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Analytical
Technic
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>~ MICRONAVE INFRA-RED SPECTROMETRY
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Fig.1 Electromagnetic spectrum
(Reprinted from Near-Infrared Technology in the Agricultural and
Food Industries, AACC, 1987)
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 m— f = f

Fig.2 Absorption of photon
a=light of frequencies x and y sec™!; b and
’=diatomic molecule with vibrational fre-
quency of z (no excitation); a’=light of fre-
quencies x and y sec™! (no absorption); c=
diatomic molecule with vibrational frequency
of ¥’ sec™!; d=molecule c excited; e=light of
frequency x sec™! (light photons of frequency
y sec™! have been absorbed); and f=detector
(Reprinted from Near-Infrared Technology in
the Agricultural and Food Industries, AACC,
1987)
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Table 1 Simple bond combinations likely to cause absorbances in near-infrared region

—C—C— H-——-—-0
C=C Intramolecular
—C—H and
CH. intermolecular
—CH, hydrogen
—CH,—phenyl bonds
—CH=CH; vinyl
_C—N=
=C=N—
—_C=N—

N—H —-0-H =P—P —S—H
—NH. —0—0-— =P—C —S—S—
—NH, —0—S— =P-H ~S—-C—

NH, $=0 S=C
—NH —0O-N= —S—P=
~N=N-— O=N-—

N—N ~0—C—

N—P 0=C
~N=P~— —O—P
=N—S— O=P—

(Reprinted from Near-Infrared Technology in the Agricultural and Food Industries, AACC, 1987)
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Table 2 Approximate location of absorption involving nitrogen and hydrogen
Wavelength (nm)
Overtone
1st 2nd 3rd Tentative assignment
2,540-2,600 1,910-2,080 Amide III: Combination N —H stretch with C—O stretch, secon-
dary amides
1,950-1,980 Amide III: N—H stretch, trans-secondary amides
2,330-2,390 1,760-1,800 Amide VI: N—H bend, primary amides
2,270-2,320 1,710-1,730 N—H bend, cis-secondary amides
2,200-2,250 1,640-1,680 NH;+NH deformation; “amino acid 11”
2,140-2,180 1,600-1,630 N-—H bend, trans-secondary amides
2,050-2,140 1,540-1,600 Ring deformation, quinolines
2,080-2,220 1,560-1,670 Amide II: N—H deformation coupled with C—H stretching,
secondary amides, especially peptides
2,040-2,110 1,530-1,580 N=N stretching, unsatulated nitrogen compounds
2,030-2,100 1,520-1,570 NH; deformation; “amino acid I”
2,020-2,150 1,510-1,610 N—H deformation, primary and secondary amines
1,810-1,970 1,200-1,310 Unknown absorber in most amino acid
1,660-2,500 1,110-1,670 1,000-1,250 N—H stretch, symmetrical, all amino acids and hydrochlorides
1,590-1,650 1,060-1,100 Asymmetrical N —H stretch, all amino acids and hydrochlorides
1,600-1,630 1,070-1,090 N-—H stretch, secondary amides, c¢is and trans
1,570-1,600 1,040-1,060 N—H stretch, secondary amides, c¢is-bonded NH
1,520-1,620 1,010-1,080 Hydrogen bonding, peptide links, protein helics
1,530-1,580 1,040-1,070 N-—H stretch, primary amides, bonded NH
1,500-1,530 1,000-1,202 N—H stretch trans-bonded NH, primary amides
1,510-1,530 1,000-1,020 Unidentified absorber, all proteins
1,490-1,510 -1,000 N—H stretch, imines (e.g., histidine)
1,490-1,510 1,000-1,020 N—H stretch, alkylated primary amines

(Reprinted from Near-Infrared Technology in the Agricultural and Food Industries, AACC, 1987)

Table 3 Approximate location of C—N bands in near-infrared region

Wavelength (nm)

1st

Overtone
2nd

3rd

Tentative assignment

2,310-2,350
1,490-1,510

2,480-2,600
2,450-2,550
2,340-2,380
1,970-2,100
1,540-1,570

900-1,000

2,420-2,440
2,400-2,420
2,310-2,340
2,110-2,140
1,850-2,000
1,840-1,870
1,770-1,800
1,470-1,570
1,150-1,170

