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8.1	 �INTRODUCTION

Infrared (IR) spectroscopy refers to measurement of the 
absorption of different frequencies of IR radiation by 
foods or other solids, liquids, or gases. IR spectroscopy 
began in 1800 with an experiment by Herschel [1]. 
When he used a prism to create a spectrum from white 
light and placed a thermometer at a point just beyond 
the red region of the spectrum, he noted an increase in 
temperature. This was the first observation of the effects 
of IR radiation. By the 1940s, IR spectroscopy had 
become an important tool used by chemists to identify 
functional groups in organic compounds. In the 1970s, 
commercial near-IR (NIR) reflectance instruments were 
introduced that provided rapid quantitative determina-
tions of moisture, protein, and fat in cereal grains and 
other foods. Today, IR spectroscopy is used widely in 
the food industry for both qualitative and quantitative 
analyses of ingredients and finished foods.

In this chapter, the techniques of mid- and near-
IR and Raman spectroscopy are described, including 
the principles by which molecules absorb IR radia-
tion, the components and configuration of commer-
cial IR spectrometers, sampling methods for IR 
spectroscopy, and qualitative and quantitative appli-
cations of these techniques to food analysis. Infrared 
and Raman microspectroscopy will not be covered in 
this chapter, but rather are covered in Chap. 32, Sects. 
32.3.2 and 32.3.3.

8.2	 �PRINCIPLES OF IR SPECTROSCOPY

8.2.1	 �The IR Region of the Electromagnetic 
Spectrum

Infrared radiation is electromagnetic energy with 
wavelengths (λ) longer than visible light but shorter 
than microwaves. Generally, wavelengths from 0.8 to 
100 micrometers (μm) can be used for IR spectroscopy 
and are divided into the near-IR (0.8–2.5 μm; 12,500–
4000 cm−1), the mid-IR (2.5–15.4 μm; 4000–650 cm−1), 
and the far-IR (15.4–100  μm; 650–100  cm−1) regions. 
One μm is equal to 1 × 10−6 m. The near- and mid-IR 
regions of the spectrum are most useful for quantita-
tive and qualitative analysis of foods.

IR radiation also can be measured in terms of its 
frequency, which is useful because frequency is 
directly related to the energy of the radiation by the 
following relationship:

	 E h= n 	 (8.1)

where:

E = energy of the system
h = Planck’s constant
ν = frequency in hertz

Frequencies are commonly expressed as wave 
numbers ( v , in reciprocal centimeters, cm−1). Wave 
numbers are calculated as follows:

	 v = ( ) = ( )1 104/ /l lincm in mm 	 (8.2)

8.2.2	 �Molecular Vibrations

A molecule can absorb IR radiation if it vibrates in 
such a way that its charge distribution, and therefore 
its electric dipole moment, changes during the vibra-
tion. Although there are many possible vibrations in 
a polyatomic molecule, the most important vibra-
tions that produce a change in dipole moment are 
stretching (symmetric and asymmetric) and bending 
(scissoring, rocking, twisting, wagging) motions. 
Examples of these vibrations for the water molecule 
are shown in Fig. 8.1. Note that the stretching motions 
vibrate at higher frequencies than the scissoring 
motion. Also, asymmetric stretches are more likely to 
result in a change in dipole moment, with corre-
sponding absorption of IR radiation, than are sym-
metric stretches.

8.2.3	 �Factors Affecting the Frequency 
of Vibration

The basic requirement for absorption of infrared radia-
tion is that there must be a net change in dipole 
moment during the vibration of the molecule or func-
tional group. A molecular vibration can be thought of 
as a harmonic oscillator (Fig.  8.2a), with the energy 
level for any molecular vibration given by the follow-
ing equation:

	
E v h k

m m
m m

= +( ) ( ) +
1
2 2

1 2

1 2
p /

	
(8.3)

where:

v = �vibrational quantum number (positive inte-
ger values, including zero, only)

h = Planck’s constant
k = force constant of the bond
m1 and m2 = �masses of the individual atoms 

involved in the vibration
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Note that the vibrational energy, and therefore the 
frequency of vibration, is directly proportional to the 
strength of the bond and inversely proportional to the 
mass of the molecular system. Thus, different chemical 
functional groups will vibrate at different frequencies. 
A vibrating molecular functional group can absorb 
radiant energy to move from the lowest (v = 0) vibra-
tional state to the first excited (v = 1) state, and the fre-
quency of radiation that will make this occur is 
identical to the initial frequency of vibration of the 
bond. This frequency is referred to as the fundamental 
absorption. The harmonic oscillator provides a good 
fit to explain bond stretching vibrations for fundamen-

tal vibrations. However, molecules also can absorb 
radiation to move to a higher (v = 2 or 3) excited state, 
such that the frequency of the radiation absorbed is 
two or three times that of the fundamental frequency. 
These absorptions are referred to as overtones, and the 
intensities of these absorptions are much lower than 
the fundamental since these transitions are less 
favored. The anharmonic oscillator model (Fig. 8.2b) 
accounts for repulsion and attraction of the electron 
cloud and accommodates bond dissociation at higher 
energy levels. Overall, the fundamental vibrations are 
unaffected by the anharmonicity terms, but overtone 
transitions are influenced by anharmonicity, which 

Symmetric stretch Asymmetric stretch

Vibration in the x-axis Vibration in the y-axis

Bend

Vibration in the z-axis

	� Vibrational modes of the water molecule (Adapted from the SKC chemistry [67])
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must be taken into account when assessing the fre-
quency of these higher frequency vibrations. 
Combination bands also can occur if two or more dif-
ferent vibrations interact to give bands that are sums 
of their fundamental frequencies. The model of the 
harmonic oscillator and its modification to account for 
anharmonicity allows explanation of the origin of 
many of the characteristic frequencies that can be 
assigned to particular combinations of atoms within a 
molecule [2]. The overall result is that each functional 
group within the molecule absorbs IR radiation in dis-
tinct wavelength bands rather than as a continuum.

8.3	 �MID-IR SPECTROSCOPY

Mid-IR spectroscopy measures a sample’s ability to 
absorb light in the 2.5–15 μm (4000–650 cm−1) region. 
Fundamental absorptions are primarily observed in 
this spectral region. Mid-IR spectroscopy is very use-
ful in the study of organic compounds because the 
absorption bands are related to the vibrational modes 
of specific functional groups. The positioning of the 
band and its intensity are correlated with the energy of 
the bond, its environment, and its concentration in the 
matrix, making mid-IR spectroscopy ideal for both 
qualitative and quantitative applications.

8.3.1	 �Instrumentation

8.3.1.1	 �Overview
There are two types of spectrometers available for 
mid-IR analysis, dispersive and Fourier transform 
(FT) instruments. Dispersive systems have been avail-
able since the 1940s using prisms or gratings as dis-
persive elements. These systems contain components 
similar to ultraviolet–visible (UV–Vis) spectrometers, 
including a radiation source, a monochromator, a 
sample holder, and a detector connected to an ampli-
fier system to record the spectra. In these systems, a 
filter, grating, or a prism is used to separate the IR 
radiation into its individual wavelengths. A major 
advance in the field of mid-IR spectroscopy was the 
development of Fourier transform infrared spectrom-
eters (FTIR), which have mostly replaced the disper-
sive instruments due to dramatically improved 
quality of spectra and decreased time required to 
obtain data.

8.3.1.2	 �Fourier Transform Instruments
Compared to mid-IR dispersive instruments, FTIR 
spectrometers in food analysis allow for greater speed, 
higher sensitivity, superior wavelength resolution, 
and wavelength accuracy (details for advantages are 
in references [3, 4]). In Fourier transform (FT) instru-
ments, the radiation is not dispersed, but rather all 
wavelengths arrive at the detector simultaneously, 

and a mathematical treatment is used to convert the 
results into a typical IR spectrum. Instead of a mono-
chromator, the instrument uses an interferometer. A 
Michelson interferometer is the most commonly used 
design, and its mechanism is simple (Fig.  8.3). The 
infrared radiation from the source is split into two 
beams by a beam splitter, and each half of the beam 
goes to a mirror (either a fixed or moving mirror). The 
beams are reflected back and recombined at the beam 
splitter, resulting in interference that is directed to the 
sample (or reference) and then the detector. Motion of 
the moving mirror results in the change of optical path 
length between the two split beams so that construc-
tive, destructive, and intermediate interference states 
occur (with destructive interference being dominant). 
The resulting output is referred to as an interferogram, 
which is the intensity measured by the detector as a 
function of the position of the moving mirror. When a 
sample interacts with the recombined beam ahead of 
the detector, molecules absorb at their characteristic 
frequencies, and thus the radiation reaching the detec-
tor is modified (Fig. 8.4). Once the data are collected, a 
mathematical transformation called a “Fourier trans-
form” converts the interferogram from time domain 
(intensity versus time) to an IR spectrum in the fre-
quency domain (intensity versus frequency). A com-
puter allows the mathematical transformation to be 
completed rapidly.

