SUMIIVeRTUaNY 6l

msananuiidldlumsasiataSunannuruluilaiudidevasrna
i
Tagtesdunsusaaninsalni
Feasibility study for the evaluation of moisture content in tapioca starch cake

by near Infrared spectroscopy

sa. as. thunila A3auysal

Tasupuarivayuaniideantunglaldszsialszaina wa. 2557
AZIRINIINMANS

aotiumaluagwszaeMNAUDIAUNHITAIANIZU



SUMIIVeRTUaNY 6l

msananuiidldlumsasiataSunannuruluilaiudidevasrna
i
Tagtesdunsusaaninsalni
Feasibility study for the evaluation of moisture content in tapioca starch cake

by near Infrared spectroscopy

sa. as. thunila A3auysal

Tasupuarivayuaniideantunglaldszsialszaina wa. 2557
AZIRINIINMANS

aoiumalulagWszaMNAUNNUNHITNANTZU



4 I ] ¥ @ o [
¥oInsams (Mu1 ne) msanwianudlull1dlumsasieiarsnaanuruluuilafudlendamuna
A

TaatesounsusaanlnInsalnil

1T A a a 14
unasRu aulsznatuaeld anzdfnssuemans

o Aa o =S g‘; 1 A 2K o d' A w

srazaiimsIve 13 awe 11hou aa1ny WA, 2556097uH 30 DU NUEIWU WA, 2557
A o 9 Y Aa v
¥o-dna Wanihlasams uazgsiulasansive

wd. Thuwia Aauyssl Fanthlasams) @3N IINTTNATeINa ANLIRINTTUMEAT aoa.

[ o

Y
a I v
Nudeiinauemsannnuiluly1dves near-infrared (NIR) reflectance spectroscopy 1umsia
49’ 9 v o v o w ' 9 o o [ A A
mm%umamﬂmumﬂwaﬂﬂﬂum’mmwamﬂwumﬂwmmmuTﬂmmm FT-NIR spectrometer 1
%74 wavenumber 12,500-4,000 cm’ (800-2500 nm), micro NIR spectrometer Ny wavelength 1150-2150
A A X a o A
nm U8 NIR gun NP wavelength 600-1100 nm mamﬂ?mmmmwTﬂﬂmsmﬂmmmmmgm
v J o aay < J o .
Infrared moisture analyser HaaNSvewUUTIAeINNEDAY 1N HuUTa0dnAnTes FT-NIR
A v 9 Y a oa Y a ua an .
spectrometer N3 199 INVoyayaroaliians, 153011 nag veuliiansuaz 159011 1ag75 Partial least
. A o S 1w o @ 4 di’ Y~
squares regression Tastsuuuamesimin 8, 7 g 6 MuAIAL gunsanensailsunannusulaa
H ] a o w { a o, e Y
g TaslimanuAanainenmasaeunfsvosmsngaiiuunlyd (RMSECY) iy 0.75, 0.92 uaz
o a 4 a o w g’a 4
0.91% LY ﬁmﬂi%ﬁﬂ‘ﬁﬂﬁi"lﬂﬁﬂﬂ (Rz) 99.44, 99.07 ag 99.19% MUAAU iﬂﬂﬂﬁﬁﬂHWﬂﬁ\‘iﬁﬁﬁﬂﬁﬂ

i 1Fiunuamedmsumstszgndldae T uTssoudlaiudnlends

4
mmdn : adu uileiudnlzvdiuna dessursusamilnInsalndl



Research Title: Feasibility study for the evaluation of moisture content in tapioca starch cake by near Infrared
spectroscopy

Researchers: Panmanas Sirisomboon

ABSTRACT

A feasibility study of rapid predictive method based on near-infrared (NIR) reflectance spectroscopy
was developed to measure tapioca starch cake moisture content. The starch cake samples were scanned by
FT-NIR spectrometer with the wavenumber 12,500-4,000 cm’ (800-2500 nm), micro NIR spectrometer with
the wavelength of 1150-2150 nm and NIR gun with the wavelength of 600-1100 nm and analyzed for
moisture content by infrared moisture analyser. Results of statistical modeling indicated that the NIR
spectroscopy was reasonably accurate in predicting moisture content. The best model was from FT-NIR
spectrometer developed from data sets of laboratory, factory and combination of laboratory and factory by
partial least squares regression where 8, 7 and 6 factors were used respectively. The root mean square error of
cross-validation (RMSECV) were 0.75, 0.92, 0.91% and coefficient of determination correlation (Rz) of
99.44, 99.07 and 99.19%, respectively. The NIR-based protocol developed in this study can be used as the

guidance for further application in the tapioca starch factory

Keywords : moisture content, tapioca starch cake, near Infrared spectroscopy
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2.2 mafiatiesaunlsusaalnInsalni) (NIR Spectroscopy) [3]
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2.3 ﬁé’nmﬁﬁugmmmmém Near Infrared Spectroscopy [3]
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2.7 mmgaaanlglumsiiorsanmsadisanms thuwiie d3auysal. 2556. [3]
2.7.1 anszansmsnaisen (Coefficient of determination, Rz)

uaasdadiuvesnnuulsdsmludoyax Aaunsoetuielasanuuilslsimludoyay Avesr’ez
I 1 v
Wuuaneruemy 81 R =0.97 4d2 R = 0.941 wu18n1u 94.1% vesanuusilsruludoyaX uag 5.9% ves
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Z (Yi _Y)
1
4 VoA a 4

e Y™ Ae mi laninmsunsiziniaail

Y.Pe Ao A laninmssiiuiesie NIRS

n Ao TIUIUAIDEN

M3197 2.1 MiutlannuneveenIR wazR’ (Williams, 2007)

R R ANUHUY
= = ' 9 . .
09 +/-0.5 99025  ldawnsaldluNIR calibration

+/-0.51-0.70 | 0.26-0.49 L?Juﬂ’smﬁuﬁ’uﬁﬁ"lajamimmqNa

+-0.71-0.80 | 0.50-0.64  OK dwsumsAa@on (MUINGY) 081114

+-0.81-0.90 | 0.66-0.81  OK dwsumsnAamon (uuIngu) nagmylszanamodi
N

+-0.91-0.95 | 0.83-0.90 I¥eanusziaszilumstszgndldaulvaisaudansise

+-0.96-0.98 | 0.92-0.96  IHlumstszgnaldaulnaisaudamstsziugaunn

+/-0.99+ 0.98+ aiwoulF lanunnmsdszgna 19
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2.7.2 ﬁ151nﬁaawmﬂa1mmwammﬁﬂﬂnmmammmmiwgﬂmmu”lm%’ (root mean squared error of cross
validation; RMSECY)
. . Y v 1 = v o Aq Y 4 o A [ a L4
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] 9 v
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uazaduuuiaesdlsaIed e iaedudiiedlsdeignivasen lluagiuiinainnuAanataudni
oA o w kS v v o ' 4 o 2 v o ' ¥
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2.7.3 9A51@IUILHIG SEP HU SD (Ratio of SEP to the SD, RPD)
] 13 1
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2.7.4 ANURANIA (Bias)
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a = o "o ° . . d A )
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2.9 MmGuTReTos

Vesela et al., 2007 lanaasamsnfsuna ludu T Tasnuuazanuinlum In 13 Taeldmss iy
ﬂlﬁlx‘lﬂéu Near infrared (NIR) 1@g Fourier-transform infrared (FTIR) ﬁﬂhﬂﬂﬁumﬂﬂﬁg U4 (1100-2500 nm g
4000-600 cm’) malnld 100 fregrgnlFlumsasrunsiaelumsialuiy lulaswu HAZALIY