C—N stretch, primary-tertiary amines

C—N stretch, primary amines, primary alpha-carbon atoms
C—N stretch, primary amines, primary alpha-carbon atoms
C—N stretch, secondary amines, secondary carbon atoms
C—N stretch, acrylamines, alkyl amines, primary-tertiary
C—N stretch, cis-secondary amides

C—N stretch, amides with no N substitution

C—N stretch, unsatulated nitrogen compounds

C—N stretch, —-N=C=N-—

C—N stretch, amines

(Reprinted from Near-Infrared Technology in the Agricultural and Food Industries, AACC, 1987)
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Table 4 Approximate location of C—O bands in near-infrrared region

Wavelength (nm)

st

Overtone
2nd

3rd

Tentative assignment

2,330-2,420
2,330-2,360

2,590-2,640
2,330-2,540
2,380-2,500
2,140-2,360
1,980-2,220
2,070-2,150
2,080-2,140
2,000-2,050
1,990-2,030

1,950-1,990
1,970-2,080
1,920-1,960
1,930-1,970
1,910-1,930
1,800-1,920
1,550-1,610
1,530-1,570

2,220-2,380
2,150-2,180
2,050-2,100
2,100-2,180
1,920-2,080
1,780-2,080
1,780-1,920
1,600-1,770
1,480-1,670
1,550-1,620
1,560-1,610
1,510-1,530
1,490-1,520

C—0O stretch, primary alcohols

C—0O stretch, tertiary alcohols

C—0O stretch, phenols

C—0O stretch, long-chain fatty acids

C—O stretch, amide 1II combination, secondary amides
Coupled C—0 and O—H stretch, carboxylic acids
C—0 symmetrical vibrations, zwitterions

C—0O stretch, amino acid ionized carbonyls

C=0 stretch, ureas, amide I, especially lower frequencies
C—0 bending, COO ZWITTERIONS

C—O stretch, COOH, amino acids

C=0 stretch, solid primary amines, amide [

C=0 stretch, internally bonded, saturated aliphatic carboxylic
acid

C=0 stretch, -8 unsatulated aldehydes

C=0 stretch, -8 unsatulated ketones

C=0 stretch, ketones

C=0 stretch, saturated aliphatic carboxylic acids
C=0 stretch, saturated aliphatic acids and esters
C=0 vibrations, open-chain acid anhydrides

COO stretch, or combination band, most amino acids
COO stretch, or combination band ionized amino acids

(Reprinted from Near-Infrared Technology in the Agricultural and Food Industries, AACC, 1987)

Table 5 Approximate location of O—H bands in near-infrared region

Wavelength (nm)

Overtone
Ist 2nd 3rd Tentative assignment
1,950-2,020 O—H deformation, secondary alcohols

2,330-2,540 1,780-2,080 C—0O/O—H stretch coupled, carboxylic acids

2,510-2,600 1,860-1,900 O—H deformation, primary alcohols

2,440-2,500 1,820-1,870 O—H deformation, secondary alcohols

2,000-2,090 1,510-1,540 O—H deformation, hydroxyls
2,060-2,150 C—0, O-—H stretching combination, primary alcohols
1,920-1,950 O—H stretch/O—H deformation combination hydroxyls
1,620-1,700 1,110-1,140 O—H stretch, carboxylic acid dimers
1,560-2,000 1,030-1,330 O—H stretch, intramolecular OH bonds, polymers
1,470-1,560 950-1, 040 O—H stretch, internal OH bonds, single bridge, polymers
1,400-1,450 O—H stretch, internal OH bonds, single bridge
1,400-1,430 O—H stretch, COOH groups
1,390-1,420 O—H stretch, intramolecular OH bonds, single bridges
1,380-1,400 O—H stretch, phenols
1,360-1,390 O—H stretch, tertiary alcohols
1,370-1,390 O—H stretch, primary alcohols
1,360-1, 380 O—H stretch, secondary alcohols

(Reprinted from Near-Infrared Technology in the Agricultural and Food Industries, AACC, 1987)
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Table 6 Approximate location of C—H bands in near-infrared region