The common radiation sources for mid-IR spec-
trometers are inert solids heated electrically to 1000–
1800 °C. Three popular types of sources are the Nernst 
glower (constructed of rare-earth oxides), Globar (con-
structed of silicon carbide), and a Nichrome coil 
wrapped around a ceramic core that glows when an 
electrical current is passed through it. They all pro-
duce continuous radiation, but with different radia-
tion energy profiles.
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	� Block diagram of an interferometer and 
associated electronics typically used in an 
FTIR instrument
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Detectors include thermocouples for which 
output voltage varies with temperature changes 
caused by varying levels of radiation striking the 
detector. In a Golay detector, the radiation strikes a 
sealed tube of xenon gas warming the gas and caus-
ing pressure changes within the tube. However, 
most modern instruments use either pyroelectric 
detectors, such as deuterated triglycine sulfate 
(DTGS) crystals, or solid-state semiconductor detec-
tors. Variation in the amount of radiation striking a 
DTGS detector causes the temperature of the detec-
tor to change, which results in a change in the dielec-
tric constant of the DTGS element. The resulting 
change in capacitance is measured. Semiconductor 
detectors, such as those made from a mercury–cad-
mium–telluride (MCT) alloy, have conductivities 
that vary according to the amount of radiation strik-
ing the detector surface. MCT detectors respond 
faster to smaller changes in radiation intensity than 
other detectors; however, they typically require 

cryogenic cooling. DTGS and MCT detectors are the 
most commonly used detectors in Fourier transform 
instruments.

8.3.2	 �Sample Handling Techniques

Transmission mode is based on the IR beam passing 
through a sample that is placed in between two IR 
transparent windows. Liquids are often measured 
by transmission IR spectroscopy. Because absorp-
tivity coefficients in the mid-IR are high, cells with 
path lengths of only 0.01–1.0  mm are commonly 
used. Quartz and glass absorb in the mid-IR region, 
so cell windows are made of non-absorbing materi-
als such as halide or sulfide salts. Halide salts are 
soluble in water, and care must be taken when 
selecting cells for use with aqueous samples. Cells 
also are available with windows made from more 
durable and less soluble materials, such as zinc sel-
enide, but are more expensive than those with halide 
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salt windows. Liquid cells must be free of air bub-
bles and extra care needs to be taken when cleaning 
between samples.

Transmission spectra of solids can be obtained by 
finely grinding a small amount of the sample with 
potassium bromide (KBr), pressing the mixture into a 
pellet under high pressure and inserting the pellet 
into the IR beam. Limitations of this technique include 
difficulty of handling and storing the hygroscopic 
KBr and the complexity and time required to make a 
good KBr pellet. An alternative technique is to dis-
perse a finely divided solid in Nujol mineral oil to 
form a mull.

Transmission spectra can be obtained from gas 
samples using a sealed 2–10  cm glass cell with IR 
transparent windows. For trace analysis, multiple-
pass cells are available that reflect the IR beam back 
and forth through the cell many times to obtain path 
lengths as long as several meters. FTIR instruments 
also can be interfaced to a gas chromatograph, to 
obtain spectra of compounds eluting from the chroma-
tography column.

Attenuated total reflectance (ATR) is a widely 
applied sampling technique in infrared spectroscopy 
because it requires little or no sample preparation, 
eliminates variation in cell path lengths, and provides 
consistent spectra collection. ATR allows for obtaining 
spectra from solid samples that are too thick for trans-
mission measurements, e.g., pastes such as peanut 

butter and viscous liquids. ATR works based on the 
attenuation effect of infrared light (Fig. 8.5) when it is 
directed at an interface between an internal reflection 
element (crystal) with high refractive index properties 
(i.e., zinc selenide (ZnSe), thallium iodide–thallium 
bromide (KRS-5), germanium (Ge), silicon (Si), and 
diamond) and a low refractive index material (food 
sample) on its surface. Upon the interaction with the 
reflecting surface, radiation called an “evanescent 
wave” is formed, exits the high refractive index mate-
rial, and slightly penetrates into the sample. The sam-
ple material selectively absorbs, the intensity of the 
reflected radiation is decreased at wavelengths for 
which the sample absorbs radiation, and the final 
attenuated radiation exiting the crystal is measured as 
being unique for the sample analyzed.

Radiation is not transmitted through the sample; 
therefore, there is no need for the sample to be thin 
enough to allow the transmission of the incident light. 
Since the penetration depth of the radiation is limited 
to a few micrometers (μm), the same spectrum is 
obtained regardless of the amount of the sample 
placed on the surface, and there is no need to dilute the 
samples.

The physical state of the sample is an important 
factor because it must be in intimate contact with the 
ATR crystal to obtain a good ATR spectrum. Liquids 
and pastes usually exhibit better ATR spectra than 
solid samples. A pressure clamping system is used 
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with solid samples to deform the sample, increasing 
the extent of contact between the ATR crystal and the 
sample.

8.3.3	 �Applications of Mid-IR Spectroscopy

8.3.3.1	 �Absorption Bands of Organic 
Functional Groups

Infrared spectroscopy monitors the interaction of 
functional groups in chemical molecules with infrared 
light resulting in predictable vibrations that provide a 
“fingerprint” characteristic of chemical substances 
present in the sample. Spectra in the mid-IR region have 
well-resolved bands that can be assigned to functional 
groups of the components of foods. The positioning 
of  the band facilitates structural characterization, and 
its intensity correlates with its concentration in the 
matrix, allowing for both qualitative and quantitative 
applications.

Spectra are commonly presented in wave num-
bers plotted on the x-axis and either percent transmit-
tance or absorbance plotted on the y-axis. The mid-IR 
spectra of selected foods are shown in Fig. 8.6 display-
ing the major absorption bands that can be associated 
with functional groups (Table 8.1) in fat-, protein-, and 
carbohydrate-rich commodities.

The unique spectral profile can be used to identify 
specific functional groups present in an unknown sub-
stance. Comparing the mid-IR spectrum to a set of 
standard spectra and determining the closest match 
can accomplish identification of chemical compounds. 
Spectral libraries are available from several sources, 
but probably the largest collection of standards is the 
Sadtler Standard Spectra (Sadtler Division of Bio-Rad 
Inc., Philadelphia, PA) that contains over 225,000 

infrared spectra. Algorithms are used to compare the 
unknown spectrum to each spectrum in the reference 
database, and the hit quality index (HQI) is deter-
mined, indicating the similarity between spectra. 
Several HQI values can be generated for the unknown 
compounds, and the software will sort and display the 
best matches in a search report. Noise and spectral 
artifacts can impact the HQI and lead to mistakes in 
identification; thus, it is imperative to perform visual 
comparisons to confirm a good match. Spectral 
searches will most commonly be done on purified sub-
stances, rather than foods or commodities.

8.3.3.2	 �Applications
Mid-IR spectroscopic measurements obey Beer’s law, 
although deviations may be greater than in UV–Vis 
spectroscopy due to the low intensities of IR sources, 
the low sensitivities of IR detectors, and the relative 
narrowness of mid-IR absorption bands. One of the 
first and most extensive uses of this technique is the 
infrared milk analyzer, which has the ability to ana-
lyze hundreds of samples per hour. The fat, protein, 
and lactose contents of milk can be determined simul-
taneously with one of these instruments. The ester car-
bonyl groups of lipid absorb at 5.73 μm (1742 cm−1), the 
amide groups of protein absorb at 6.47 μm (1545 cm−1), 
and the hydroxyl groups of lactose absorb at 9.61 μm 
(1045 cm−1). These automated instruments homogenize 
the milk fat globules to minimize light scattering by the 
sample and then pump the milk into a flow-through 
cell through which the IR beam is passed. The instru-
ment is calibrated using samples of known 
concentration to establish the slope and intercept of a 
Beer’s law plot. Official methods have been adopted 
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	� Characteristic mid-IR and near-IR absorption frequencies of major food components

Food components Infrared region Frequency (cm−1) Assignment
Fats Mid-IR 3006 cis-Olefinic groups

3000–2800 C–H asym. and sym. str. of long-chain fatty acids
1740 C=O str. of fatty acid esters
1711 C=O str. of fatty acids
1475−1435 Asym. bending defor. −CH3 in branched alkanes
1465 =C–H cis-bending
1350−1395 C−H symmetric bending in −CH3

1350–1150 C–H bending
1240 and 1163 –C–O and –CH2– str. bending
1150–1000 −C = O str.
966 Isolated out of plane trans-C∪C bending
914 cis −C=C–H bending out of plane

Near-IR 8700–8100 (1150–1235 nm) C–H str., second overtone
8563 (1168 nm) cis Double bond
7209 (1387 nm) Combination C–H str. and C–H bending
5807 (1722 nm), 5681 (1760 nm) C–H str., first overtone
4705 (2125 nm) C–H vibrations in isolated C=C bonds
4336 (2306 nm), 4269 (2342 nm) Combination bands of C–H and C–O str.