% ' = J ! A o dy o dy @ ]
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Y
] o Ia
11929 2.42-22.00%, 1uTa519U 0.88-4.48% LATANUFU 1.60-7.80% unuiiaed lagiissounsusaanlnlnya
Y
107 (near-infrared spectroscopy, NIRS) LA NTTOUL A4l Relative root mean square error of cross-validation
(RMSECV) 7.0% (R” = 0.96) dwi5u luaiu, 1.7% R = 0.98) dwi5vTuTlasou, vag 5.2% R = 0.94) d§1150
Y
MUY F1M5U FTIR, RMSECV 10.4% (R® = 0.94) dw5vulviu uag 3.9% R’ = 0.95) dwmsvlulasou
1 < o o 4 [ o g 1 I g}J 1 o
pgelsnamdmsuanudu hildadruuusiass unanuilazlin NIRS WutuaeuiuugihldldmSuna
Y
Tvaiu TuTasou vazanuasulupalnls
A = ax [ L7 Y dy Y A &y
Tualszmaqaju Kawamura et al., 2003 [6] AN1ITMI00 Tua lumsiaanuduvesinmlasniunas
k4 Y
%)TDﬂgﬂﬂ%u Tﬂai%’mﬂﬂmmmu near-infrared (NIR) transmission miﬁ%)NLlflJ‘]Jiha’fN Calibration WUYN
o 49! o a A A 1 dy Aa J Y ant Ay ¥
WannTunnana T MANNTIANVEINAY 825-1075 nm UAZAMIANNTUNIATIZHAWITIATTIU Hafl Ia
o a 4
NMIAFWUVIIABAUVY Partial Least Square (PLS) 18 coefficients of determination (Rz) VOIYANFIU
k4 9
HUVTIABY 0.96 LAz 0.97 dMTUT1enrULaLIINeI¥ Y MUY standard errors of prediction (SEP)
<3 1 ) ) o 4 ¥
0.70 112 0.50% Wavsamsnaasaaad iyl NIRS anunsornlddmsumsmanusuvestnulaonau
9 9 dy 9
wazinaeula
k2
Miralbes, 2004 [7] 333 l#nalulad NIRS Saanuruvewiliand Tasihdiedauilaandnnlsed
A AuNIaanASuLLY NIR transmittance NF9AAU 850-1048 nm N9 2 nm A1INLLUTIADI IHAIUIG
9
MANVFUABUVINA TABA1 R'=0.99 RMSECV=0.13% SEP=0.15 118 RPD (Ratio between standard deviation of
. . g’/ dy Y [ ] 9 1 1 Yy Y g’/
prediction set to SEP) = 4.9 natlagilldnmanadoudrednauilalasnmsdeing NIR ensolidoyananig
menuazansuzmaaiivesiiegauil Idnenmnadmsumsniuquasnmlugaamnssy
) Y
Camps et al., 2011 [8] 1@Wann near-infrared spectroscopy (NIRS) iensvaey ANy luuilanie
0311 Artemisia annua (A. annua) lagdi@19813 60 @reealedmsuadauuuTaeuy PLS uay 90 40
o [] ) v A 4 o o 4 o 1 ) 1
Megndmsuigninuusiaes uuuiaesnnuduiue lauiudiiini R = 0.99 RMSECV 1ag RMSEP 0.8%
1A 1.4% Aua1aL

=

a g 1 o <3 a A A

Hayashi et al., 2013 [9] Anmimsiszitiulsmanisgniemsiudaweuda ls TuraniuTae5gd

ladfiua 1ag near infrared (NIR) NFMAAY 1800-2000 nm LazIZaNadnI1MI0UURIAIN WUIULUTIA04
1 Y o w <3 1 a 4 )

PLS regression A1 R” 1tag RMSEP 11101 0.806 tag 1.0549 auday taaslvmiuiumatiaiienunsosimnld

MUAUNTZUIUMT I8
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3.1 MIALUAIDL T IHSUNMINAAD

Y] ) v H o o [Y) d
3.1.1 mamssnimsgadnsun il 1dlumsasoaeuanuvyuveailaiudiledavananmiias
durlsusaanlnInsalni) (nsdinaasslusiesfinms)

Y v
VUADUAINING 3.1

- -~ e - ~, e -~ e ~,

wilagiu U%’Uisﬁu NIR " Moisture Chemome-
dUznag AU scanning measuring tric
. uladiu - Uuseau - nanasy . AT - o
ARV AU Zel RN 289 TUsunsy
1A T FT-NIR o] The Un-
15997U UANKS spectro- NUNTT scram-
o o - meter,
wiegiu AU NTE MicroNIR N bler way
WELWTYS NAaodlu o Rl EREY OPUS,
BN meter uay PPRIGELN Tunis
UURNg FQA-NIR moisture GEAN
Gun analyzer luea
A A | o A A\ A L /

A 2 A Y dy Y o o @ Y A da ~
NN 3.1 TunpuMInaasunemMIiaaNuruveilaiudnlzndmmnamenissounsusamilnInsalndl
ludoalfiams

o o @ o { a { 1 [ o I
wdlaiudnlzndenniuimswaaiuanaien (11, 12, 13 wag 14 SuAY 2012) QRINUTIVIINGN
Tseow  wdlaiunaansssinaludunenuesinsemn  swwiadogil dszmalne naudedisngniiilds

dAv A Ia G a v a
guéttatigioususaanlnInsaInluewanaanamsnbasuazeImls  HangasIAINIININEAT a1
a 4 a J @ @ @ ] @
ANTTuATeINa Auzdmnssuendas aoniuma Tuladnszaomndudiguninsaiansziiy aredrulaiu
) [ [ = [ v dy 9 1 [} [ dy
dnlznas 25n5w) Imsisuszauanurulduanaanuasl (12.5, 15.75, 19, 22.25, 25.5, 28.75, 32, 35.25,

v 3 g 4 v 4 v o«
38.5, 41.75 wag 45%wb) Tagnaunvihnaulsmm Q Adwialdanaumsi (3.1) Aregaz 2 o1 ol
ya  a o ¥ . ya 2Ly g Ay 3 ¥ .
gwilunar 24 sy, nawnnhesnnngiiu 1nenengargives 25:1°C Yszana 2 91 miniduh
o Y o o o A o ¥4 Y Y Lo Aa Y 7 A
arednaulaiudnlzrasnmaniuinauualaaluauund (Peti dish) NTVMIATUAIGUINAN 15 mm (WD

1 9 F4 ] v ~
i launudrenduiiosounsusa naiildiasera IWih (BX300, Shimadzu, Japan Auaziden 0.001 g)
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0- Wi(mf —mi)
| (100-mf)
de  Q = USinauihiidiesnns
Wi =thmtiniduduressedng (g)
Mi= ArudusSuduressiegns (%wb)
mf = mm%uqmﬁwmmﬁ’qasm (9owb)

3.1.2 masausegsmnsumsanmanudulfldlumsaseaeuanuruveauiliiuailzvasanadoe
da Y] H
wgsdunsusamnInsalnil (nsaifled1ailseany)

Y v
VUADUAINING 3.2

—_— — —_— ——————, —_——
I \ / y f 3 / y . \

wilaglu ASAUY NIR Moisture Chemome-
duznag 79819 scanning measuring tric
o uilesiu . 1AUfeEI - nannsu . &hagjqqﬁ o 1%
d1uznag uts uis nIBLATDY NIUNTT Tusunsy
N e SR ALNUIN The
(UsLauneu spectrome- A p
T5997U . WA Un-scra
ot LWILRNBU) ter, &
U TGETRININ, MicroNIR ﬂr‘nmj‘l m-bler
Jaos ter uay moisture OPUS, Tu
NAI2N FQA-NIR analyzer QUEIERN
cyclone Gun Tuaa
separator)
\ / \ y, \ y, \ Y, \ y,

9

A g’./ 4' @ dy Y @ [ 9 A JIda =
NINN 3.2 VUADUNITNADDUNDNITIAAITNY U vouuilaiuddenasnmamaitosaunsusaa IntIulseau

< o ' Y o o o A A Y| A U 9
msnualedaniluiudienannlumenssaanswuilavnausnaaenunouduneuLas

% [ v o a

V3nu1anenaann cyclone separator 1u15901u uileiunaunyssinalusunonueaiiszmi saniatoni

u
kY

Uszmelne Tasussylanassnaradn udnih lldsiewljruanmsveslsenu Ngumvgiivies 25:1 °C 9w

o I v o (% J .. { 1 J 4 o 4
aegrailaiudnlenaslaaclunuuna (et dish) Aviadurguana1s 15 mmior ldaunudonan

A Jda
Wwesounsusa
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o

d' Y Ly o [ d' < o [y
NINN 3.3 !L‘]J\nluﬁ’]ﬂ3ﬂaﬂﬂgﬂlﬂﬂﬁ’]ﬂiﬂﬂ']fﬂi“l/lﬂﬁi’N

Y .é AN da

3.2 ﬂ1§ﬁ!!ﬂuﬂ')ﬁlﬂau!‘“ﬂiﬂ‘“ﬂi“iﬂ
gilnsal
1. 15049 FT-NIR Spectrometer (MPA, Bruker, Germany)
2. 1AT99 MicroNIR Spectrometer (JDSU, USA)
310504 FQA-NIR Gun (Fantec, Japan)
4. 1uni (Petri dish) ATVIAEURIFUINAI 15 mm
as
A5NITNADBDN

Saa)nasulaeldaTes FT-NIR spectrometer (MPA, Bruker, Germany) 41U reflection mode N9

A -1 a -1 ' v 9 3

ANY1INAY 12,500-4,000 cm (800-2500 nm) ANUALOIANITTUNY 16 cm TﬂﬂﬁllﬂuW’]utm'} 6],6]51/]@%1]1‘!