Waveléngth (nm)

Overtone
1st 2nd 3rd Tentative assignment

2,120-2,150 (CH,),—C; skeletal vibrations
2,460-2,540 1,850-2,120 C—H bend; CH in long-chain fatty acids
1,980-2,040 (CH,),—C,; skeletal vibrations
2,540-2,580 1,900-1,940 —CH=CH-—; —CH=CH,; CH in phase deformation
2,460-2,500 1,850-1,880 —CH-—; CH deformation
2,410-2,460 1,820-1,850 —(CH;);; CH deformations
2,390-2,440 1,810-1,840 —C(CH;)s; CH deformation
2,370-2,400 1,770-1,790 C—H in-phase deformation, CHO groups
2,340-2,370 1,750-1,780 —CH=CH, in-phase CH, deformation
2,300-2,350 C—H stretching, methylene groups, combination
2,320-2,520 1,740-1,890 C—H stretch aliphatic compounds
2,270-2,300 1,710-1,740 C—CH,;; CH asymmetrical deformation
2,260-2,300 1,700-1,730 —CH,—; CH asymmetrical deformation
2,190-2,360 1,640-1,770 Pyrimidines and quinolines, ring deformation
2,200-2,250 1,650-1,680 Benzene ring deformation
2,140-2,190 C~—H stretching, cis unsaturate, combination
2,100-2,200 C—H stretching, skeletal in-plane deformation, combination
2,060-2,150 1,550-1,620 Benzene rings deformation
2,070-2,100 1,550-1,580 —C=C-— stretch, conjugated chains
2,020-2,060 1,510-1,550 —C=C-— stretch, nonconjugated chains

1,720-1,860 1,150-1,240 C—H stretch, carbonyl compounds
1,680-1,740 1,120-1,170 C—H stretch, CH; groups (A,)
1,700-1,760 1,130-1,170 C~—H stretch, CH, groups (A,)
1,700-1,740 1,140-1,160 C—H stretch, —CH= groups (Aj)
1,640-1,670 1,090-1,120 —CH=CH—; C—H stretch, cis and trans
1,610-1,670 1,090-1,120 C—H stretch, quinolines

1,610-1,660 1,070-1,110 C—H stretch, pyrimidines

1,620-1,650 1,080-1,100 C—H; C—H stretch, aromatics
1,610-1,640 1,070-1,090 C—H stretch, pyridines

1,620-1,640 1,070-1,090 —CH=CH, vinyl, C—H stretch

(Reprinted from Near-Infrared Technology in the Agricultural and Food Industies, AACC, 1987)
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Table 7 Assignment of inorganic absorbers in near-infrared region

Wavelength (nm)

Overtone
1st 2nd 3rd

Tentative assignment

2,460-2,670 1,480-1,600 P=0 free

2,410-2,500 1,440-1,500 NO;—
2,330-2,400 1,390-1,440 NH.+
2,290-2,340
2,270-2,500 1,510-1,670
2
1

2,030-2,200 1,350-1,470
1,850-1,950 1,230-1,300
1,818-2,200 Silicates

P—(pheny! ring)
C=N, SCN=
,230-2,360 1,340-1,420 Carbonates
P—H stretching
P—OH stretching

1,810-2,000 Phosphates, PO,, all
1,760-1,860 Sulphates, SO,—
1,750-1,900 Phosphates, PO;=

1,690-1,910 1,130-1,307

—SH stretch (very weak)

1,600-1,800 P=0 hydrogen bonded

1,600-1,630 NO,—

1,510-1,830 Phosphates, PO,—

1,510-1,650 1,010-1,100 NH,+

(Reprinted from Near-Infrared Technology in the Agricultural and Food Industries, AACC, 1987)
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Table 8 Identification of wavelengths of near-infrared absorbers (nm)

Protein Starch Oil Water Cellulose Sugar
874> 878* 891* 834* 860 838
909** 901* 913 938 905* 888
979 918** 931* 958** 920* 913

