions and the progression to carious lesions, fluorinated compounds
are currently applied to the external surface of the enamel. However, the lack of
information on the different vehicles or concentrations of fluorinated compounds, as
well as the extent of the effect on enamel, leads to the use of these compounds being
exaggerated and at times ineffective in preventive dentistry.

Dental enamel is the outer covering of dental crowns, also known as adamantine
tissue, and it is currently defined as a nanocomposite bioceramic of epithelial origin,
which protects the tooth from chemical and physical aggressions, which has been con-
sidered the most mineralized and hard tissue of the organism because it is structur-
ally constituted by millions of highly mineralized prisms that run through its entire
thickness, from the amelo-dentin junction to the external or free surface in contact
with the oral environment [1].

Its specific function is to form a resistant cover for the teeth that will make them
suitable for chewing. In charge of covering and protecting the dentin-pulp complex
from chemical and physical aggressions, it lacks vascularization and innervation,
which prevents its own remodeling or repair [2].

Embryologically it is widely known that dental enamel is of ectodermal origin,
and the formation of this dental structure occurs by cellular events collectively called
amelogenesis and biochemical events that are called biomineralization.

The chemical composition of dental enamel is made up of 95% inorganic matter,
organic matter 4%, and water 1% [3].

2. Raman and infrared spectroscopy

The symmetric vibrational properties of the molecules are used in systematic ways
to interpret the infrared spectrum, as they can be used to predict the transitional
vibrations allowed, practically only using the table of characters of the punctual
group the molecule belongs to. Raman spectral analysis is often compared with the
well-known infrared absorption (IR) spectroscopy. While the two techniques are
similar, they work in distinct ways and measure different things. The IR technique
measures light absorption by specific molecules, while the Raman technique measures
Raman emission from molecules under monochromatic laser irradiation. The differ-
ence between the light signals and Raman emission corresponds to the vibrational fre-
quencies of these molecules. The two techniques by themselves are great for obtaining
important information from samples but the two can be used in combination to
measure vibrational bands unique to each technique; that is why the IR and Raman
techniques are often regarded to be complementary.

As mentioned earlier, IR spectroscopy is an absorption technique and the mea-
surements are determined by changes in vibrational frequency, whereas Raman
spectroscopy uses a scattering method to obtain data from changes in the polarizabil-
ity tensor. These differences affect both the method of obtaining data from samples
and the parameters that are necessary for calibration curves [4-6].

Raman spectroscopy can be applied to any state of aggregation: solids, liquids,
or gases. In liquid dissolutions, this technique presents advantages over infrared
spectroscopy, as only waves of longitude of the visible region of the spectrum are
implied, so only the cells and glass optics are precise. Also, water produces very weak
Raman signals, which will not tangle the spectrum. These advantages make Raman
spectroscopy specially indicated for biological samples. Given the minimum band-
width of a source laser, a small quantity of the sample is sufficient, which makes this
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an important technique to analyze the reactions of products with a low yield. Other
advantages are derived from the fact that as visible radiation is being employed, and
overheating of the samples is notably reduced. The most notable difficulty of Raman
spectroscopy is the fluorescence that the enamel emits after the application of differ-
ent fluoride components such as gels, varnishes, or toothpastes.

2.1 Other techniques used for characterizing dental enamel

The mineral content of dental enamel confers itself mechanical, physical, chemi-
cal, and biological properties. As it is the most exposed tissue and therefore the most
susceptible to demineralization by acidic agents, different techniques have been used
throughout time to better know the dental enamel. The first observations were made
using scanning electronic microscopy (SEM) and semiquantitative elemental per-
centage analysis, and to determine the roughness of the dental enamel, atomic force
microscopy, and contact and now optical profilometers have been used. To establish
the superficial energy of the enamel, wettability is measured by calculating the con-
tact angle, and this property gives us information on how hydrophobic or hydrophilic
the dental enamel is. Other techniques used are the nano- and micro-hardness tests,
which have been used as physical characterization to assess quantitative demineraliza-
tion or remineralization of the dental enamel, and finally, Raman spectroscopy is
the gold standard to determine the presence or absence of the phosphate-hydroxyl
functional groups in dental enamel.