[ Yy Aa

TaR81999 1aLIATOd MicroNIR spectrometer (JDSU, USA) WU reflection mode NFIANNINAUTLHIN

q

1150-2150 nm A9 7 nm Integrating time 100 Ws (Tagaunuruuni uazaunuiammiiuilalaonse) uay

GEGN FQA-NIR Gun (Fantec, Japan) L4111 interaction mode N929ANUIAAY 600-1100 nm ANVALIDYA 2nm

v Y a A

. . . v < 9 { o ' ¥
integration time 10 ms 1% Polystyrene Hudens1994 N5z 5 mm wilevinuileaunuialedisas 2

q
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l U A N

2A 3.4 Apgnensaunultesiud1Uenad n. MicroNIR spectrometer aunuimaviutl 2. MicroNIR spectrometer
AUAUNIULA A. FQA-NIR Gun 3. FT-NIR spectrometer

3.3 msiannuru

4
gUnsal
1. 1A594 Infrared Moisture Analyzer (HB43-S Halogen, Mettler Toledo, USA)
2. ﬂWﬂ’OQﬁLﬁ 8% (Aluminum sample pan) & 50197 01A504 Infrared Moisture Analyzer.
ady
IINITNAADN

o w 1 i a é’ 4 .
1A NAUMT AN UIED 5g lﬂ’m‘liHﬁlﬂﬂu%uﬁlﬂlﬂ%ﬂﬂmmsmre analyzer (HB43-S Halogen,

v A sol o v
Mettler Toledo, Switzerland) Ngav9i 130°C 3UHM1NAIN

a ¢ o \ a v
3.4 M3ANTIZHMIDEIINBEHONNGN
a Jd dy o Y @ 0 v A 1 .
TumsInsIzHmMANusL 1INMInaasIduudeIdamuaIUNNAILONNQY (Outlier) BNIINHA
MINARY Fo1RAINAIed 1 luaiiiaue wiamavnnanuranaalunszuIUMINAGY FIAI0E1NHIY
! 9 9
MIATINADUAIRIIANMITN 3.1 HAITUIZADTAI0G 1UFI £3 MIndiareguonsIeaIna1ItiaoIdnoonIIn
NENINTIZINAINAI0E1HAUNA WionannaANuHanaalunszuIUMINARDY
(Xi — X)
SD

A A VoA 9 ast 1 % [
¥\3] X, ‘ﬂ’f)ﬂTVI‘I’iﬂﬂi]"lﬂ’J‘ﬁﬂJW]iﬁ"lHLL@ﬁ%@’J’E)EJN
A
fl

<43 3.2

X

a
DAUNAY

SD AeAtdeuuuIAT IUYDIA0019
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3.5 mydAnzianyazvesalnay

msTinszialna3unafu (Raw spectrum) nnfammsgadunaulugissiuauadusEig 12500-
4000 cm” (800-2500 nm) @glj’JEdei"fN FT-NIR Spectrometer Lﬂ%im MicroNIR Spectrometer (JDSU) (1150-2150
nm) uazm%q FQA-NIR Gun (Fruit Quality Analyzer) (600-1100 nm) voudlaiudizndanina winsen

PnwauMIaadupduusngluanasy lneinnsanivaenadesivesduseneunilusduiudUsnamun

3.6 MIa3 1AM IuMsmng

3.6.1 Msadaumsmsinngd@msudeyayarios fiiams

U Q

o o v v 1 a . (% o -
ﬂ15ﬁ%}1\1ﬁ1|ﬂ131/]TL!WGﬂWIﬂﬂﬁ%}WQﬂUWNﬁﬂJWH‘ﬁ'iZW’JNGﬁ}leJ"ﬂLGKQLLﬁQ (optical data) NUFNUS ﬂ'JﬁJ‘?fL!

1a875 Partial least square regression (PLSR)
1471/51n51 OPUS version 7.0.129 lénudeyafaunuaieniod FT-NIR Spectrometer 131 15403a1%

X g9

(% d' = [ (% A d' = 1Y [ t&l 9 as
LLE (ﬁl‘].]ﬂ@]il]) ‘1/]‘llJlJﬂ']'ifﬂﬂﬂﬁﬁlﬂﬂ@ﬁmﬂﬂﬂ@uﬁi@‘ﬂﬂﬂ']'i(ﬂﬂﬂ"liﬁlﬂﬂﬂﬁumﬂxmujﬂﬂﬂ‘ﬁ constant offset
elimination, straight line subtraction, vector normalization (SNV), min-max normalization, multiplicative
scattering correction, first derivative, second derivative, first derivative + straight line subtraction, first derivative +

SNV g first derivative + MSC

= Yy

uaz 11/50n53 The Unscrambler 9.8 ”l%’ﬁ’u%’aua%mmummﬂ%q MicroNIR Spectrometer (JDSU) Lo

G

Y
14

) Y v
1A509 FQA-NIR Gun (Fruit Quality Analyzer) MaillddoyaFuas (alnasu) Alidimssamsanlnasy
X g9
BIRNGH
a o o Yo . A Y o o A o A A
vigninuudaoalagldis full cross validation e lanuusiassrzaa@onuuuTassnangalag
(] 1 Y 4
NAITUIDINAN root mean square error of cross validation (RMSECV) ﬁmﬁtm NnuIIUNAm Mdulseans
v Aa 1 y a § o w a 4
M3aaduly (coefficient of determination; R’), A1T1INNABIVOIANNHANAIARAGINAIAIADIVDINITNG V1
upy lud (root mean squared error of cross validation; RMSECV), MANUAANAIANAY (bias), NUIUAAY
A149) 1aEITUNNAT Regression coefficient 11a2 X-loading weight NTIUIUAAUANE 130 ANBIIATUAII
b4 o o Y
3.6.2 MIaFNauMIMIINenHsudeyayalssny
o o v o J ' a . [ wa g
msadnaumsiueiilaoauanudunussenidoyaBuas (optical data) NUENLA ANUFHY
1a875 Partial least square regression (PLSR)

o ¥ Yy

. Yo Y 4 v A 2 a
1471/51n51 OPUS version 7.0.129 lénudeyafaunuaieniod FT-NIR Spectrometer 131 1540313
[ d' = [ [ da' 9 A d‘d [ [ dy 9 asy
were (alnasy) A lulimstamsanlnasuiesdunsentimstamsanlnaiuiioduTaeds constant offset

elimination, straight line subtraction, vector normalization (SNV), min-max normalization, multiplicative
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scattering correction, first derivative, second derivative, first derivative + straight line subtraction, first derivative +

SNV gy first derivative + MSC
9 A

#9507TU5005Y The Unscrambler 9.8 l¥iuvoyanaunuaeinsed MicroNIR Spectrometer (JDSU)

U
v

118%1AT4 FQA-NIR Gun (Fruit Quality Analyzer) et 1¥¥oyaiauas (mnasy) Alitimssamsalnasy

E1)