Water Mid-IR 3500 O–H str.
1650 O–H bending

Near-IR 6900 (1450 nm) First overtones str. free OH
5150 (1940 nm) OH combination bands

Proteins Mid-IR 3300 Amide A
1640 Amide I
1540 Amide II
1330–1230 Amide III

Near-IR 5000–4550 Amides
4855 (2016 nm) Combination of amide A and amide II
4580 (2180 nm) Combination of amide A and amide III

Carbohydrates Mid-IR 1745 Ester, pectin
1630–1605 Carboxylate, pectin
Shifts at 1617 and 1420 Metal coordination by the pectate chains
1460–1340 C–C–H and C–O–H deformations
1250–950 Endo- and/or exocyclic C–C and C–O bonds
1150 Characteristic of pyranose ring
1110 CO ring, C–4–O, C–6–O
1080 Typical bending of C–1–H
1060 C–1–OH (fructose residue)
1030 Typical C–4–OH vibration
1050–1020 Starch retrogradation, increased crystallinity
995 Glycosidic linkage
950–750 α and β anomeric region of saccharide

Near-IR 69405 (1440 nm) OH str., first overtone, crystalline structure
5924 (1688 nm) C–H stretch first overtone
5882 (1700 nm) C–H str. methyl groups from cellulose or lignin
4662 (2100 nm) Combination C–O str./OH bend – carbohydrates
4280 (2336 nm) Cellulose and starch
4386 (2280 nm)–4292 (2330 nm) Combination C–H str. and CH2 deformation

Aromatics Mid-IR 3100–3000 Aromatic −CH stretch
1600 −C = C– stretch

Alcohols Mid-IR 3600–3200 −OH stretch
1500–1300 −OH bend
1220–1000 C–O stretch

Near-IR 6850 (1460 nm)–6240 (1600 nm) First overtone –OH
6800 (1470 nm) and 7100 (1280 nm) Typical first overtone bands of bonded OH–H bonding
4550 (1800 nm)–5550 (2200 nm) Combination OH str. and OH bending

Ethers Mid-IR 1220–1000 C–O asymmetric stretch
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for the IR milk analyzers, and specific procedures for 
operation of these instruments are given [5, 6].

There are many additional applications of mid-IR 
spectroscopy to food analysis. Examples of applica-
tions of mid-IR spectroscopy to foods are found in 
review articles [7–9]. Due to the complex nature of 
infrared spectra, multivariate statistical analysis tech-
niques (chemometrics) must often be used to extract 
information from the infrared spectra, allowing for 
classification and quantitative analysis of multiple 
components in foods. Instrument calibration using 
chemometric techniques is discussed in more detail in 
Sect. 8.5.3.

8.4	 �NEAR-IR SPECTROSCOPY

Measurements in the near-IR (NIR) spectral region 
(0.7–2.5 μm, equal to 700–2500  nm) are more widely 
used for quantitative analysis of foods than are mid-IR 
measurements. Several commercial instruments are 
available for compositional analysis of foods using 
near-IR spectroscopy. A major advantage of near-IR 
spectroscopy is its ability to measure directly the com-
position of solid food products by the use of diffuse 
reflection techniques.

8.4.1	 �Principles

8.4.1.1	 �Principles of Diffuse Reflection 
Measurements

When radiation strikes a solid or granular material, 
part of the radiation is reflected from the sample sur-
face. This mirrorlike reflection is called specular reflec-
tion and gives little useful information about the 
sample. Most of the specularly reflected radiation is 
directed back toward the energy source. Another por-
tion of the radiation will penetrate through the surface 
of the sample and be reflected off several sample par-
ticles before it exits the sample. This is referred to as 
diffuse reflection, and this diffusely reflected radia-
tion emerges from the surface at random angles 
through 180°. Each time the radiation interacts with a 
sample particle, the chemical constituents in the sam-
ple can absorb a portion of the radiation. Therefore, 
the diffusely reflected radiation contains information 
about the chemical composition of the sample, as indi-
cated by the amount of energy absorbed at specific 
wavelengths.

The amount of radiation penetrating and leaving 
the sample surface is affected by the size and shape of 
the sample particles. Compensation for this effect may 
be achieved by grinding solid or granular materials 
with a sample preparation mill to a fine, uniform par-
ticle size, or by applying mathematical corrections 
when the instrument is calibrated [10].

8.4.1.2	 �Absorption Bands in the Near-IR 
Region

The absorption bands observed in the near-IR region 
are primarily overtones and combinations. Therefore, 
the absorptions tend to be weak in intensity. However, 
this is actually an advantage, since absorption bands 
that have sufficient intensity to be observed in the 
near-IR region arise primarily from functional groups 
that have a hydrogen atom attached to a carbon, nitro-
gen, or oxygen, which are common groups in the 
major constituents of food such as water, proteins, lip-
ids, and carbohydrates. Table 8.1 lists the absorption 
bands associated with a number of important food 
constituents.

The absorption bands in the near-IR region tend to 
be broad and frequently overlap, yielding spectra that 
are quite complex. However, these broad bands are 
especially useful for quantitative analysis. Typical near-
IR spectra of wheat, dried egg white, and cheese are 
shown in Fig.  8.7. Note that strong absorption bands 
associated with the -OH groups of water which are the 
dominant features in the spectrum of cheese, containing 
30–40 % moisture, and they are still prominent even in 
the lower moisture wheat and egg white samples. 
Bands arising from protein (2060 and 2180 nm) in the 
wheat sample are partially obscured by a strong starch 
absorption band and centered at 2100  nm. Relatively 
sharp absorption bands arising from -CH groups in 
lipid can be observed at 2310, 2350 nm, and 1730 nm 
and are distinctly observable in the cheese spectrum.

8.4.2	 �Instrumentation

Two commercial near-IR spectrometers are shown in 
Fig. 8.8. The radiation source in most near-IR instru-
ments is a tungsten–halogen lamp with a quartz enve-
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lope, similar to a projector lamp. These lamps emit 
significant amounts of radiation in both the visible and 
near-IR spectral regions. Semiconductor detectors are 
most commonly used in near-IR instruments, with sili-
con detectors used in the 700–1100 nm range and lead 
sulfide used in the 1100–2500 nm region. In situations 
for which a rapid response to changing light intensity 
is needed, such as in online monitoring, indium–gal-
lium–arsenide (InGaAs) detectors can be used. Many 
InGaAs detectors are limited to a maximum wave-
length of 1700  nm, although commercial InGaAs 
detectors with a range extended to longer wavelengths 
are now available. Most commercial near-IR instru-
ments use monochromators, rather than interferome-
ters, although some commercial instruments are now 
using FT technology. Monochromator-based instru-
ments may be of the scanning type, in which a grating 
is used to disperse the radiation by wavelength, and 
the grating is rotated to impinge a single wavelength 
(or more appropriately, a narrow band of wavelengths) 
onto a sample at any given time. Using this arrange-
ment, it takes several seconds to collect a spectrum 
from a sample over the entire near-IR region. Some 
rapid scanning instruments impinge light over the 
entire near-IR region onto the sample. The reflected or 
transmitted light then is directed onto a fixed grating 
that disperses the light by wavelength and also focuses 
it onto a multichannel array detector that measures all 
wavelengths at once. These instruments can obtain a 
spectrum from a sample in less than 1 s.

Instruments dedicated to specific applications can 
use optical interference filters to select 6–20 discrete 
wavelengths that can be impinged on the sample. The 
filters are selected to obtain wavelengths that are 
known to be absorbed by the sample constituents. The 
instrument inserts filters one at a time into the light 

beam to direct individual wavelengths of radiation 
onto the sample.

Either reflection or transmission measurements 
may be made in near-IR spectroscopy, depending on 
the type of sample. In the reflection mode, used pri-
marily for solid or granular samples, it is desirable to 
measure only the diffusely reflected radiation that 
contains information about the sample. In many 
instruments, this is accomplished by positioning the 
detectors at a 45° angle with respect to the incoming IR 
beam, so that the specularly reflected radiation is not 
measured (Fig.  8.9a). Other instruments use an inte-
grating sphere, which is a gold-coated metallic sphere 
with the detectors mounted inside (Fig.  8.9b). The 
sphere collects the diffusely reflected radiation coming 
at various angles from the sample and focuses it onto 
the detectors. The specular component escapes from 
the sphere through the same port by which the inci-
dent beam enters and strikes the sample.