2.1.1 Strength

The strength is a mechanical property of any material, consistent with the
difficulty that exists to scratch or create mark on a surface by means of a penetrat-
ing point. Strength is measured using a strength tester to rehearse penetration.
Depending on the type of point used and the range of loads applied, different scales
exist, adequate for different ranges of strength [7].

The Vickers hardness test (HVN [hardness Vickers number]) consists in marking the
testing material with a diamond indenter that has the form of a pyramid with a square
base and angle of 136° in between opposing faces, put through a load of 1 to 100 kg/f.

Microhardness tests are used a lot and have an important application in dentistry. A
microhardness test can evaluate the level of mineralization of a dental substrate. A spe-
cific force applied during a specific time and distance provides important data. It has
the capacity of remineralizing the enamel and the dentine after different treatments,
like it happens in unbalanced situations of demineralization and remineralization [8].

The roughness is a property of a material, speaking of their surface. The superfi-
cial roughness is a set of irregularities on the real surface, defined conventionally in a
section where deformities and undulations have been eliminated. The appearance of
the surface of a piece depends primarily on the material with what the piece was made
of and its conformation process. To currently measure this property, a profilometer
is used, which is an optic device that has the advantage of a no contact exploration,
therefore avoiding deformities and possible harm of soft surfaces. They can also
explore surfaces that are not accessible to mechanical devices, measuring through a
transparent layer and measuring the roughness of a texture of a surface in contact
with another [9, 10].

In dentistry, the average of roughness (Ra) has been the most used and is defined as
the arrhythmic medium of all profile roughness deviations in relation to the central line.
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2.1.2 Wettability

Wettability is an important property with many upcoming applications in various
fields. It indicates the ability of a liquid to wet the surface of solid, suggesting hydro-
phobic or hydrophilic tendencies. In dentistry, these tendencies affect initial water
absorption and the adhesion of oral bacteria to teeth surfaces.

To determine wettability, it is necessary to measure the contact angle, which
depends on the surface energy of the material and the surface tension of the liquid,
formed between the surface of a material and the line tangent to the curved surface of
aliquid [11].

If the contact angle formed is lower than 90°, the liquid partially wets the sur-
face of the bare solid, meaning that the surface has good wettability properties and
therefore hydrophilic.

If the contact angle formed is higher than 90°, the surface has poor wettability
properties and therefore hydrophobic.

This is a simple method to gauge the wettability of a sample as well as their hydro-
phobic/hydrophilic tendencies [12].

The measurement of the contact angle to determine the wettability of a sample
is carried out with a goniometer, an instrument that allows for a precise angular
position.

2.1.3 Determination of the quantity of the element fluorine

Of all chemical elements, fluorine is the most electronegative; therefore, it is never
found on earth in elemental form. Combined chemically in forms of fluoride, fluorine
occupies the 17th place in order of frequency of appearance of the elements and
represents around 0.06-0.09% of the Earth crust [10].

Fluoride has scientifically shown efficacy in fighting and preventing dental caries,
and is widely used in most parts of the world, through its addition to public water
supplies, salt, gels, topical mouthwash solutions, fluoride varnishes, toothpastes, and
restorative materials [13].

During the World Health Assembly in 2007, a resolution was approved in which
universal access to fluoride for caries prevention should be a basic right to human
health. There are three basic methods of administering fluoride for caries prevention:

1.Those based in communities (fluorated water, salt, and milk)

2.Those administered by professionals (fluorated gels and varnishes)

3. Those self-administered (toothpastes and mouthwash) [10]

Four mechanisms of action of fluoride have been mentioned:

1. Fluoride inhibits demineralization since fluorapatite crystals, formed by reaction
with enamel apatite crystals, are more resistant to acidic attacks compared with

HAP crystals.