1,018** 979*** 965 978 978*** 978*

1,051* 1,030 979 986 1,058 1,005

1,143** 1,053 998 994 1,160 1,380*

1,171* 1,068 1,018* 1,010 1,190* 1,437

1,187*** 1,088 1,054* 1,030 1,220* 1,687

1,240* 1,160 1,161** 1,099 1,275* 2,080%**

1,276* 1,198 1,188* 1,153* 1,363** 2,202

1,357* 1,254 1,212** 1,409** 1,425%*? 2,275*

1,365* 1,360 1,360 1,460%* 1,460** 2,320

1,385* 1,430%**? 1,387*** 1,780* 1,520

1,422* 1,580* 1,410* 1,910** 1,585*

1,458* 1,700** 1,433 2,305 1,702**

1,485%** 1,745* 1,703** 2,345 1,8256**

1,570* 1,780* 1,722*%** 2,510%* 2,050*

1,690*** 1,825* 1,760** 2,079**

1,735* 1,928%**? 1,820 2,103**

1,757 2,100*** 1,900 2,145*

1,928 2,180 1,930 2,172

1,972*** 2,200 2,005 2,268***

2,055%** 2,282%** 2,120* 2,335**

2,140 2,320%* 2,142** 2,355**

2,162** 2,370 2,179* 2,370

2,182* 2,445* 2,265 2,390

2,203* 5, 485%* 2,306 ** 2,410

2,265** 2,540* 2,342*** 2,445

2,300%* 2,380* 2,480***

2,345%* 2,460* 2,530

2,390 2,480 2,560

2,420* 2,515 2,582*

2,462%* 2,535

2,520

2,545

2,560

1) Asterisk indicate relative strength with *** for strongest bands.

2) Question marks indicate possible water bands.

(Reprinted from Near-Infrared Technology in the Agricultural and Food Industries, AACC, 1987)
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Reflectance detector Transmission detector
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Fig.6 Detector alignment

Monochromator(Light path)

Table 9 Specification of NIRS6500

Item

Specification

Scan time (typical)

Wavelength range
Wavelength accuracy
Wavelength repeatability
Data interval

Spectral bandwidth
Photometric range

Linearity
Noise

Stray light

Specular reflectance
Operating temperature
Power requirements

Fast scan: 1.8 Scans/sec

Slow scan: 0.9 Scans/sec”

400-2,500nm

+0.5nm

+0.015nm Standard deviation

2.0nm

10nm=*1nm

3.5Abs at 1,100-2,500nm

6.0Abs at  400-1,100nm

1% of reading

1,700-2,500nm N 20 microabsorbance units

1,100-1,700nm N 14 microabsorbance units
700-1,100nm N 12 microabsorbance units

log (1/R) or log (1/T) as RMS average from 1,100-2,500nm

of 32 time-averaged scans (May be better in controlled

conditions)

Less than 0.1% at 2,300nm

Less than 1.0% as measured with Carbon Black

60°F to 90°F (15.6°C to 32.2°C)

115 VAC, 50/60Hz

150 Watts Max. Consumption

Options
(1) Reflectance mode

(2) Transmission mode

(3) Remote detection

Reflectance detector module
Spinning sample module
Sample transport module
Temperature controller module
Transmission detector module
Fiber attachment kit

Fiber optics

Monochromator control and

data treatment

NSAS (Near-infrared Spectral Analysis
Software) on IBM PC
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Fig.7 NIRS6500 with reflectance detector module
and spinning sample module

Fig. 8 NIRS6500 with transport module and trans-
mission detector module
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Fig.9 Spectra of wheat (Chihoku) and its major
constituents
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Fig.10 Spectrum of wheat (Chihoku) whole-meal
(lower) and its 2nd derivatives (upper)
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Fig.12 Spectrum of wheat gluten (lower) and its 2nd
derivatives (upper)
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Fig. 13 Spectrum of water (lower) and its 2nd deriv-
atives (upper)
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Fig. 14 Spectra of rice and its major constituents
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Summary