Samples often are prepared by packing the food 
tightly into a cell against a quartz window, thereby 
providing a smooth, uniform surface from which 
reflection can occur. Quartz does not absorb in the 
near-IR region. At each wavelength, the intensity of 
light reflecting from the sample is compared to the 
intensity reflected from a non-absorbing reference, 
such as a ceramic or fluorocarbon material. Reflectance 
(R) is calculated by the following formula:

	 R I I= / 0 	 (8.4)

where:

I = �intensity of radiation reflected from the sam-
ple at a given wavelength

I0 = �intensity of radiation reflected from the ref-
erence at the same wavelength

a b

	� Modern commercial near-IR instrument. (a) Thermo Scientific Antaris II. (b) Shimadzu IRTracer-100 equipped 
with an NIR integrating sphere accessory from PIKE Technologies (Photographs courtesy of Thermo Fisher 
Scientific and Shimadzu Scientific Instruments)
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Reflectance data are expressed most commonly as 
log (1/R), an expression analogous to absorbance in 
transmission spectroscopy. Reflectance measurements 
also are expressed sometimes as differences, or deriva-
tives, of the reflectance values obtained from adjacent 
wavelengths:

	 log logR Rl l2 1-( ) 	 (8.5)

or

	 2 2 1 3log log logR R Rl l l- -( ) 	 (8.6)

These derivative values are measures of the changes in 
slope of the spectrum, where λ1, λ2, and λ3 are adjacent 
wavelengths typically separated by 5–20 nm, with the 
higher numbers representing longer wavelengths.

Transmission measurements also can be made 
in the near-IR region, and this is usually the method 
of choice for liquid samples. A liquid is placed in a 
quartz cuvette and the absorbance measured at the 
wavelengths of interest. Transmission measurements 
also can be taken from solid samples, but generally 
only in the 700–1100  nm range. In this wavelength 
region, the absorption bands are higher overtones 
that are very weak, allowing the radiation to pen-
etrate through several millimeters of a solid sample. 
The use of transmission measurements can minimize 
the degree of sample preparation needed. Since the IR 
beam passes through the entire sample, the need for a 
smooth, homogeneous sample surface is reduced.

Near-IR energy can be transmitted through a 
fiber optic cable some distance from the monochro-
mator or interferometer, allowing reflection or trans-
mission measurements to be made remotely from the 

instrument. This is very useful to take measurements 
in a processing plant environment. Commercial 
probes are available that can be inserted directly into 
bulk granular materials, or inserted into a pipe carry-
ing a liquid.

As with mid-IR, near-IR imaging instruments are 
now commercially available. These instruments use an 
array detector so that a digital image of a food sample 
can be obtained at various wavelengths or a spectrum 
can be obtained from a single pixel in a digital image. 
This technique is often referred to as hyperspectral 
imaging. It holds much potential for evaluating sam-
ple heterogeneity, or identifying small features or con-
taminants on an intact food sample.

8.4.3	 �Quantitative Methods Using Infrared 
Spectroscopy

Infrared instruments can be calibrated to measure var-
ious constituents in foods and agricultural commodi-
ties. Because of the overlapping nature of the near-IR 
absorption bands, it is usually necessary to take mea-
surements at two or more wavelengths to quantify a 
food component reliably. Multivariate statistical tech-
niques (chemometrics) are used to relate the spectral 
data collected at multiple wavelengths to the concen-
tration of the component of interest in the food [11–13]. 
The simplest statistical technique used is multiple lin-
ear regression (MLR), which applies an equation of 
the following form to predict the amount of a constitu-
ent present in the food from the spectral 
measurements:

% log / log /

log /

constituent = + ( ) + ( )
+ ( ) +¼
z a R b R

c R

1 1

1
1 2

3

l l

l 	 (8.7)

where each term represents the spectral measurement 
at a different wavelength multiplied by a correspond-
ing coefficient. Each coefficient and the intercept (z) 
are determined by multivariate regression analysis.

Absorbance or derivatized reflectance data also 
can be used in lieu of the log (1/R) format. The use of 
derivatized reflectance data has been found to provide 
improved results in some instances, particularly with 
samples that may not have uniform particle sizes. 
Other mathematical techniques also are available that 
can be applied to the reflectance data to correct for the 
effects of nonuniform particle size [10].

To calibrate an infrared instrument for quantita-
tive measurement, a set of samples is obtained that rep-
resents the product to be measured and contains the 
component of interest over the expected range of inter-
est. The samples are then analyzed using the conven-
tional method of analysis (e.g., for protein analysis, use 
Kjeldahl or Dumas methods; Chap. 18, Sects. 18.2.1 and 
18.2.2), and the infrared spectrum of each sample is 
collected. A computer-assisted MLR analysis is then 

a b

	� Typical instrument geometries for measuring 
diffuse reflectance from solid food samples. 
Radiation from the monochromator (I) is 
directed by a mirror onto the sample (S). 
Diffusely reflected radiation is measured 
directly by detectors (D) placed at a 45° angle 
to the incident beam (a) or is collected by an 
integrating sphere and focused onto the 
detectors (b). In both cases, the specularly 
reflected radiation is not measured
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performed to determine the combinations of wave-
lengths that best predict the concentration of the com-
ponent of interest and the coefficients associated with 
each wavelength, as shown in Eq. (8.7). In chemometric 
techniques such as MLR, the wavelengths are chosen 
based on statistical correlation with the component 
being measured. However, the results should always 
be inspected to make sure that the wavelengths selected 
make sense from a spectroscopic perspective. Each cali-
bration also should be tested using a second set of inde-
pendent samples. Then, if the calibration yields 
satisfactory results, it can be used for routine analysis.

When using MLR, it may sometimes be difficult to 
include enough wavelengths to adequately define the 
relationship between the spectral and composition 
data. Adding too many wavelengths may “overfit” the 
calibration so that it does not apply well to samples 
that were not part of the original set. This can occur 
because the responses of individual wavelengths are 
highly intercorrelated. To overcome this problem and 
to obtain more robust predictions, multivariate cali-
bration methods such as partial least squares (PLS) 
regression and principal component regression (PCR) 
can be used. PLS and PCR are often referred to as “data 
compression” techniques, since they take the spectral 
variation from the entire wavelength range and 
express most of that variation with a smaller number 
of variables that are not correlated. These variables 
then are used in to develop a regression equation. PLS 
and PCR often provide improved results compared to 
MLR because they can use information from the entire 
spectrum with less risk of “overfitting” the results. For 
this reason, these two techniques are now the most 
widely used methods for calibrating mid-IR and near-
IR instruments for quantitative analysis. Readers 
interested in a more detailed explanation of these tech-
niques should consult the references [11–16].

8.4.4	 �Qualitative Analysis by Infrared 
Spectroscopy

Infrared spectroscopy can be used to classify a sample 
into one of two or more groups, rather than to provide 
quantitative measurements. Classification techniques, 
such as principal component analysis (PCA), soft 
independent modeling of class analogy (SIMCA), or 
discriminant analysis, can be used to compare the 
infrared spectrum of an unknown sample to the spec-
tra of samples from different groups. The unknown 
sample then is classified into the group to which its 
spectrum is most similar. While this technique has his-
torically been used in the chemical and pharmaceuti-
cal industries for raw material identification, it is 
becoming more widely used for food applications, 
including the classification of wheat as hard red spring 
or hard red winter [17], the identification of orange 
juice samples from different sources [18, 19], authenti-

cation of the source of olive oils [20–22], and discrimi-
nation of beef [23–25]. Readers interested in a more 
detailed explanation of these classification techniques 
should consult the references [11, 26].

8.4.5	 �Applications of Near-IR Spectroscopy 
to Food Analysis

Theory and applications of near-IR spectroscopy to 
food analysis have been discussed in several publica-
tions [27–30]. The technique is widely used through-
out the grain, cereal products, and oilseed processing 
industries. Near-IR techniques using measurements 
from ground or whole grain samples have been 
adopted as approved methods of analysis by AACC 
International [31] for measuring protein in barley, oats, 
rye, triticale, wheat, and wheat flour, as well as mois-
ture, protein, and oil in soybeans. These approved 
methods describe the instruments available for mak-
ing these measurements, including a list of current 
manufacturers with contact information in Method 
39–30, as well as the proper techniques for preparing 
samples and calibrating the instruments. Near-IR 
instruments now are used by the official grain inspec-
tion agencies in both the US and Canada for measur-
ing protein, moisture, and oil in cereals and oilseeds.

Food components such as protein and dietary 
fiber can be determined successfully in a number of 
cereal-based foods using near-IR spectroscopy [32–34]. 
Modern instruments and calibration techniques allow 
a wide variety of products, such as cookies, granola 
bars, and ready-to-eat breakfast foods, to be analyzed 
using the same calibration.