2.Fluoride enhances remineralization by accelerating the development of fluorapa-
tite crystals by combining calcium and phosphate ions.
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3. Fluoride hinders cariogenic bacteria from producing phosphonel pyruvate (PEP),
which is a key intermediate of the glycolytic pathway in acid-producing bacteria.

4.In addition, F- is retained in dental hard tissue, oral mucosa, and dental plaque
to decrease demineralization and enhance remineralization [14].

Fluoride remains the gold standard for stopping caries lesions with multiple
systematic reviews confirming the role of fluoride products in preventing dental
caries. However, F- alone does not provide a complete solution in the remineraliza-
tion process, as the formation of fluoride deposits depends on the available calcium
and phosphate ions found in saliva. Therefore, to increase the potential for fluoride
prevention, these necessary ions have been added to formulations to increase their
retention in an oral environment [15].

3. Physical properties of tooth enamel
3.1 Hardness

The hardness of the adamantine tissue refers to the resistance of the dental enamel
surface to wear, scratching, or suffering certain deformation caused by the application
of external pressures. It decreases from the free surface to the dentin-enamel junc-
tion, which is directly related to the degree of mineralization [1].

3.2 Elasticity

The adamantine fabric has little elasticity due to the minimum percentage of water
and organic matter that it has in its composition. It is a fragile tissue with a risk of
macro- and microfractures. The elasticity is greater in the area of the neck and sheath
of the prisms [3].

3.3 Color and transparency

The color of dental enamel depends directly on the underlying tissues, mainly
dentin, presenting a yellowish color in areas where the thickness of the enamel is less
and grayish white in areas where it is thicker. It is characterized by being translucent,
which is proportional to the degree of enamel mineralization; the higher the mineral-
ization, the higher the translucency [4].
3.4 Permeability

In dental enamel, it is extremely scarce. Enamel can act as a semi-permeable
membrane, allowing the diffusion of water and some ions present in the oral envi-
ronment [3].

3.5 Radiopacity

Considered tooth enamel as one of the most radiopaque elements of the human
body due to its high mineralization. It appears white on dental X-rays [4].
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4. Chemical composition
4.1 Inorganic matrix

It is made up of calcium mineral salts, basically phosphate and carbonate, giving
rise to a crystallization process that transforms the mineral mass into hydroxyapatite
crystals. Mineral salt crystals are more voluminous in dental enamel, with a length of
100-1000 nm, a width of 30-70 nm, and a height of 10-40 nm [3].

They present a hexagonal morphology when they have been sectioned perpen-
dicularly and a rectangular morphology when they are sectioned parallel to the
longitudinal axis of the crystal [3]. Within the crystal are the basic units of ionic
association of mineral salts called cells or unit cells, which, being associated according
to the crystal, have a chemical and crystallographic composition, with calcium ions in
their vertices and in the center OH™ bond [3].

4.2 Organic matrix

The main component of the organic matrix of the adamantine substance is of
a protein nature, and these proteins are present in different stages of formation
and maturation of the adamantine substance. There are three main proteins in the
developing enamel stage: amelogenin, ameloblastin, and enamelin, which have
therefore been called enamel proteins. Amelogenin is by far the most abundant
protein component in the developing enamel layer, contributing more than 90% of
its total volume, progressively decreasing as enamel maturity increases, and they
are also called immature enamel proteins and are located between the crystals of
mineral salts [5].

The ameloblastins represent 5% of the organic component and are located
in the most superficial layers of the enamel and the periphery of the crystals, while
the enamelanins represent 2-3%, located in the periphery of the crystals. Other
proteins that play an important role are ruftelin, which is located in the dentin
enamel junction zone at the beginning of the enamel formation process, represent-
ing 1-2% of the organic matrix finally within the most representative proteins
found, the protein whose function is associated with the transport of calcium
from the intracellular to the extracellular medium, which bears the name parval-
bumin [5].