Light forms a part of the electromagnetic radiation
spectrum, with wavelengths between 1nm and 1mm,
including visible light, infrared radiation and ultra-

violet radiation. Near-infrared radiation is the part
of infrared radiation from near visible light to longer
wavelengths, usually 700-2,500nm. Functional
groups of molecules (such as O—H groups, C—H
groups, N—H groups, etc) have characteristic
absorption bands (fundamental vibration bands),
which are usually in the infrared region of 2,500-
15,000nm. Fundamental groups only absorb photons
of specific wavelengths, and, as a result, they transit
to higher energy levels. These absorptions occur in
the infrared region of 2,500-15,000nm, and form the
fundamental absorption bands. The overtone
absorptions and combination absorptions of these
fundamental absorption bands create characteristic
absorption spectra. Near-Infrared Reflectance
(NIR) Spectroscopy is a technique to identify and
quantify sample constituents using the absorption
spectra in the near-infrared region.

Near-infrared spectroscopy has advantages as fol-
lows:

1) It needs no agents or solvents as are used in
normal chemical analytical methods. Consequently,
it is safe and pollution-free, and analysis can be
carried out at low cost.

2) Preparation is simple and analysis rapid.

3) It can determine many constituents at a time.

4) It is a non-destructive method, which does not
change the sample constituents; consequently, the
same sample can be used over again.

In this study, given the advantages above, an inves-
tigation was first carried out regarding the precision
and accuracy of near-infrared reflectance spectros-
copy in determining constituent content of grain,
using three major kinds of domestic grain -rice, wheat
and soybeans- and then regarding factors affecting
determination of constituent content.

Second, investigation was conducted both into
changes in constituent content distribution of grain
through the production stage and into differences in
constituent content distribution of grain in different
harvest years.

Third, the possibility of estimating changes in grain
quality by near-infrared reflectance spectroscopy was
investigated. Through all of these, fundamental
data supporting the use of near-infrared reflectance
spectroscopy as an official analytical method for
determining constituent content of grain in this coun-
try were obtained, and the possibilities of estimating
grain quality through near-infrared reflectance
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spectroscopy were realized.

1. Near-infrared spectra of wheat, and their char-
acteristics

Near-infrared spectra of grain form complicated
patterns because the absorption spectra of many
constituents overlap. Knowledge regarding major
constituents is necessary to analyze these compli-
cated spectra and to select wavelengths indicating
constituent content of the grain. Accordingly, an
experiment regarding the spectra of wheat’s three
major constituents -water, gluten as the principal
component of wheat protein, and starch- was first
conducted, followed by analysis of the spectra of
whole-meal Hokkaido-grown wheat. Results were
as follows:

1) There were absorption bands at 1,200; 1,440;
1,460; 1,580; 1,708-1,776; 1,936; 2,106; 2,282 and 2,320nm
in the spectra of whole-meal wheat. This spectral
pattern was almost the same as those of HRS wheat
and Durum wheat grown in the USA and Canada, and
those of wheat starch. It was therefore concluded
that the same wavelengths as currently used in the
USA and Canada could be used for determining
constituent content of Hokkaido-grown wheat.

2) The absorption bands of starch were almost the
same as those of whole-meal, and it was found that
the spectra of whole meal are determined by its major
constituent, starch. The absorption bands were con-
sidered to be derived from absorption by C—H groups
and C—O groups, which are components of starch and
cellulose.

3) There were absorption bands at 1,190; 1,504;
1,700; 1,728; 1,938; 1,978; 2,054; 2,182; 2,308 and 2,348nm
in the spectra of wheat gluten. These absorption
bands were considered to originate from absorption
by C—H groups, N—H groups and C—O groups,
which are components of protein.

4) The spectra of water were rather simple in
comparison with those of starch and protein. The
characteristic absorption bands of water appeared at
1,428; 1,450; 1,902 and 1,942nm.

2. Near-infrared spectra of brown rice and milled
rice, and their characteristics
To understand the origin of the absorption bands in
the whole-meal rice spectra, the spectra of starch,
protein and oil in Hokkaido-grown brown rice and
milled rice were obtained, followed by an analysis of

the spectra of whole-meal Hokkaido-grown rice.
Results were as follows:

1) There were absorption bands at 1,200; 1,440;
1,460; 1,580; 1,708-1,776; 1,936; 2,106; 2,282 and 2,320nm
in the spectra of whole-meal brown rice. The pat-
tern of these spectra was almost the same as that of
whole-meal wheat, as were the positions of the
absorption bands. Also, the patterns of these spectra
were almost the same as those of rice starch, and the
fact that the spectra of brown rice were determined
by its major constituent, starch, which accounts for
about 70% of rice, was similar to the case of wheat.
Accordingly, the same wavelengths as used for wheat
could be used in determining constituent content of
brown rice.