A3

dy 9 A Aa [ [ dy Y any . . . . .
iWesnursonImsamsalnasuiiosdu Iaeds Savitzky-Golay Smoothing (11 Points), Normalization,
Baseline Corrections, First Derivatives (11 Points), Second Derivatives (11 Points), Multiplicative Scatter
Correction (MSC), Standard Normal Variate (SNV) 121g Detrending

a s o gy . A Y o o A o A A
ﬂ$WQﬂuLLUU%1ﬁ@QIﬂ81%3ﬁ full cross validation HJ'E'J[IW,!‘]J‘]J"I]'lﬁ’t’]\ﬁ]zﬂﬂla'ﬁ]ﬂ!iﬂﬂﬂ’lﬁ@ﬂﬂﬂﬂﬁf‘fﬂiﬂEJ
[ 1 9 g
NAITUIDINAN root mean square error of cross validation (RMSECV) ﬁmﬁtm NnuIIUNAm Mduseans
v Aa 1 y a § o w a 4

M3daduly (coefficient of determination; R*), A11INNABIVOIANNHANAIARAGINAIAIADIVDINITNG V1
upy lud (root mean squared error of cross validation; RMSECV), MANUAANAIANAY (bias), NUIUAAY
A149) 1aEITUNNAT Regression coefficient 11a2 X-loading weight NTIUIUAAUANE 130 ANEIATUAII

v o o v Y 4 a wAa
3.6.3 ﬂ1§ﬁ§]\1ﬁ3~lfﬂ§ﬂ]§ﬂ1u1ﬂﬁ"ﬁ’ﬁ‘uGllﬁ]ﬂﬁ‘gﬂﬂﬂﬂﬂﬂﬂﬂﬂ1§!!ﬁgiﬁﬂﬂ1u
o o v o J 1 a . v A f
ﬂ"lﬁﬁ%j%iﬁllﬂ13‘VITL!"IflTl"ITﬂEJﬁ%HQﬂ'ﬂllﬁllWH‘ﬁﬁgﬂ'J"I\Tﬂ?ﬂﬂ;l}ﬂl%\ﬂlﬁ\i (Optlcal data) AUAUUA mm%u
1a83% Partial least square regression (PLSR)
[l y 9
14 T15un351 OPUS version 7.0.129 191A309 FT-NIR Spectrometer 9194 14 oyaiFaes (ailnasy)

A (=) Y o dy Y A AA Y [ dy Y an .. . .
‘I/]hinJﬂ'liﬁ]@ﬂ'lﬁﬁl‘]JﬂG]iiJl‘]Jﬂ\iﬁuWiﬂﬂiJﬂ'ﬁﬁ]@ﬂ?iﬁlﬂﬂ@iﬂlﬂ@ﬁ@uiﬂﬂ?ﬁ constant offset elimination, stralght
line subtraction, vector normalization (SNV), min-max normalization, multiplicative scattering correction, first
derivative, second derivative, first derivative + straight line subtraction, first derivative + SNV Ul first derivative
+ MSC

150715153 The Unscrambler 9.8 197 11A589 MicroNIR Spectrometer (JDSU) tiagtA304 FQA-NIR
v 9 H 9
Gun (Fruit Quality Analyzer) et 1doyaiFaas (mnaiu) A lulimsianmsanlnasudesdu

a 4 o Jaxy . . A 9 o v A o Aaa
ﬁ]$WQﬁ]HLLUUﬂ1ﬁfJQIﬂEJElGH'Jﬁ full cross validation lﬂJf]UlﬂL!‘UUﬂTﬁfNﬂ%ﬂﬂLa@ﬂLlUU%Tﬁ@ﬁﬂﬂﬂq@IﬂfJ

g
a A

(] v Y
NA1TUIVINA root mean square error of cross validation (RMSECV) ﬁﬁwﬁqw NMivIzuNAm mdulszans

a

msaaauly (coefficient of determination; R’), A1 IANEDIVDIANNNANAIAMALYNAAITDIVDINTNFIY

QU

A

uuy'lad (root mean squared error of cross validation; RMSECV), AMANVAANAIARDY (bias), AUIUAD

A199 azE9TUNNAT Regression coefficient a2 X-loading weight NT1UIUAAUAI 130 ANINAUAINE
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Y o [ v Y Y k4 Y Y
3.64 fniﬁiNﬁTNiﬂiﬂ13‘VITM1fJﬁ]‘ﬂi‘uGllE]3Jﬁ‘liﬂ!!‘IJQ!!‘Yix‘i!!ﬁ%‘liﬂ!!ﬂﬁﬂu1ﬂﬂ1ﬂmﬂyﬁﬂlﬂﬂiﬁﬁﬂ1u

_Y Q Q

9 a

o o v o J 1 . (% o ¥
ﬂ"liﬁ'%}Nﬁllﬂ”I3‘VITL!"IEJTI"ITG]EJE‘T%}Nﬂ’NZJﬁﬂJW‘L!‘Hizﬂ’JNEU’EH;‘IEIL‘INLL?N (optical data) NUANUS ﬂ’J”IEJ%‘L!

1a83% Partial least square regression (PLSR)

9 = 31/ 9 a

[ Y
147151053 OPUS version 7.0.129 1¥nudouanaunuaiensod FT-NIR Spectrometer 11931 1954 01a1%
P

U k1)

Y A = [ Y] d" Y A A [ [ dy Y an
ued (alpasy) nlulimssamsan)nasuiesdursenimssamsa)nasuiieadu1aedT constant offset

elimination, straight line subtraction, vector normalization (SNV), min-max normalization, multiplicative
scattering correction, first derivative, second derivative, first derivative + straight line subtraction, first derivative +
SNV i@ first derivative + MSC
a o o ya A 9y o v A o A A a 1
ﬁ]%WQﬁ]HLLUU%1ﬁ@QIﬂﬂﬁl%’Jﬁ Test set LﬂJ’fJhlﬂll“]J“]J%Wa’ﬂ\ﬁ]%ﬂﬂLﬁf]ﬂLL‘U‘UﬁﬂafNﬂﬂ‘ﬂE]@Iﬂil“l"ﬁ]ﬁﬂﬂﬁﬂﬂﬂW
o v Y 4
root mean square error of estimation (RMSEE) ﬁﬁmqm NMiuIziuNAa adulszansmdaaula
. . . ' { a { o o a 4
(coefficient of determination; Rz), mﬁmﬁaawmmmvmwmﬂmﬁﬂﬂﬂmmﬁawmmﬁwqﬂu (root mean
squared error of prediction; RMSEP), A1ANAANGIARAY (bias), LaZ DATIAIUTTHINMANNUAANAIARDY
AUANDIUIUIING 97U (ratio of standard error of validation to standard deviation; RPD) nazduiunnm
. . . . t:‘ o tﬁ' 1 A d’ 1
Regression coefficient L0 X-loading weight NITUIUAAUNT) Y159 ANNUYIINAUANNE)

#1150 T1511n5Y The Unscrambler 9.8 1¥111A509 MicroNIR Spectrometer (JDSU) HAZIAT DY FQA-NIR

aQ

. . ¥ g oy a o AN 1 o o A 9 A
Gun (Fruit Quality Analyzer) MatilddoyaFauas (alnasy) Nlulimsvamsmilnasudesdu msngau
o ya . . A Y o o A o Ao A a J
uuusiaes 1935 full cross validation 1o lauuuiavsazaa@enuuUTIneINaNga IasW15U19INAT root
1o { 2 1 1 % a QJ v Aa
mean square error of cross validation (RMSECV) fishiiga 9inuuaziiuiinar miduiszd@nsmaaadule
[ { Aa { o w a o
(coefficient of determination; Rz), mimﬁaawmmmwﬂwmﬂmﬁfJfJﬂmmaawmmiwq%mmﬂmfi’ (root
mean squared error of cross validation; RMSECV), A1AUAANAIAIRAY (bias), N1UIUAAUA1 tazdatiuin