Both the timing of the stage and the degree of protein removal affect the composi-
tion of the organic matrix. Therefore, protein-mineral interactions change in enamel
formation and regulate the structural organization, phase, and mineral composition,
as well as crystal growth [6].

4.3 Water

It is located on the surface of the adamantine crystal, constituting to the so-called
adsorbed water layer or hydration layer, the percentage of which is scarce and pro-
gressively decreases with age [5]. The unique physicochemical properties of enamel
are due to its high hydroxyapatite content, the parallel arrangement of individual
elongated apatite crystals in enamel prisms, and the interwoven alignment of perpen-
dicular prisms. Together, these characteristics result in a biomaterial of great hardness
and physical resilience [6].
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5. Influence of the environment on the structure of enamel

Dental caries is an infectious disease that causes local destruction of the hard
tissues of the tooth and is associated with diet, the accumulation of microorganisms,
and the conditions of the saliva. The development of a clinically visible caries lesion
is a consequence of the interaction of various factors in the oral cavity and dental
tissues [8]. Carbohydrate fermentation by dental plaque bacteria leads to the forma-
tion of various inorganic acids, causing a decrease in pH. When the pH of the oral
cavity reaches a critical value of 5.5, an undersaturation of Ca + 2and PO, 3 occur,
and ions are produced. The tendency is, therefore, the loss of ions from the teeth
with the environment, which is called demineralization. This can lead to carious
lesions. When the pH becomes higher than 5.5 through the buffering action of saliva,
a supersaturation of Ca*?and PO, ? occurs in the medium. In this situation, the
tendency is to incorporate the ions into the tooth, and this phenomenon is known as
remineralization [9].

There is a constant ion exchange between dental tissues and the environment,
always seeking balance. Studies have shown that the use of fluorides causes a decrease
in caries. A series of investigations have shown the importance of fluorides in demin-
eralization and remineralization, and in controlling the appearance of caries, when
fluoride is constantly present in the oral environment [10].

It is worth mentioning that saliva and its mucous components keep teeth moist
and coated to help preserve them under the presence of calcium and phosphorus ions,
thus protecting enamel from dissolution by acids. Saliva has organic and inorganic
constituents. One litter of human saliva consists of 994 g of water, 1 g of suspended
solids, and 5 g of dissolved substances, of which 2 g are organic matter and 3 g is
inorganic matter. Sodium and potassium ions are the most abundant inorganic con-
stituents in saliva. Sodium-ion and chloride ion concentrations increase with salivary
flow rate. Among the inorganic constituents of saliva are the following: [11].

e Sodium: 14.8 mg/L
* Potassium: 22.1 mg/L
* Calcium: 3.1 mg/L

* Magnesium: 0.6 mg/L

Chloride: 10.0 mg/L

* Phosphorus: 193.0 mg/L

Sulfur: 149.0 mg/L

Among the organic components of saliva are glucose (200 mg/L), cholesterol
(80 mg/L), creatine (10 mg/L), urea (200 mg/L), uric acid (15 mg/L). L), and other
components of the parotid gland [11].

Remineralization is the natural process of carious lesion repair. Remineralization
has been known for many years now. However, it is only recently that the importance
of the remineralization process has been accepted as a valid therapeutic option for
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caries treatment. Topically administering fluoride in various forms and vehicles

has shown to reduce notoriously the prevalence and incidence of dental caries. The
remineralization process can be difficult if the bacterial load is high or if the salivary
components are low, which is why there is a need to improve this process and apply
this knowledge in a clinical setting [12].