Near-IR spectroscopy also can be used for numer-
ous other commodities and food products. The tech-
nique has been used successfully to evaluate 
composition and quality of red meats and processed 
meat products [35–37], poultry [38], and fish [39]. 
Near-IR spectroscopy is useful also for analyzing a 
number of dairy products and nondairy spreads, 
including measuring moisture in butter and marga-
rine [40]; moisture, fat, and protein in cheese [41, 42]; 
and lactose, protein, and moisture in milk and whey 
powders [43]. Near-IR techniques also have shown 
promise for measuring total sugars and soluble solids 
in fruits, vegetables, and juices [44–46], are being used 
commercially for monitoring the sugar content in corn 
sweeteners [47], and can be used to quantitate sucrose 
and lactose in chocolate [48].

Near-IR spectroscopy also is showing potential 
for measuring specific chemical constituents in a food 
that affect its end-use quality, for monitoring changes 
that occur during processing or storage, and for 
directly predicting processing characteristics of a com-
modity that are related to its chemical composition. 
Examples include determining the amylose content in 
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rice starch, an important determinant of rice quality 
[49, 50], monitoring peroxide value in vegetable oils 
[51], monitoring degradation of frying oils [52], and 
predicting corn-processing quality [53, 54].

These are only a few examples of current applica-
tions. If a substance absorbs in the near-IR region and 
is present at a level of a few tenths of a percent or 
greater, it has potential for being measured by this 
technique. The primary advantage of near-IR spectros-
copy is that once the instrument has been calibrated, 
several constituents in a sample can be measured rap-
idly (from 30 s to 2 min) and simultaneously. To mea-
sure multiple constituents, a calibration equation for 
each constituent is stored into the memory of the 
instrument. Measurements are taken at all wave-
lengths needed by the calibrations, and each equation 
then is solved to predict the constituents of interest. 
No sample weighing is required, and no hazardous 
reagents are used or chemical waste generated. It also 
is adaptable for online measurement systems [55]. 
Disadvantages include the high initial cost of the 
instrumentation, which may require a large sample 
load to justify the expenditure, and the fact that spe-
cific calibrations may need to be developed for each 
product measured. Also, the results produced by the 
instrument can be no better than the data used to cali-
brate it, which makes careful analysis of the calibra-
tion samples of highest importance.

8.5	 �RAMAN SPECTROSCOPY

8.5.1	 �Principles

Raman spectroscopy is a vibrational spectroscopic 
technique that is complementary to IR measurements 

[56]. When a photon of light collides with a molecule, 
the collision can result in the photon being scattered. 
Molecules in the sample can be excited and reach an 
unstable virtual energy state when they interact with 
the incident light as shown in Fig. 8.10. However, this 
transition to a high-energy state in the molecule is a 
short-lived process, and most of the molecules relax 
back to their initial low energy level resulting in the 
scattered photon having the same energy as the inci-
dent light. This is called elastic scattering or Rayleigh 
scattering. However, a few molecules relax to a higher 
vibrational state with a change in the vibrational and 
rotational energy of the molecule causing a shift in the 
wavelength of the scattered radiation. This is called as 
inelastic scattering or Raman scattering. For Raman 
scattering to occur, a molecule must undergo a change 
in polarizability of the electron cloud of the molecule, 
but does not need to undergo a change in dipole 
moment. Thus, Raman can observe symmetrical vibra-
tions that cannot be detected by IR spectroscopy. 
Raman is complementary to IR spectroscopy in that 
some vibrations are only Raman active, some are only 
IR active, and some are both.

During Raman scattering, scattered photons 
(approximately 1 in 107 photons) will shift to a longer 
wavelength (lower frequency), and this shift in fre-
quency is called a Stokes lines or Stokes shift. If the 
final energetic state is lower than the initial state, scat-
tered photons will shift to a shorter wavelength (higher 
frequency), and this is called an anti-Stokes lines or 
anti-Stokes shift [57]. Intensities of the Stokes lines are 
higher than those of the anti-Stokes lines, and there-
fore the Stokes lines are usually measured as the 
Raman spectrum [58].

A typical Raman spectrum includes scattering 
intensity (photons per second) on the y-axis versus 
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either increasing wavelength (nm) or Raman shift 
(cm−1) on the x-axis. Each band in a Raman spectrum 
corresponds to a vibration of a chemical bond and/or 
functional group in the molecule as illustrated in a 
representative Raman spectrum of a pharmaceutical in 
Fig. 8.11. Similar to IR, a fingerprint of a molecule can 
be acquired, and by employing chemometric tools pre-
viously described in Sect. 8.5.3, both qualitative and 
quantitative analyses can be generated since the inten-
sity of the Raman bands is proportional to the concen-
tration of the analyte [57].

Raman spectroscopy is positioning as an attrac-
tive technique because: (1) it requires little or no sam-
ple preparation; (2) water and alcohols are weak 
Raman scatterers, allowing measurement of aqueous 
samples without any special accessories or sample 
preparation; and (3) it allows measurements through 
common transparent containers such as glass, quartz, 
and plastic eliminating the need to open containers to 
analyze the contents. For food applications of Raman 
spectroscopy, the challenge of sample fluorescence 
may be a limiting factor. In general, the intensity of 
the Raman scatter is proportional to 1/λ4, so shorter 
excitation wavelengths deliver a much stronger 
Raman signal. The caveat is that when using short 
excitation wavelengths, fluorescence is more likely to 
occur under these conditions.

8.5.2	 �Instrumentation

Raman spectrometers are based on dispersive and 
Fourier transform technologies (Fig. 8.12). Each tech-
nique has its unique advantages, and each is ideally 
suited to specific types of analysis.

A Raman dispersive system is composed of a laser 
source, sample, dispersing element (diffraction grat-
ing), detector, and a computer. During a typical Raman 

spectrum collection process, a laser source gives a 
coherent beam of monochromatic light that is focused 
on the sample. The scattered light is passed through a 
notch filter that rejects the Rayleigh-scattered light, 
resulting in an important gain in sensitivity. Raman 
scattered photons enter the monochromator, where 
they are separated by wavelength and are collected by 
a detector that records the intensity of the Raman sig-
nal at each wavelength. Lasers are typically used as 
the radiation source, as the strength of the Raman sig-
nal is proportional to the intensity of the incident 
light. The use of the lasers as a source of radiation to 
generate the Raman scattering has been a crucial 
development in Raman instrumentation [59]. Typical 
wavelengths are 785, 633, 532, and 473  nm. Raman 
detectors are frequently photodiode arrays (PDA) or 
charge-coupled device (CCD) cameras. CCD detectors 
are extremely sensitive to light and contain thousands 
of picture elements (pixels) that acquire the whole 
spectrum at once in less than a second. CCD detectors 
allow the use of very low laser power, to prevent ther-
mal or photochemical destruction of the sample.

FT-Raman spectrometers commonly use a near-
IR laser, usually at 1030 nm or 1064 nm. Using lasers 
with excitation wavelengths in the near-IR region 
almost completely eliminates fluorescence; how-
ever, the Raman scattering intensity is weak. 
FT-Raman uses sensitive, single-element near-IR 
detectors such as InGaAs or liquid nitrogen-cooled 
germanium (Ge) detectors. An interferometer con-
verts the Raman signal into an interferogram, per-
mitting the detector to collect the entire spectrum 
simultaneously. Application of the Fourier trans-
form algorithm to the interferogram converts the 
results into a conventional Raman spectrum. Besides 
removal of the fluorescence interference, FT-Raman 
spectroscopy provides excellent wave number accu-
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racy as a result of the internal interferometer cali-
bration by a built-in helium–neon laser.

8.5.3	 �Surface-Enhanced Raman Scattering 
(SERS)

As mentioned earlier, one of the drawbacks of tradi-
tional Raman spectroscopy is the very low level of 
Raman signals. One of the most popular techniques 
used to overcome this problem is surface-enhanced 
Raman scattering (SERS). Nanostructures on a metal-
lic surface (typically gold or silver) can tremendously 
enhance the Raman signal of sample molecules on 
the order of 104–1011, allowing detection in the ppb or 
single-molecule level [60, 61]. Simple mechanisms of 
traditional Raman and SERS are compared in 
Fig.  8.13. Variations in the magnitude of the signal 
enhancement depend on the morphology of the par-
ticle (roughened surfaces can provide much more 
enhancements compared to flat (smooth) metal sur-
faces) [62].

The SERS phenomena result from an enhanced 
electromagnetic field produced at the surface of the 
metal and a chemical enhancement due to a charge–
transfer interaction between the metal and adsorbed 
molecules. When the wavelength of the incident light 
is close to a surface plasmon resonance (collective 
excitation of conductive electrons in small metallic 
structures), molecules adsorbed or in close proximity 
to the surface experience an exceptionally large elec-
tromagnetic field. In addition, the electronic transi-
tions of many charge–transfer complexes between the 
metal surface and the molecule result in resonance.