A1 Regression coefficient 1182 X-loading weight NT1UIUAAUAIE) HIO ANETINAUAINE
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UNN 4

a v
Nan133v8

a d &'
4.1 HAMIANTITHANNTY
{ < 1 aa g v o v Ao a,
A195199 4.1 waaaldidudsmmeadavealSuannuiu (%wb) voauilaiudlzvdinialaeds
3 9 Y a o 9 Y J 9 '
wmasgunmsnaasailuveyaved vieslfians, Issnu, utlwmsluavveslsanu, uilvunaluaiuy

o3 159011 ag Heslfuanmssawnulssnu minmsasndeumusnngunu lilisuenngu

v b v
M99 4.1 AmuataveslSunannudu (%wb) vowduindnlendinialasitinasgu

sqﬂsﬁmga No. of Calibration set No. of Prediction set
sample | Max | Min | Mean | SD sample | Max | Min | Mean | SD

iosUjUAn1s | 88 | 44.28 | 11.64 | 27.95 | 10.13

159914 128 36.05 | 12.26 | 22.59 | 9.64

IS 64 13.90 | 12.26 | 13.05 | 0.43 32 13.9 | 11.92 | 12.88 | 0.42

(53971)

wdanunn 64 36.05 | 28.18 | 32.14 | 1.70 31 38.07 | 30.27 | 32.44 | 4.48

(l53971)

WesUURn1s | 216 | 44.28 | 11.64 | 24.77 | 10.18

wazlseeu

4.2 apyazveaalnnsy
Tumsiasgrvan)nasumasveauilaiud /e naa 91719799 MicroNIR Spectrometer (JDSU, USA)
Tasmsaunuiianiindlalnenss i wavelength 551319 1100-2050 nm (MW 4.1) wuwilaiudalevidad]

o A A o o ¥ A Ay Y v Y 1
NIIPAFUAAUN wavelength A8INUNN 2 YUA ﬂ@LL‘]JQﬁiJ']ﬂLLﬁ%LHJQLmQ llﬂLLﬂ 1450, 1867 1tag 2000 nm

27



0.7 T N~ T
S ) 8&
N\ Q<
RS2 / l \ -
0.5 | >
X 8 /A TN
Q I
£ 0.4 = AR A\
2 0.3 = -
o
< /
0.2 ——
0.1
0
1100 1300 1500 1700 1900 2100
Wavelength (nm)
= Starch cake Dried starch

MW 4.1 ALV NATUIINATEI MicroNIR Spectrometer (JDSU, USA) aunuiiininuilaIasass

Tumsinnevan)nasumasveanilaiudznds 9119509 MicroNIR Spectrometer (JDSU, USA)
TagmsaunurIuLda fl wavelength 531319 1100-2050 nm (0 4.2) wuwdlaiudulznaalimsgaduaan

[ 9
1 wavelength 1R827U14 2 ¥iia Aeudlevanauazuilaurte 181 1450 wag 2000 nm

0.7 0 L
T N o O
5 2] gg
g A5
° 0.5 S wn 0
3 (] [ 9\
s 0.4 I A\ y
S /TLZ /
203 v i\\/' —|
<02 —_— i
0.1
0
1100 1300 1500 1700 1900 2100
Wavelength (nm)
= Starch cake Dried starch

MNN 4.2 ﬁﬂEﬂ!zﬂlﬂdﬁLﬂﬂﬂ%ﬂJMﬂLﬂ%m MicroNIR Spectrometer (JDSU, USA) ﬁuﬂmhuuﬁ'a
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a 4 % { o o [ 4 4
Tumsianzian)nasumasveanilaiudilznda 91019599 FQA-NIR Gun (Fantec, Japan) 1
p
1 d‘ 1 9 7 o v A % d’ d‘ = % g’/
wavelength 324319 6001100 nm (21 4.3) wuuilaiudnlzrdalimsgadunaui wavelength 1AEINUNG 2

¥ila aouilavunauazuilansia # 990 nm

990
STARCH

Absorbance
S
w
|

600 700 800 900 1000 1100

Wavelength (nm)

== Starch cake Dried starch

PN 4.3 anYULYa)nATUAINIATEY FQA-NIR Gun (Fantec, Japan)
Tlumsinneran)nasumasveanilaiudenda 1A5e9 FT-NIR Spectrometer (MPA, Bruker,

Germany) 1 Wavenumber 3517314 12500-3600 cm” (7MW 4.4) wuuilaiudinlevaaimsaasunaui
y q

wavelength 18837 UN3 2 yHaAeuilarunanazuilanan 6900 cm™ 1ag 5145 cm™ (1450 nm 1ag 1940 nm)

45 o)
4 T )
35 eI QE
c O — C
3 o XX w o
0 < g
o 25 S &)
(&) -
c S0
g’ 2z |y
S 15 ©
g
Y
05 e JID
0 ! i | |
13000 11000 9000 7000 5000 3000
Wavenumber (cm-1)
= Starch cake Dried starch

/A 4.4 anbuzveealnasuaINATed FT-NIR Spectrometer (MPA, Bruker, Germany)
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4.3 HAVBIMITMUIYVBIUVVIABY
o dy Y o 9 [ A = [ o 1
wamimmﬂmmwiuuﬂwumﬂwmuﬁﬂﬂumﬂm 4.2 GUTAINANTITNIUIIGUDILV VDD AN
R’ UA10432HIN 27.16 % 1oz 99.44% lauiA509 FT-NIR Spectrometer N¥39AAY 5400-9400 cm’ 1#
o oA ¥ Y Y a oa Y a oa an
ﬂ’ﬂi]’t?ﬂll15ﬂGlUﬂ13%1“18@1’1@1@%@1“%@@@‘];@1’1ﬂﬂﬂgﬂ@]ﬂﬁ Ti\NTL! Lag wmﬂgmmmaﬂawm Iﬂﬁl')‘ﬁ
A o J 1w o w t4
Partial least squares regression Taeiduuuamesmny 8, 7 Az 6 MuMAY aunsonensallium
g a)ddl = a o w A a o'dy U [ Y

mmw“lmmqa TﬂfﬂJﬂTﬂ’ZﬂﬂJWﬂWﬁTﬂﬂﬂﬂTﬁ\iﬁ@ﬁma‘EJEIJ’ENﬂﬁWQ'fﬂuuLLU‘U'l‘U? (RMSECV) 101y 0.75, 0.92

[ a 4 a o

1ag 0.91% Lagy gudszansmsnoisan (Rz) 0f 99.44, 99.07 118 99.19% MUA1AU
v 4
NN 4.5-4.24 ZUHAIAT Scatter plot, Regression coefficient plot Lia X-loading plot FMTUANUFU

youdlaiudilzndmmannyadoyaluioliians Taenmi 4.5, 4.6, 4.7, uaz 4.8 udaq Scatter plot NN

=

N 4.9, 4.13, 4.17, oz 4.21 UdA3 Regression coefficient plot FM5TUATEY MicroNIR spectrometer qunun
Amthudle, 10399 MicroNIR spectrometer @AUFIULN, 1ATBY FQA-NIR Gun 1agiA389 FT-NIR spectrometer

o U ]