6. Demineralization and remineralization

Demineralization and remineralization are dental caries processes that are often
described as the only physical-chemical event. Although this allows for an easier
understanding, description, and mechanism of the process of this disease, dental
caries is much more complex. Dental caries is a multifactorial disease that includes
factors such as pathogenic bacteria, salivary proteins, enzymes, ions, and fermenta-
tion of food sources (carbohydrates). This leads to the formation of biofilm, which
can compromise enamel integrity, and the caries process occurs along the interface
between the dental biofilm and the enamel surface [13].

7. p-Raman

p-Raman spectroscopy is a technique used to identify and characterize in a non-
destructive and non-contact way, the chemical composition of organic and inorganic
compounds by identifying functional groups without destroying the samples and
without carrying out a special preparation. This technique can be used in any state
of aggregation of matter [14]. With the help of the optical microscope associated
with the equipment, it is possible to identify the isolated particles of the order of the
micron. There are reports of the application of this technique to identify the crystal-
linity of human dental enamel [15].

Obtaining the spectrum is carried out using a laser that generates the beam
of light incident on the sample, which is focused on a conventional optical objec-
tive in the area of interest. The same target absorbs Rayleigh (elastic) and Raman
(inelastic) scattered photons. The radiation is broken down by a monochromator,
analyzed using a photomultiplier, and recorded with a recording module. When a
polyatomic structure is illuminated by a laser beam (monochromatic radiation of the
visible spectrum), several phenomena are observed: the reflection of light, absorp-
tion, transmission, and scattering of photons. In the case of inelastic scattering, the
scattered photons obtain an additive energy thanks to the energy exchange between
the incident photons and the quantized energy levels of the polyatomic structure.
The mechanism of this phenomenon is as follows: As a result of the action of the
incident photons, which have higher energy than that of the vibrating state of the
polyatomic structure, the irradiated material temporarily attains an unstable level and
then returns to one of the allowed states, emitting a photon of higher energy than the
initial photons [14]; the same wavelength that strikes the molecule will be the same
in Rayleigh scattering (elastic), but not in Raman scattering (inelastic) as shown in
Figure1a and b.

p-Raman spectroscopy is widely used for chemical analysis of biological and
synthetic materials, in the same way it has innovated within medicine since recent
studies have obtained the spectra of different human tissues, DNA, white blood cells
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Figure 1.
(a) Representative diagram of the biphotonic effect on a molecule and the two vesulting dispersions (elastic and
inelastic), and (b) diagram of the energy levels. Direct source.

(leukocytes), this in vitro and more recently iz vivo in studies of premalignant lesions
in the chest and atherosclerotic plaques [16, 17].

7.1 Raman spectroscopic investigations

Malignant or diseased tissue is known to provoke cellular and biochemical changes
in an organism, also known as tumor markers, and these changes also alter vibrational
spectra. The spectrum of healthy and diseased tissue can be compared using Raman
spectroscopy, which is highly specific and sensitive compared with other spectro-
scopic analysis in the biomedical field. This is not limited to diagnosing external
tumors, but by employing miniature fiber optical probes, the technique can be used to
diagnose pathologies in the oral cavity, gastrointestinal tract, and brain and ocular tis-
sue. Other advantages of Raman spectroscopy are that the technique is non-invasive,
non-destructive, uncomplicated, and the results obtained can be replicated and
require minimal or no sample preparation. Applications are not only limited to soft
tissues as extended research has been carried out to characterize and diagnose hard
tissue pathologies such as normal and diseased bones and teeth tissues.
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8. Applications of Raman spectroscopy

In the beginning, the major drawbacks of Raman spectroscopy were the fluorescence
from biological tissues and the lack of sensitive instruments. Recent advances have
made this technique popular due to its advantages over IR spectroscopy, such as its
minimal water interference and sample preparation. IR spectroscopy requires the
sectioning of samples into a specific size, which can lead to spectral changes in the
chemical characterization, and this is not necessary in Raman spectroscopy where
the samples can be tested without modifying their state. Modifications in Raman
spectroscopy imaging have been made to characterize specific areas of interest in the
medical and dental field [3]; all aimed to determined specific peaks in the spectrum,
which are used as fingerprints to distinguish diseased tissue from healthy tissue.