The enormous signal enhancement achieved by 
SERS has positioned it as a very promising analytical 
tool for the biochemical, biomedical, and pharmaceu-
tical fields. Food applications have been directed to 
food safety for the detection of food-borne pathogens 
as an alternative to current microorganism diagnostic 
tools, providing the possibility of developing portable 
pathogen sensors for on-site food inspection [60]. 
Other applications of SERS include the detection of 
food contaminants (pesticides and antibiotic residues) 
and adulteration (melamine, illegal food dyes, and 
mycotoxins) [60, 63].

8.6	 �HANDHELD AND PORTABLE 
TECHNOLOGY

Vibrational spectroscopy techniques are extremely 
well suited to be used as portable or handheld instru-
ments. Their simplicity, speed, selectivity, and ability 
to operate without sample preparation make them 
ideal to be used outside the laboratory for process 
monitoring in challenging environments. A single 
spectrometer can be used to verify the identity of 
bulk materials, check for contamination, control pro-
cesses, and confirm final product specifications. 
Field-based instruments have to tolerate harsh condi-
tions, maintain reliability and accuracy, be easy to 
operate, battery powered, lightweight with an ergo-
nomic design and intuitive user interface. Sample 
accessories must be robust, with limited or no sample 
preparation required and capable of fast analysis 
(Fig. 8.14).

a b

Laser

Sample

CCD

Laser source
(NIR)

Detector

Sample

Moving mirror

Stationary mirror

B
eam

 
splitter

Gra
tin

g

	� Basic illustration of the (a) dispersive Raman and (b) FT-Raman instrumentation (Adapted from Das and 
Agrawal [68])	 f i g u r e  	

	8 . 12

L. Rodriguez-Saona et al.



123

The advantage of portable mid-IR spectrometers 
(compared to near-IR) is the higher fundamental signal, 
allowing detection of low analyte levels and its unique 
fingerprinting capabilities. However, if a sample con-
tains water, its strong mid-IR absorption may swamp 
useful information. Near-IR allows analysis without 
any sample preparation. The most commonly used 
mode of sampling for solids is diffuse reflectance, while 
transflectance (combined transmission and reflectance) 
and transmission are suitable configurations for liquid 
analysis. Although the near-IR signal is 10–1000 times 
lower than mid-IR bands, the lower absorptivities per-
mit the near-IR beam to penetrate deeper into the sam-
ple, resulting in more representative analysis. 
Advantages of portable Raman instruments for field 
deployment include little or no sample preparation, 
noncontact and nondestructive capabilities, and the 
relatively weak Raman response of water to allow mea-
suring aqueous solutions. Near-IR and Raman analysis 
permit measurements through glass and plastic films.

Portable and handheld vibrational spectrometers 
are attractive fingerprinting techniques for various 
applications including food, pharmaceuticals, petro-
chemicals, and law enforcement [64]. Ellis et  al. [65] 
summarized the applicability of various commercially 
available spectroscopy-based approaches for rapid on-

site food fraud analysis. In addition, dos Santos et al. 
[66] reviewed the application of portable near-IR spec-
trometers in the agro-food industry.

8.7	 �SUMMARY

IR spectroscopy measures the absorption of radiation 
in the near-IR (λ = 0.8–2.5 μm) or mid-IR (λ = 2.5–15 μm) 
regions by molecules in food or other substances. IR 
radiation is absorbed as molecules change their vibra-
tional energy levels. A summary of the most important 
characteristics of spectroscopy techniques is presented 
in Table 8.2. Mid-IR spectroscopy is especially useful 
for qualitative analysis, such as identifying specific 
functional groups present in a substance. Different 
functional groups absorb different frequencies of radi-
ation, allowing the groups to be identified from the 
spectrum of a sample. Quantitative analysis also can 
be achieved by mid-IR spectroscopy, with milk analy-
sis being a major application. Near-IR spectroscopy is 
used most extensively for quantitative applications, 
using either transmission or diffuse reflection mea-
surements that can be taken directly from solid foods. 
By using multivariate statistical techniques, infrared 
instruments can be calibrated to measure the amounts 

a b c d e

	� Portable/handheld vibrational spectrometers commercially available. (a) Agilent 4300 handheld FTIR, (b) 
Agilent 4500 Portable FTIR, (c) Thermo microPhazir Handheld Near-IR, (d) Progeny™ 1064 nm handheld 
Raman analyzer by Rigaku Analytical Devices, and (e) DeltaNu ReporteR handheld Raman spectrometer
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	� Comparison of spectroscopy methods common in food analysis

Type of 
spectroscopy Principles Order of components Application

Ultraviolet–visible 
(UV–Vis)

Based on absorption by molecules of radiant energy 
of specific wavelength from tungsten or UV lamp. 
Measure difference between amount of energy 
emitted by lamp and that reaching the detector. 
Absorption is proportional to concentration of 
molecule

UV or visible lamp, 
monochromator, 
sample, detector, 
readout

Quantitate molecules 
(by themselves or as 
the result of a chemical 
reaction) that will 
absorb radiant energy 
in the UV or vis region

Fluorescence Based on emission, by molecules, of radiant energy of 
specific wavelength. Molecule is activated from its 
ground state to an excited electronic energy level by 
the absorption of radiation from a UV or vis lamp. 
Measure radiant emitted by the molecule as it relaxes 
from an excited electronic energy level to its 
corresponding ground state. Emitted energy is 
proportional to concentration of molecule

UV or visible lamp, 
monochromator, 
sample, 
monochromator, 
detector, readout

Quantitate molecules 
(by themselves or as 
the result of a chemical 
reaction) that will emit 
radiant energy in the 
UV or vis region

Mid-IR (MIR) Based on absorption, by molecules, of radiant energy 
of specific wavelength (2.5–15 μm;  
4000–670 cm−1) from a mid-IR source. Molecules in 
the ground state absorb mid-IR radiation and make a 
transition to the first excitation state of vibration 
(fundamental vibration). When the frequency of the 
radiation matches the vibrational frequency of the 
molecule or functional group, then radiation causes 
vibrational and rotational changes and a net change 
in the dipole moment of the molecule. Measured by 
difference between amount of energy emitter by the 
mid-IR source and that reaching the detector. 
Absorption is proportional to concentration of the 
analyte

For dispersive systems: 
mid-IR source, grating, 
slit, sample, detector, 
readout

Qualitative and 
quantitative analysis of 
sample(s)

For FT systems: mid-IR 
source, interferometer 
(He:Ne alignment laser, 
beam splitter, movable 
mirror, fixed mirror), 
sample, detector, 
readout

Near-IR (NIR) Based on absorption, by molecules, of radiant energy of 
specific wavelength (0.8–2.5 μm; 12,500–4000 cm−1) 
from a NIR source. Molecules absorb near-IR radiation 
and make transitions to higher excited states (v = 2, 3 or 
higher) resulting in overtones and combination vibrations 
of C–H, O–H, and N–H groups. A net change in the 
dipole moment and large mechanical anharmonicity of 
the vibrating atoms are required. Measured by the 
difference between amount of energy emitted by the 
near-IR source and that reaching the detector. Absorption 
is proportional to concentration of molecule

For dispersive systems: 
near-IR source, grating, 
slit, sample, detector, 
readout

Qualitative and 
quantitative analysis of 
sample(s)

For FT systems: near-IR 
source, interferometer 
(He:Ne alignment laser, 
beam splitter, movable 
mirror, fixed mirror), 
sample, detector, 
readout

Raman Based on inelastic scattering process of 
monochromatic laser beam through its interaction with 
vibrating molecule resulting in a change in 
polarizability of the electron cloud of the molecule. 
Scattered photon is shifted to higher (anti-Stokes shift) 
or lower (Stokes shift) frequencies than the incident 
photon, giving information about the vibrational 
modes in the system. Measure Raman scattered 
photons by a detector. Band intensities are 
proportional to concentration of molecule

For dispersive systems: 
UV or visible laser, 
sample, dispersing 
element (diffracting 
grating), detector, 
readout

Qualitative and 
quantitative analysis of 
sample(s)

For FT systems: near-IR 
laser, interferometer 
(He:Ne alignment laser, 
beam splitter, movable 
mirror, fixed mirror), 
sample, detector, 
readout
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Type of 
spectroscopy Principles Order of components Application

Atomic 
absorption 
(flame)

Based on absorption, by atoms, of energy of specific 
wavelength from hollow cathode lamp (HCL). Flame 
converts molecules to atoms. Energy from HCL 
activates atoms from ground state to excited state. 
Absorption is proportional to concentration of atoms

HCL, sample inserted in 
flame, monochromator, 
detector, readout

Quantitate minerals

Atomic emission 
(plasma)

Based on emission, by atoms, of energy of specific 
wavelength. Plasma converts molecules to atoms. 
Plasma activates atoms from ground state to excited 
state. Emission is proportional to concentration of 
atoms

Sample inserted in 
plasma, monochromator 
(or echelle optics), 
detector, readout

Quantitate minerals

	 (Continued)	 t a b l e 	
	 8 . 2 	

of various constituents in a food sample based on the 
amount of IR radiation absorbed at specific wave-
lengths. Mid-IR, near-IR, and Raman spectroscopy 
requires much less time to perform quantitative analy-
sis than do many conventional wet chemical or chro-
matographic techniques.