o . I 4
AUAAY 71150 X-loading plot R0 4.10, 4.11 uaz 4.12 Lﬂuslgﬂsﬁ’ayjamﬂm%a MicroNIR spectrometer
Aa Y 9 A 3 9 A . ] Y
aunuNAIMINe n1nn 4.14, 4.15 uag 4.16 Lﬂuﬂgﬂﬂlﬂﬂsjﬁﬂ”lﬂmi’t’)ﬂ MicroNIR spectrometer €LNUNTULLND
= < 9 4 = S 9
NINN 4.18, 4.19 L1ag 4.20 Lﬂuﬂ;ﬂﬂl’t’)ﬁsjﬁﬂ”lﬂmi’t’)ﬂ FQA-NIR Gun UagZNTNN 4.22, 4.23 Llag 4.24 Lﬂu“ljﬂsllﬂisl‘ﬁﬁnﬂ
1A509 FT-NIR spectrometer
[ 4
NN 4.25-4.44 211dASAT Scatter plot, Regression coefficient plot (Lai¢ X-loading plot dmsuanuruy
youduiudulzndunnannyadoyagadoyalssaiu Taenwi 4.25, 4.26, 427, uaz 4.28 LAAI Scatter plot
7NN 4.29, 4.33, 4.37, Llag 4.41 Lead Regression coefficient plot FMTVIATO9 MicroNIR spectrometer dunui
Amiiuile, 10309 MicroNIR spectrometer aAUEIULAD, 1ATB9 FQA-NIR Gun 1a¢iA3949 FT-NIR spectrometer
o v o o . { S § .
AUAINY d113U X-loading plot NN 4.30, 431 uay 4.32 Lﬂuﬁgﬂ%’ayammﬂ?m MicroNIR spectrometer
Aa Y ~ < Y} A . ' Y
FuAUNAIMIIY n1wn 4.34, 4.35 uag 4.36 Lﬂu“ljﬂ*ll@%ﬁ%1ﬂ!ﬂﬁﬁ)\‘l MicroNIR spectrometer @LAUNTULIND
= < 4 { <
NNN 4.38, 4.39 1182 4.40 Lﬂuﬁgﬂﬂ’@yammﬂ?m FQA-NIR Gun Uagn Wi 4.42, 4.43 Lag 4.44 Lﬂuﬁlgﬂﬁ’ayamﬂ
1389 FT-NIR spectrometer
v 4
NN 4.45-4.64 VSUAAIAT Scatter plot, Regression coefficient plot L6 X-loading plot FHTUANUFU
youdlaiudlzndmmanngadoyalssnu @il Taen i 445, 446, 447, 448 uay 449 udea
Scatter plot NIND 4.50, 4.53, 4.56, 4.59 g 4.62 LAY Regression coefficient plot FMTUATEN MicroNIR
spectrometer aAUNAINTT, 19599 MicroNIR spectrometer ALAUAIUIAT, 1AT09 FQA-NIR Gun HaziA3 04

FT-NIR spectrometer AUAIAY T X-loading plot NN 4.51 1ag 4.52 Lﬂuﬁﬂ%’egamﬂm‘%m MicroNIR

i . < : ,
spectrometer aununAmidls ami 4.54 1ag 4.55 Lﬂu%ﬂ%ﬂiﬂﬁmﬂm@@ﬂ MicroNIR spectrometer @LINUNIU

30



L!fgl}’J ﬂﬁ/‘lﬁ 4.57 1ay 4.58 L“]i_]uslgﬂ‘lal)’f)uuﬁﬁ]'lﬂlﬂdﬁlﬂﬂ FQA-NIR Gun uasmwﬁ 4.60, 4.61, 4.63 L1ag 4.64 L‘ldjusljﬂ
%}@Hamﬂm’ém FT-NIR spectrometer

mwﬁ 4.65-4.83 UAAIA Scatter plot, Regression coefficient plot L6 X-loading plot ﬁww%’umméﬁu
m'eNLL%’Jqﬁufch‘ﬂzwéﬁwummﬂyﬂsﬁ’agaiimu Lilavune) Taoa 4.65, 4.66, 4.67, 4.68 LAY 4.69 LTAAY
Scatter plot ﬂTW‘ﬁ 4.70, 4.73, 4.76, 4.78 1oz 4.81 LA Regression coefficient plot ﬁWﬁgiJLﬂdi‘ﬂQ MicroNIR
spectrometer aunuinTnils, 19399 MicroNIR spectrometer @ALANUIRY, 17309 FQA-NIR Gun HAZIA3 04

J o o

[ { I 4

FT-NIR spectrometer 11081910 113U X-loading plot AN 4.71 uag 4.72 Lﬂu%ﬂ%@yjﬁmﬂlﬂ%@d MicroNIR

Aa LY A 3 9 A . '
spectrometer quaunFIMIils Mwh 4.74 wag 4.75 Lﬂuﬁg@may‘aﬂwﬂgﬂiaq MicroNIR spectrometer fHNAUNIY

FY = < ) 4 = < )
NI NINN 4.77 L‘]Ju“];ﬂell’f]yjﬁinﬂ!ﬂiﬂﬂ FQA-NIR Gun HAZNNN 4.79, 4.80, 4.82 1ag 4.83 Lﬂuﬂgmay‘amﬂ
1589 FT-NIR spectrometer
[ Y
NN 4.84-4.103 9ZUEAAIAT Scatter plot, Regression coefficient plot g X-loading plot 1% SuANUTY
Y v o @ 9 9 a ua ~
ﬂlemﬂmumﬂzWmwmmmmmayjaiuwmﬂgmmmaziawm Taen1nh 4.84, 4.85, 4.86 1A 4.87 LA
Scatter plot NIND 4.88, 4.92, 496 Uy 4.100 dAY Regression coefficient plot #MTUIATS MicroNIR
spectrometer anUNAINTNLI, 1A599 MicroNIR spectrometer ALAUAIHIAT, 1AT09 FQA-NIR Gun HaziA3 o4
o w ) @ . { I 4
FT-NIR spectrometer ANA1AU #1131 X-loading plot NN 4.89, 490 uay 4.91 Lﬂmg@eﬁ'aa%lammﬂ%a
{ A A 3 4

MicroNIR spectrometer atnufidIviwdle nwil 4.93, 494 waz 4.95 Wuyadoyasnnios MicroNIR

] 1 I 4 {
spectrometer ALAURIUIAY AW 4.97, 4.98 uag 4.99 Lﬂusgﬂ%’@u“ammﬂ%m FQA-NIR Gun 4agn 1w 4.101,

< .
4.102 1iag 4.103 Lﬂwgﬂﬂi’egamﬂgﬂ%q FT-NIR spectrometer
4 : _ . 4 4 0 dad  dyy A
NATNN 4.3 UAAIAT Regression coefficient VIQ’\TVIq@‘lJENLLUUﬁﬂa’ENVI@VIq@ﬂ‘lﬂ%TﬂLﬂﬁﬂ\iﬁlﬂﬂIﬁi

a g ' f o o [ . . =
m@aﬁmmmmmﬂam%u“luu‘i’jwumﬂwm NAVDI regression coefficient E]ng‘I?I 990, 1450, 1540 1tag 2000 nm
(FQA-NIR Gun N 990 nm, MicroNIR spectrometer (ﬁLLﬂ‘LlW'WuLLfSﬁ) N 1450 uaz 2000 nm, MicroNIR

Aa Y, = A A
spectrometer (mmummwmuﬂﬂﬂﬂma) N 1540 uag 2000 nm UagtAIO3 FT-NIR spectrometer 111450 g

' { < 4

1540 nmuazmmi@ﬂﬂﬁuumﬁ 990, 1450, 1540 1@z 2000 nm WumMduazieuveuil [4]ﬂ"|igmﬂﬁuum

YBIU1BEN 1450 11 1940 nm [4]
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M13197 4.2 #NAaNTIIUEUDIUUTIA0

Spectrom Wavelength/ Data set Pre treatment | Rank Calibration set Prediction set
eter Wavenumber R’ RMSECV |  Bias R’ RMSEP |  Bias
/RMSEE
MicroNIR 1100-2050 nm Lab Raw 94.31 2.42 0.01
Spectro- 1100-2050 nm Factory SNV+ 97.61 1.49 0.01
meter DETRENDING
(JDsu, 1100-2050 nm Dried starch Raw 10 31.28 0.35 0.00
USA) 1100-2050 nm Starch cake | Raw 6 38.49 1.33 0.00
aunui 1100-2050 nm | Lab and Raw 5 92.60 2.77 0.00
Rantula Factory
QEIES
MicroNIR 1100-2050 nm Lab Raw 95.70 2.10 0.08
Spectro- 1100-2050 nm Factory Range 97.44 1.54 0.01
meter normalization
(JDsy, 1100-2050 nm Dried starch | Raw 7 32.54 0.34 0.00
USA) 1100-2050 nm | Starch cake | Raw 32.06 1.42 0.01
aAunuE 1100-2050 nm Lab and Raw 6 93.70 2.55 0.00
A7 Factory
FQA-NIR 600-1050 nm Lab Raw 81.40 4.38 0.09
Gun 600-1050 nm Factory SNV+ 4 91.45 2.82 0.03
(Fantec, DETRENDING
Japan) 600-1050 nm Dried starch | Raw 9 27.39 0.36 0.00
600-1050 nm Starch cake Raw 27.16 1.45 0.02
600-1050 nm Lab and Raw 83.68 4.11 0.01
Factory
FT-NIR 5400-9400 cm-1 Lab Min-Max 8 99.44 0.75 0.00
Spectro- normalization
meter 4242-4613 cm | Factory Multiplicative 7 99.07 0.92 0.02
(MPA, 5400-9400 cm ' Scattering
Bruker, correction
Germany) | 4242-4613 cm’ | Dried starch | First derivative | 6 75.29 0.21 0.00 80.87 0.19 0.05
7028-9357 cm |
6100-9400 cm | Starch cake Straight line 6 86.05 0.70 0.00 89.70 0.60 0.04
Subtraction
5400-9400 Cm’1 Lab and Min-Max 9 99.19 0.91 0.00
Factory normalization
NUYINE : Bias= Average error, SEP= Standard error of prediction, RMSECV=Root mean square error of