Raman spectroscopy can also be applied to the study of milk composition as an
easy, non-destructive, and fast method to determine the quality of the nutritional
components found in dairy products, such as proteins, fats, fatty acids (Fas), and lac-
tose. This makes it easy to provide consumers reliable nutritional information. [17].

Raman spectroscopy is a vibrational spectroscopy with a number of useful
properties (nondestructive, no-contact, high molecular-specificity, and robustness)
that make it particularly suited for PAT applications in which molecular information
(composition and variance) is required. There are important applications of Raman
analysis in the production of bio-pharmaceuticals, such as the characterization of
raw materials, cell culture media preparation, real-time bioprocess monitoring,
and the analysis of the macromolecule product,, the manufacturing and analysis
of biopharmaceuticals, for example, in the biopharmaceutical production process
such as Raw Materials, Cell Culture Media, Bioprocess, Protein Product, formulated
medicine [18].

Raman analysis has proven to be a useful tool for the examination of synthetic and
biological materials, in the medical field to study hard tissue, DNA, and white blood
cells. The technique has been commonly used as a result of the development of lasers
and CCD detectors, which make spectrum analysis even faster.. More recently, MRS
has also been used iz vivo to study pre-malignant lesions in breast and atherosclerotic
plaques [19, 20].

There are physical characterizations of dental enamel such as microhardness,
roughness, wettability, zeta potential, compressive, and flexural strength, which
provide important data, but chemically, Raman is the test that complements this
chemical characterization by identifying the functional groups.

9. Raman on dental enamel

In 1971, the Raman technique began to be used to identify the functional groups
in mineral compounds and it was not until 1993 that it began to be used in dental
research, informing about the fluorescence problems of biological materials. Tsuda
[6] mentions that CaF, can be identified in a shift of 322 cm™ in dental enamel when
it has a loss of mineralization and different concentrations of fluorides are applied
to the sample to reduce mineral loss; however in this investigation, the spectra were
acquired in an interval of 400-4000 cm™’, having this as a limitation for the detection
of CaF,. Tsuda [2] in another article mentions the use of pure hydroxyapatite crystals
and dental enamel to determine the orientation of the prisms longitudinally and
transversally [21].
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In dentistry, natural apatites are studied, with calcium phosphates, which by
adding an OH™ group form hydroxyapatite (HA), an F- form fluorapatite (FA), a
Cl" and form chlorapatite (CA); the first two are found in bone, dentin, and enamel
and thanks to this characterization technique, we can observe each of these groups
expressed in the bands. [18, 19].

When talking about functional groups of dental enamel, the hydroxyl groups
should be located:

9.1 Hydroxyl group on Raman spectroscopy

When the concentration is increased the intensity of the band decreases, this is
due to the hydroxyl stretching vibration. Additional broader bands appear at lower
frequencies 3580-3200 cm ~* The appearance of these bands is due to intermolecular
bonding, which also increases when the concentrations rise. The precision of the
O-H band is dependent on the strength of the hydrogen bond. In some samples,
intramolecular hydrogen bonding may occur, the resulting hydroxyl group band
which appears at 3590-3400 cm ' being sharp and unaffected by concentration
changes [22].

For solids, liquids, and concentrated solutions, a broad band is normally observed
at about 3300 cm™". Overtone bands of carbonyl stretching vibrations also occur in
the region 3600-3200 cm —1 but are, of course, of weak intensity. Bands due to N-H
stretching vibrations may also cause confusion. However, these bands are normally
sharper than those due to intermolecular hydrogen-bonded o-H groups. Particularly
on dental enamel, the hydroxyl group in Raman spectra appears in the vibration
range 3510-3650 cm ™', when speaking of it in a clinical context [23]. When the band
is observed in this vibration range, it can be translated that when the tooth is in the
oral cavity it is healthy, and when the intensity of the band of this group is observed
diminished, we can infer that there was an acid attack on the dental enamel that What
is clinically weakening it is known as incipient caries lesion, and if that enamel is not
remineralized, dental caries can appear.