8.8	 STUDY QUESTIONS

	 1.	 Describe the factors that affect the frequency of 
vibration of a molecular functional group and 
thus the frequencies of radiation that it absorbs. 
Also, explain how the fundamental absorption 
and overtone absorptions of a molecule are 
related.

	 2.	 Describe the essential components of an FT 
mid-IR spectrometer and their function, and 
compare the operation of the FT instrument to a 
dispersive instrument. What advantages do FT 
instruments have over dispersive IR 
spectrophotometers?

	 3.	 Describe the similarities and differences between 
mid-IR spectroscopy and Raman spectroscopy.

	 4.	 Of the three antioxidants, butylated hydroxy-
toluene (BHT), butylated hydroxyanisole 
(BHA), and propyl gallate, which would you 
expect to have a strong IR absorption band in 
the 1700–1750  cm−1 spectral region? Look up 
these compounds in a reference book if you are 
uncertain of their structure.

	 5.	 Describe the two ways in which radiation is 
reflected from a solid or granular material. 
Which type of reflected radiation is useful for 
making quantitative measurements on solid 
samples by near-IR spectroscopy? How are 
near-IR reflectance instruments designed to 
select for the desired component of reflected 
radiation?

	 6.	 Describe the steps involved in calibrating a 
near-IR reflectance instrument to measure the 
protein content of wheat flour. Why is it usually 
necessary to make measurements at more than 
one wavelength?

REFERENCES

	 1.	Herschel W (1800) Investigation of the powers of the pris-
matic colours to heat and illuminate objects; with 
remarks, that prove the different refrangibility of radiant 
heat. to which is added, an inquiry into the method of 
viewing the sun advantageously, with telescopes of large 
apertures and high magnifying powers. Philos Trans R 
Soc London Ser A 90:255–283

	 2.	Coates J  (2000) Interpretation of Infrared Spectra, A 
Practical Approach. In: Meyers RA (Ed.) Encyclopedia of 
Analytical Chemistry, Vol. 12, Wiley, Chichester, UK, 
pp. 10 815

	 3.	Subramanian A, Rodriguez-Saona LE (2009) Fourier 
transform infrared (FTIR) spectroscopy. In: Da-Wen Sun 
(Ed.) Infrared Spectroscopy for Food Quality Analysis 
and Control. Elsevier, London, UK, pp. 146

	 4.	Griffiths PR, de Haseth JA (2007) Other Components of 
FT-IR Spectrometers, Ch. 6. In: Fourier Transform 
Infrared Spectrometry. 2nd edn. John Wiley & Sons Inc. 
Hoboken, NJ.

	 5.	AOAC International (2016) Official methods of analysis, 
20th edn., Method 972.12. AOAC International, Rockville, 
MD

	 6.	Lahner BS (1996) Evaluation of Aegys MI 600 Fourier 
transform infrared milk analyzer for analysis of fat, pro-
tein, lactose, and solids nonfat: a compilation of eight 
independent studies. J AOAC Int 79:388

	 7.	Rodriguez-Saona LE, Allendorf ME (2011) Use of FTIR 
for rapid authentication and detection of adulteration of 
food. Annu Rev Food Sci Technol 2:467

	 8.	Nunes C (2014) Vibrational spectroscopy and chemomet-
rics to assess authenticity, adulteration and intrinsic qual-
ity parameters of edible oils and fats. Food Res Intl 60:255

	 9.	Cozzolino D (2015) The role of vibrational spectroscopy 
as a tool to assess economically motivated fraud and 

Chapter 8 • Infrared and Raman Spectroscopy



126

counterfeit issues in agricultural products and foods. 
Anal. Methods 7:9390

	10.	Martens H, Naes T (2001) Multivariate calibration by 
data compression, Ch. 4. In: Williams PC, Norris KH 
(eds) Near infrared technology in the agricultural and 
food industries, 2nd edn. American Association of Cereal 
Chemists, St. Paul, MN, p 75

	11.	Roggo Y, Chalus P, Maurer L, Lema-Martinez C, Edmond 
A, Jent N (2007) A review of near infrared spectroscopy 
and chemometrics in pharmaceutical technologies. 
J Pharm Biomed Anal 44:683

	12.	Lavine BK, Workman J (2013) Chemometrics. Anal Chem 
85:705

	13.	Martens H (2015) Quantitative Big Data: where chemo-
metrics can contribute. J Chemom 29: 563

	14.	Wold S, Sjöström M, Eriksson L (2001) PLS-regression: a 
basic tool of chemometrics. Chemom Intell Lab Syst 
58:109

	15.	Mevik BH, Wehrens R (2007) The pls package: principal 
component and partial least squares regression in R.  J 
Stat Softw 18:1

	16.	Bjorsvik HR, Martens H (2008) Data analysis: calibration 
of NIR instruments by PLS regression, Ch. 8. In: Burns 
DA, Ciurczak EW (eds) Handbook of near-infrared anal-
ysis, 3nd edn. CRC Press, Boca Raton, FL

	17.	Delwiche SR, ChenYR, Hruschka WR (1995) 
Differentiation of hard red wheat by near-infrared analy-
sis of bulk samples. Cereal Chem 72:243

	18.	Evans DG, Scotter CN, Day LZ, Hall MN (1993) 
Determination of the authenticity of orange juice by dis-
criminant analysis of near infrared spectra. A study of 
pretreatment and transformation of spectral data. J Near 
Infrared Spectrosc 1:33

	19.	Goodner KL, Manthey JA (2005) Differentiating orange 
juices using Fourier transform infrared spectroscopy (FT-
IR). P Fl St Hortic Soc 118:410

	20.	Bertran E, Blanco M, Coello J, Iturriaga H, Maspoch S, 
Montoliu I (2000) Near infrared spectrometry and pattern 
recognition as screening methods for the authentication 
of virgin olive oils of very close geographical origins. 
J Near Infrared Spectrosc 8:45

	21.	Gurdeniz G, Ozen B (2009) Detection of adulteration of 
extra-virgin olive oil by chemometric analysis of mid-
infrared spectral data. Food Chem 116:519

	22.	Rohman A, Man YBC, Yusof FM (2014) The use of FTIR 
spectroscopy and chemometrics for rapid authentication 
of extra virgin olive oil. J Am Oil Chem Soc 91:207

	23.	Alomar D, Gallo C, Castaneda M, Fuchslocher R (2003) 
Chemical and discriminant analysis of bovine meat by 
near infrared reflectance spectroscopy (NIRS). Meat Sci 
63:441

	24.	Al-Jowder O, Defernez M, Kemsley EK, Wilson, RH (1999) 
Mid-infrared spectroscopy and chemometrics for the 
authentication of meat products. J Agric Food Chem 47:3210

	25.	Meza-Márquez OG, Gallardo-Velázquez T, Osorio-
Revilla G (2010) Application of mid-infrared spectros-
copy with multivariate analysis and soft independent 
modeling of class analogies (SIMCA) for the detection of 
adulterants in minced beef. Meat Sci 86:511

	26.	Lavine BK (2000) Clustering and classification of analyti-
cal data. Robert A.  Meyers (Ed). In “Encyclopedia of 
Analytical Chemistry”. John Wiley & Sons Ltd, Chichester.

	27.	Osborne BG, Fearn T, Hindle PH (1993) Practical NIR 
spectroscopy with application in food and beverage anal-
ysis. Longman, Essex, UK.

	28.	Williams PC, Norris KH (eds) (2001) Near-infrared tech-
nology in the agricultural and food industries, 2nd edn. 
American Association of Cereal Chemists, St. Paul, MN.

	29.	Ozaki Y, McClure WF, Christy AA (2006) Near-infrared 
spectroscopy in food science and technology. Wiley, 
Hoboken, NJ.

	30.	Woodcock T, Downey G, O’Donnel CP (2008) Review: 
better quality food and beverages: the role of near infra-
red spectroscopy. J Near Infrared Spectrosc 16:1

	31.	AACC International (2010) Approved methods of analy-
sis, 11th edn. (On-line). The American Association of 
Cereal Chemists, St. Paul, MN

	32.	Kays SE, Windham WR, Barton FE (1998) Prediction of 
total dietary fiber by near-infrared reflectance spectros-
copy in high-fat and high-sugar-containing cereal prod-
ucts. J Agric and Food Chem 46:854.

	33.	Kays SE, Barton FE (2002) Near-infrared analysis of solu-
ble and insoluble dietary fiber fractions of cereal food 
products. J Agric Food Chem 50:3024.