estimation, RMSEP= Root mean square error of prediction, Rank=PLS factor, R’= Coefficient of determination,

cal=Calibration set and val=validation set
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= ' . . a4 A o dad Ay & a <
M1319N 4.3 A1 Regression coefficient mqwqﬂmamuumamquw‘lmmmimmﬂﬂimmmimm

Spectrometer Wavelength (nm)/ Wavelength | Bond Vibration [4] Compound [4]
Wavenumber (cm™) (nm) [4]

MicroNIR Spectrometer (JDSU, USA) 2000 2000 2 x O-H def. +C-O def. STARCH

aunuiiRamiiutl (rosfiRns)

MicroNIR Spectrometer (JDSU, USA) 2000 2000 2 x O-H def. +C-O def. STARCH

aunufiamuds (5)

MicroNIR Spectrometer (JDSU, USA) 2000 2000 2 x O-H def. +C-O def. STARCH

aunuifamtiudls (i)

MicroNIR Spectrometer (JDSU, USA) 2000 2000 2 x O-H def. +C-O def. STARCH

aunuiiomtiudls (uilsvsng)

MicroNIR Spectrometer (JDSU, USA) 2000 2000 2 x O-H def. +C-O def. STARCH

aunuiiomtudls

(osfUAmsuazlssu)

MicroNIR Spectrometer (JDSU, USA) 2000 2000 2 x O-H def. +C-O def. STARCH

AUNURNUIUUM(TTRUJURNS)

MicroNIR Spectrometer (JDSU, USA) 2000 2000 2 x O-H def. +C-O def. STARCH

aunueuauL (59910)

MicroNIR Spectrometer (JDSU, USA) 2000 2000 2 x O-H def. +C-O def. STARCH

AUAUNIUATULAY (Wileuiks)

MicroNIR Spectrometer (JDSU, USA) 2000 2000 2 x O-H def. +C-O def. STARCH

aunueuauni (wsung)

MicroNIR Spectrometer (JDSU, USA) 2000 2000 2 x O-H def. +C-O def. STARCH

AN

(osfUAnmsuazlssu)

FQA-NIR Gun (Wa3UfjUan3) 990 990 O-H str. Second overtone STARCH

FQA-NIR Gun (I59971) 990 990 O-H str. Second overtone STARCH

FQA-NIR Gun (wauwia) 990 990 O-H str. Second overtone STARCH

FQA-NIR (sviunm) 990 990 O-H str. Second overtone STARCH

FQA-NIR Gun (Waaufuinisuaglsssn) | 990 990 O-H str. Second overtone STARCH

FT-NIR spectrometer (WosUfjufn1s) 1329/7182 - - -

FT-NIR spectrometer (59911) 1450/6897 1450 O-H str. First overtone H,O, STARCH

FT-NIR spectrometer (wilai) 2231/4482 - - -

FT-NIR spectrometer (wansnm) 1450/6897 1450 O-H str. First overtone H,O, STARCH

FT-NIR spectrometer 1450/6897 1450 O-H str. First overtone H,O, STARCH

(osfURAnsuaslssw)
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= ' . . a4 A @ ° dad Ay A
M1319N 4.4 A1 X-loading weight wqwqmmm\lﬂmai 1-3 mamuumamquw‘lmmmimmﬂﬂTm

Hipasana
Spectrometer Factor Wavelength (nm)/ Wavelength | Bond Vibration [4] Compound [4]
Wavenumber (cm™) (nm) [4]
MicroNIR Spectrometer (JDSU, 1 2000 2000 2 x O-H def. +C-O def. STARCH
USA) adunuiiiantutidlaenss 2 1940 1940 O —H str. + O-H def. H,0
(ioeUfURn"3) 3 1698 - - -
MicroNIR Spectrometer (JDSU, 1 2000 2000 2 x O-H def. +C-O def. STARCH
USA) aunuiiionthudlaease 2 2000 2000 2 x O-H def. +C-O def. STARCH
(5397) 3 2000 2000 2 x O-H def. +C-O def. STARCH
MicroNIR Spectrometer (JDSU, 1 2000 2000 2 x O-H def. +C-O def. STARCH
USA) aunuiifantiutsdngnss 2 2000 2000 2 x O-H def. +C-O def. STARCH
(wilausia)
MicroNIR Spectrometer (JDSU, 1 2000 2000 2 x O-H def. +C-O def. STARCH
USA) aumuiifantiudslngnss 2 2000 2000 2 x O-H def. +C-O def. STARCH
(wlsnunm)
MicroNIR Spectrometer (JDSU, 1 2000 2000 2 x O-H def. +C-O def. STARCH
USA) aunuiiiantiutidagnss 2 2000 2000 2 x O-H def. +C-O def. STARCH
(U URnnsuaglssau) 3 2000 2000 2 x O-H def. +C-O def. STARCH
MicroNIR Spectrometer (JDSU, 1 2000 2000 2 x O-H def. +C-O def. STARCH
USA) @LnUHIUITULAD 2 1940 1940 H,0O
(ViosUfjuRnns) 3 1232 - - -
MicroNIR Spectrometer (JDSU, 1 2000 2000 2 x O-H def. +C-O def. STARCH
USA) @tnusIuaIuni 2 2000 2000 2 x O-H def. +C-O def. STARCH
(sa9w) 3 1940 1940 O —H str. + O-H def. H,0
MicroNIR Spectrometer (JDSU, 1 2000 2000 2 x O-H def. +C-O def. STARCH
USA) @AUAILIULAY 2 2000 2000 2 x O-H def. +C-O def. STARCH
(uwilausia)
MicroNIR Spectrometer (JDSU, 1 2000 2000 2 x O-H def. +C-O def. STARCH
USA) @LnUHIUITULAD 2 2000 2000 2 x O-H def. +C-O def. STARCH
(wlsnunm)
MicroNIR Spectrometer (JDSU, 1 1540 1540 O-H str. overtone STARCH
USA) @tnuEIuauLi 2 2000 2000 2 x O-H def. +C-O def. STARCH
(FosUURnsuazlssnu) 3 1940 1940 O -H str. + O-H def. H,0
FQA-NIR Gun (#e3Ugjun13) 1 990 990 O-H str. Second overtone STARCH
2 990 990 O-H str. Second overtone STARCH
3 990 990 O-H str. Second overtone STARCH
FQA-NIR Gun (I539971) 1 990 990 O-H str. Second overtone STARCH
2 990 990 O-H str. Second overtone STARCH
3 990 990 O-H str. Second overtone STARCH
FQA-NIR Gun (u{lauis) 1 990 990 O-H str. Second overtone STARCH
2 990 990 O-H str. Second overtone STARCH
3 990 990 O-H str. Second overtone STARCH
FOA-NIR (ilsusnm) 1 990 990 O-H str. Second overtone STARCH
2 990 990 O-H str. Second overtone STARCH
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Spectrometer Factor Wavelength (nm)/ Wavelength Bond Vibration [4] Compound [4]
Wavenumber (cm™) (nm) [4]
3 990 990 O-H str. Second overtone STARCH
FQA-NIR Gun (Wesujjufinisuas | 1 990 990 O-H str. Second overtone STARCH
T59971) 2 990 990 O-H str. Second overtone STARCH
3 990 990 O-H str. Second overtone STARCH
FT-NIR spectrometer 1 1450/6897 1450 O-H str. First overtone H,O, STARCH
(ot uRng) 2 1450/6897 1450 O-H str. First overtone H,0, STARCH
3 1450/6897 1450 O-H str. First overtone H,O, STARCH
FT-NIR spectrometer (15437) 1 1418/7050 - -
2 1450/6897 1450 O-H str. First overtone H,O, STARCH
3 1836/5446 - -
FT-NIR spectrometer (utlausis) 1 2242/4459 - -
2 2262/4420 - -
FT-NIR spectrometer (wllsnsing) | 1 1404/7120 - -
2 1361/7344 - -
FT-NIR spectrometer 1 1450/6897 1450 O-H str. First overtone H,O, STARCH
(ot fuRnsuaslssan) 2 1450/6897 1450 O-H str. First overtone H,0, STARCH
3 1450/6897 1450 O-H str. First overtone H,O, STARCH