9.2 Organic phosphate compounds on Raman spectroscopy
9.2.1 P-O-C vibrations

For aliphatic compound, the asymmetric stretching vibration of the P-O-C group
gives a very strong broad, normally found in the region 1050-970 cm™". In the case of
pentavalent and trivalent methoxy compounds, this band is sharp and strong, occur-
ring at 1090-1010 cm ™. In general, the band occurs at lower frequencies than that
for the trivalent compound due to the asymmetric stretching vibration of the P-O-C
group of pentavalent phosphate.

9.2.2 P=0 vibrations

The band is strong due to the stretching vibration of the P=0O group and in the
region of 1350-1150 cm ™. Taking into account the size of the phosphate atom, the
frequency of the P=0 stretching vibration is almost independent from the type of
compound in which the group occurs and from the size of the substituents. However,
it is governed by the number of electronegative substituents directly bonded to it, as
well as its sensitivity to the association effects [23].
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Particularly in dental enamel, the spectra of the Raman phosphate group appear in
the vibration range 1100-900 cm ™', where we can locate them.

Clinically, the presence of the high intensity of this band speaks of a good saturation
of the dental enamel. In contrast, a weak band, slightly outside the range, speaks of a
loss in the mineralization of the dental enamel, also known as incipient caries lesion or
loss of continuity of dental enamel and as consequence of cavitation, that is, caries.

Figure 2 shows the characteristic bands of synthetic HA where in the vibration
range 1100-900 cm ™ we can identify the group PO, (955.9 cm™) in its “strong”

expression and in the vibration range 3510-3650 cm ™" is the OH™ group (3567.1 cm™).

A cluster of minerals containing phosphate is known as apatite, and Ha is known
as calcium (Ca) apatite in mineral form and is the phosphate that most resembles the
bone phosphate complex. Different salts of calcium phosphate (CaP) are summarized
in Table1 [24].
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Figure 2.
Spectra of synthetic hydroxyapatite (HA) with the characteristic bands of the PO}~ group and the OH™ group.
Direct source.

Name Symbols Chemical Formula Ca/Pratio
Tetracalcium phosphate TTCP Ca, (PO,),0 2.0
Hydroxyapatite HA or HAp Cay (PO,) 6 (OH) , 1.67
Fluoroapatite FA or FAp Cay (POy) 6F, 167
Oxyapatite OA or OAp Cay (PO4)6O 1.67
b Tricalcium phosphate b-TCP Ca; (PO,) » 1.5
a Tricalcium phosphate a-TCP Caz (PO,) , 1.5
Octacalcium phosphate OCP Cag (HPO,) , (PO,) 4 5H,0

Table 1.

Different salts of calcium phosphate.
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10. Conclusions

Currently, in the implementation of different biomaterials in tissue engineering,
the characterization with p-Raman has been very useful since it does not structur-
ally modify the sample, whether of synthetic or biological origin, and it can also be
measured in any state of aggregation.

In Dentistry, it has become an excellent chemical characterization of enamel and
dentin with various treatments used for mineral recovery, which is clinically known
as remineralization.

Hydroxyapatite is a biological material of great interest within the apatite family,
as it is a component of bones and teeth, by using m-Raman it is possible to identify
the characteristic vibrational modes of the PO,>~ group and of the OH" group since
the sample is not modified in its structure.

In studies where tooth enamel is demineralized or re-mineralized, characterized
by means of m-Raman spectroscopy it can be concluded whether fluorinated com-
pounds are useful or not.
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