	34.	Kays WE, Barton FE, Windham WR (2000) Predicting 
protein content by near infrared reflectance spectroscopy 
in diverse cereal food products. J Near Infrared Spectrosc 
8:35

	35.	Oh EK, Grossklaus D (1995) Measurement of the compo-
nents in meat patties by near infrared reflectance spec-
troscopy. Meat Sci 41:157

	36.	Geesink GH, Schreutelkamp FH, Frankhuizen R, Vedder 
HW, Faber NM, Kranen RW, Gerritzen MA (2003) 
Prediction of pork quality attributes from near infrared 
reflectance spectra. Meat Sci 65:661

	37.	Naganathan GK, Grimes LM, Subbiah J, Calkins CR, 
Samal A, Meyer G (2008) Visible/near-infrared hyper-
spectral imaging for beef tenderness prediction. Comput 
Electron Agric 64:225

	38.	Windham WR, Lawrence KC, Feldner PW (2003) 
Prediction of fat content in poultry meat by near-infrared 
transmission analysis. J Appl Poultr Res 12:69

	39.	Solberg C, Fredriksen G (2001) Analysis of fat and dry 
matter in capelin by near infrared transmission spectros-
copy. J Near Infrared Spectrosc 9:221

	40.	 Isakkson T, Nærbo G, Rukke EO (2001) In-line determi-
nation of moisture in margarine, using near infrared dif-
fuse transmittance. J Near Infrared Spectrosc 9:11

	41.	Pierce MM, Wehling RL (1994) Comparison of sample 
handling and data treatment methods for determining 
moisture and fat in Cheddar cheese by near-infrared 
spectroscopy. J Agric Food Chem 42:2830.

	42.	Rodriguez-Otero JL, Hermida M, Cepeda A (1995) 
Determination of fat, protein, and total solids in cheese 
by near infrared reflectance spectroscopy. J  AOAC Int 
78:802

	43.	Wu D, He Y, Feng S (2008) Short-wave near-infrared spec-
troscopy analysis of major compounds in milk powder 
and wavelength assignment. Anal Chim Acta 610:232

	44.	Tarkosova J, Copikova J (2000) Determination of carbo-
hydrate content in bananas during ripening and stor-
age by near infrared spectroscopy. J  Near Infrared 
Spectrosc 8:21

	45.	Segtman VH, Isakkson T (2000) Evaluating near infra-
red techniques for quantitative analysis of carbohy-
drates in fruit juice model systems. J  Near Infrared 
Spectrosc 8:109

	46.	Camps C, Christen D (2009) Non-destructive assessment 
of apricot fruit quality by portable visible-near infrared 
spectroscopy. LWT – Food Sci Technol 42:1125

L. Rodriguez-Saona et al.



127

	47.	Psotka J, Shadow W (1994) NIR analysis in the wet corn 
refining industry  – A technology review of methods in 
use. Int Sugar J 96:358

	48.	Tarkosova J, Copikova J  (2000) Fourier transform near 
infrared spectroscopy applied to analysis of chocolate. 
J Near Infrared Spectrosc 8:251.

	49.	Villareal CP, De la Cruz NM, Juliano BO (1994) Rice amy-
lose analysis by near-infrared transmittance spectros-
copy. Cereal Chem 71:292

	50.	Delwiche SR, Bean MM, Miller RE, Webb BD, Williams 
PC (1995) Apparent amylose content of milled rice by 
near-infrared reflectance spectrophotometry. Cereal 
Chem 72:182

	51.	Yildiz G, Wehling RL, Cuppett SL (2001) Method for 
determining oxidation of vegetable oils by near-infrared 
spectroscopy. J Am Oil Chem’ Soc 78:495

	52.	Ng CL, Wehling RL, Cuppett SL (2007) Method for deter-
mining frying oil degradation by near-infrared spectros-
copy. J Agric Food Chem 55:593

	53.	Wehling RL, Jackson DS, Hooper DG, Ghaedian AR 
(1993) Prediction of wet-milling starch yield from corn by 
near-infrared spectroscopy. Cereal Chem 70:720.

	54.	Paulsen MR, Singh M (2004) Calibration of a near-infra-
red transmission grain analyzer for extractable starch in 
maize. Biosyst Eng 89:79

	55.	Psotka J  (2001) Challenges of making accurate on-line 
near-infrared measurements. Cereal Foods World 
46:568

	56.	An introduction to Raman for the infrared spectroscopist. 
Inphotonics Technical Note No. 11, Norwood, MA (www.
inphotonics.com/technote11.pdf)

	57.	Boyaci IH, Temiz HT, Geniş HE, Soykut EA, Yazgan 
NN, Güven B, Uysal RS, Bozkurt AG, İlaslan K, 
Torun O, Şeker FCD (2015) Dispersive and FT-Raman 
spectroscopic methods in food analysis. RSC Adv. 
5:56606

	58.	Schrader B (Ed.) (2008) Infrared and Raman spectros-
copy: methods and applications. John Wiley & Sons.

	59.	Li YS, Church JS (2014) Raman spectroscopy in the analy-
sis of food and pharmaceutical nanomaterials. J  Food 
Drug Anal 22:29

	60.	Craig AP, Franca AS, Irudayaraj J (2013) Surface-enhanced 
Raman spectroscopy applied to food safety. Annu Rev 
Food Sci Technol 4:369

	61.	Doering WE, Nie S (2002) Single-molecule and single-
nanoparticle SERS: examining the roles of surface active 
sites and chemical enhancement. J Phys Chem B, 106:311

	62.	Vlckova B, Pavel I, Sladkova M, Siskova K, Slouf M (2007) 
Single molecule SERS: perspectives of analytical applica-
tions. J Mol Struct, 834:42

	63.	Zheng J, He L (2014) Surface-Enhanced Raman 
Spectroscopy for the Chemical Analysis of Food. Compr 
Rev Food Scie Food Saf 13:317

	64.	Volodina VA, Marina DV, Sachkovc VA, Gorokhova EB, 
Rinnertd H, Vergnatd M (2014) Applying an Improved 
Phonon Confinement Model to the Analysis of Raman 
Spectra of Germanium Nanocrystals. J  Experiment 
Theoret Phys 118:65

	65.	Ellis DI, Muhamadali H, Haughey SA, Elliott CT, 
Goodacre, R (2015) Point-and-shoot: rapid quantitative 
detection methods for on-site food fraud analysis – mov-
ing out of the laboratory and into the food supply chain. 
Anal. Methods. 7:9401

	66.	dos Santos CAT, Lopo M, Páscoa RN, Lopes JA (2013) A 
review on the applications of portable near-infrared spec-
trometers in the agro-food industry. Appl Spectrosc 67:215

	67.	SKCchemistry, (2016) Infrared spectroscopy. Available 
from: https://skcchemistry.wikispaces.com/Infra+red+ 
Spectroscopy. Accessed April 11, 2016

	68.	Das RS, Agrawal YK (2011) Raman spectroscopy: recent 
advancements, techniques and applications. Vib Spectrosc 
57:163

Chapter 8 • Infrared and Raman Spectroscopy

http://www.inphotonics.com/technote11.pdf
http://www.inphotonics.com/technote11.pdf
https://skcchemistry.wikispaces.com/Infra+red+Spectroscopy
https://skcchemistry.wikispaces.com/Infra+red+Spectroscopy

	8: Infrared and Raman Spectroscopy
	8.1	 Introduction
	8.2	 Principles of IR Spectroscopy
	8.2.1	 The IR Region of the Electromagnetic Spectrum
	8.2.2	 Molecular Vibrations
	8.2.3	 Factors Affecting the Frequency of Vibration

	8.3	 Mid-IR Spectroscopy
	8.3.1	 Instrumentation
	8.3.1.1	 Overview
	8.3.1.2	 Fourier Transform Instruments

	8.3.2	 Sample Handling Techniques
	8.3.3	 Applications of Mid-IR Spectroscopy
	8.3.3.1	 Absorption Bands of Organic Functional Groups
	8.3.3.2	 Applications


	8.4	 Near-IR Spectroscopy
	8.4.1	 Principles
	8.4.1.1	 Principles of Diffuse Reflection Measurements
	8.4.1.2	 Absorption Bands in the Near-IR Region

	8.4.2	 Instrumentation
	8.4.3	 Quantitative Methods Using Infrared Spectroscopy
	8.4.4	 Qualitative Analysis by Infrared Spectroscopy
	8.4.5	 Applications of Near-IR Spectroscopy to Food Analysis

	8.5	 Raman Spectroscopy
	8.5.1	 Principles
	8.5.2	 Instrumentation
	8.5.3	 Surface-Enhanced Raman Scattering (SERS)

	8.6	 Handheld and Portable Technology
	8.7	 Summary
	8.8	 Study Questions
	References