2) The patterns and the positions of the absorption
bands of milled rice were just the same as those of
brown rice. This was thought to be because the
spectra of brown rice are determined by starch, and
milled rice (which was milled to a rate of 90.5% to
remove protein-rich and oil-rich bran) becomes more
starchy. Accordingly, the same wavelengths as
those used for brown rice could be used for determin-
ing moisture, protein and starch content of milled
rice.

3) The absorption bands in the spectra of brown
rice starch were almost the same as those of whole-
meal, and, as in the case of wheat, it was found that
the spectra of whole-meal brown rice were heavily
dominated by its major constituent, starch. These
absorption bands are thought to originate from
absorption by C—H groups, C—O groups and O—H
groups, which constitute starch and cellulose. The
pattern and the position of the absorption bands were
just the same as those of wheat starch.

4) There were absorption bands at 1,200; 1,440;
1,500; 1,584; 1,726; 1,938; 1,978; 2,058; 2,174; 2,308 and
2,348nm in the spectra of rice protein. These were
almost the same as those of wheat gluten, but differed
somewhat. The differences were considered to
reflect differences in amino acid composition between
wheat gluten and rice protein.

5) There were distinctive absorption bands at 1,722;
2,308 and 2,348nm, and weak ones at 1,208; 1,396; 1,762;
2,146 and 2,406nm, in the spectra of rice oil. These
were considered to originate from C—H groups,
which constitute the oil.
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3. Near-infrared spectra of soybeans, and their
characteristics

Following the tests using wheat and rice, the spec-
tra of carbohydrates, proteins and oils of Hokkaido-
grown soybeans were obtained, and an analysis of the
spectra of whole-meal Hokkaido-grown soybeans
was carried out. Results were as follows:

1) Unlike wheat and rice, soybeans contain 30-40%
protein and 15-20% oil, but carbohydrate content is
only 30-40%. This composition was reflected in the
distinctive absorption bands of the constituents.
There were absorption bands at 1,200; 1,440; 1,460;
1,588; 1,722; 1,758; 1,936; 2,062; 2,170; 2,308 and 2,348nm
in the spectra of whole-meal soybeans. These pat-
terns were almost the same as those of USA-grown
soybeans, and the same wavelengths as those used in
the USA and Canada could be used for determining
constituent content of soybeans.

2) The potitions of the absorption bands in the
spectra of soybean carbohydrates were slightly differ-
ent from those of wheat and rice. And, unlike wheat
and rice, they were not consistent with the absorption
bands in the whole-meal spectra. This was thought
to be caused by the shift of absorption bands which
interfered with its major constituents, protein, oil and

so on. These absorption bands were thought to
originate from the absorption by C—H groups, C—O
groups and O—H groups, of which the carbohydrates
consisted.

3) There were absorption bands at 1,190; 1,440;
1,500; 1,584; 1,696; 1,740; 1,938; 2,062; 2,174; 2,300 and
2,348nm in the spectra of soybean protein. Among
these absorption bands, two, 2,062 and 2,174nm, were
distinctive in the whole-meal spectra as well. The
spectra of soybean protein were almost the same as
those of wheat gluten and rice protein, but differed
somewhat. These differences were thought to
reflect differences in amino acid composititon
between soybean protein and wheat gluten and rice
protein.

4) There were distinctive absorption bands at 1,718;
2,308 and 2,348nm; and weak ones at 1,208; 1,396; 1,762;
2,406 and 2,146nm. Three absorption bands, 1,762;
2,308 and 2,348nm, appeared distinctively in the
whole-meal spectra. The spectra of soybean oil were
almost the same as those of rice oil, and the origin of
each absorption band was the same as in the case of
rice oil. Accordingly, wavelengths for determining
oil content were considered to be the same for both
rice and soybeans.