. ' . ) . . .
DRI 4.4 1AANAT X-loading weight Ngangavoames 1-3 NgangaveUIIaeINangan

=

=

L a

v i
anA

a

4 a Jd 1 f @ o v . . 1A
Taaninsesanln Iasiwesarsquesmanudulunduiudilznas finvos X-loading weight g5z

990, 1450, 1540 g 2000 nm (FQA-NIR Gun 1 990 nm, MicroNIR spectrometer (mmuvhuuﬁ’a) 1 1450 wag

2000 nm, MicroNIR spectrometer (attnuiAIviilelaonse) § 1540 uaz 2000 nm uazAIed FT-NIR

spectrometer 11 1450 1A 1540 nm HAZAINIANAULEAIN 990, 1450, 1540 1Az 2000 nm Hlumsduaziion

youih [4ImIgandunasvenitogh 1450 1az 1940 nm [4]
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Measured Moisture Content (%)
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NIRS Moisture Content Prediction (%)
Rank:4 R2=94.31% RMSECV =2.42 % Bias: 0.01 %
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! 9 o o o f Y o o @
MW 4.5 Scatter plot ¥OIUOYAF19D4 (X) Hazdoyarue (V) dmsuanudulunilaiudnlzvdwimna Tag

a a oua { < v A
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NIRS Moisture Content Prediction (%)
Rank:5 R2=95.70 % RMSECV =2.10 % Bias: 0.08 %

1 a o o v &’ v o %
MW 4.6 Scatter plot ¥94703a819949 (X) Hagdoyaiue (v) dwmsuanuiuluuilaiudnlzvdmuna Tag

. ' Y a wa { g v a
14 MicroNIR spectrometerdinuriuuiivesgatoyarolgiamsniiumilnasuay
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Measured Moisture Content (%)
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o

10 15 20 25 30 35 40 45

NIRS Moisture Content Prediction (%)
Rank:6 R?=81.40 % RMSECV =4.38 % Bias: 0.08 %

Y 9 Yy a 9 o o o f Y o o @
MW 4.7 Scatter plot ¥OIUDYAF1D4 (X) Hazdoyariue (V) dmsuanudulunilaiudnlzvdwimna Tag
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Measured Moisture Content (%)
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NIRS Moisture Content Prediction (%)
Rank:8 R?=99.44 % RMSECV =0.75% Bias: 0.00 %

1 a o o o ﬂ % o 3
AW 4.8 Scatter plot ¥999930819949 (X) tagdeyaiue (v) dwmsuanuiuluuilaiudnlzndmuna Tag

1% FT-NIR spectrometer mawmi'@y,aﬁ’mﬂﬁu‘”ﬁﬂﬁ NHIUM T Min-Max normalization
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Abstraci— A feasibility study of rapid predictive method based
on near-infrared reflectance (NIR) spectroscopy (NIRS) was
developed to measure tapioca starch cake moisture content, The
starch cake samples were scanned by FT-NIR spectrometer with
the wavenumber 12,500-4,000 cm™ (800-2500 nm), micro NIR
spectrometer with the wavelength of 1150-2150 nm and NIR gun
with the wavelength of 600-1100 nm and analyzed for moisture
content by infrared moisture analyser. Results of statistical
modeling indicated that the NIRS was reasonably accurate in
predicting moisture content. The best model was from FT-NIR
spectrometer with the root mean square error of cross-validation
(RMSECY) of 0.755% and the determination correlation (Rl) of
99.44%. The NIR-based protocol developed in this study can be
used as the guidance for further application in the tapioca starch
factory.

Keywords- moisture content, tapioca starch, near Infrared
spectroscopy

1. INTRODUCTION

Starch quality control needs quick analytical tools for
measuring moisture content. In routine starch quality, near
infrared (NIR) technology allows us to obtain results in a few
seconds. There are some studies using the near infrared
spectroscopy (NIRS) in measuring moisture content of powder,
flour or starch and grain. Vesela et al. [1] reported the
calibration model developed from the NIR absorbance spectra
(1100-2500 nm) of cocoa powder samples was used for the
determination of the content of moisture. The result showed
that the relative root mean square error of cross-validation
(RMSECV) was 5.2% and determination correlation (R%) of
0.94. Kawamura et al. [2] used an automatic method of NIR
transmission to measure moisture of rice. A near-infrared
calibration models were developed from the original spectra
(825-1075 nm) and reference analysis data. The result of model
provided R? of 0.96 and 0.97 and standard errors of prediction
(SEP) of 0.70 and 0.50% for brown rice and milled rice,
respectively. The precision and accuracy of the NIR instrument
were found to be sufficiently high to determine moisture [2].
Miralbes [3] developed the model using NIR transmittance
spectra from 850 to 1048.2 nm and the result showed a good

Panmanas Sirisomboon
Agricultural Engineering Curriculum, Department of
Mechanical Engineering,
Faculty of Engineering, King Mongkut’s Institute of
Technology Ladkrabang,
Bangkok 10520, Thailand.
panmanas@gmail.com

performance R” of 0.99, RMSECV of 0.13%, SEP of 0.15%
and RPD (Ratio between standard deviation of prediction set to
SEP) of 4.9. Camps et al. [4], have developed a NIRS
technique to determine moisture in flour of dry leaves,
Artemisia annu, sample and the model accurately predicted
moisture with R>, RMSECV and root mean square error of
prediction (RMSEP) of 0.99, 0.8% and 1.4%, respectively.
Hayashi et al. [5], studied to assess the amount of water during
the drying of granules in a fluidized bed by NIRS with the
wavelength range of 1800-2000 nm. The model provided the
R’ and RMSEP of 0.806 and 1.0549, respectively, showing that
this technique can be aided the process control.

However, there is no report on measuring the moisture
content in tapioca starch cake by near Infrared spectroscopy.
Therefore the objective of this work is to study a feasibility of
applying a rapid predictive method based on near-infrared
reflectance (NIR) spectroscopy (NIRS) for measuring tapioca
starch cake moisture content. This information is very useful in
process control for the tapioca flour production factory.

II.  MATERIALS AND METHODS

A.  Samples

Tapioca starch of different production dates (11, 12, 13 and
14 December 2012) was collected from a factory (Sangpetch
tapioca flour Co., Ltd) in Nongbuala-vae district at
Chaiyaphum, Thailand. The samples were brought to NIRS
research center for agricultural product and food in King
Mongkut’s Institute of Technology Ladkrabang, Bangkok,
Thailand. Tapioca starch samples (25 g each) were adjusted for
different levels of moisture content (12.5, 15.75, 19, 22.25,
25.5, 28.75, 32, 35.25, 38.5, 41.75 and 45 %wb) by mixing
with distilled water which the amount (q) was calculated by
Equation (1). The experiment was done in duplicate.

q=um, —m)1100-m,| (1)

Where q is the mass of distilled water to be added in g, w;
is the initial mass of the sample in g, m; is the initial moisture
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content in %owet basis, and m; is the final moisture content in
% wet basis.

B. NIR scanning

The moisture adjusted tapioca starch sample was put in a
Petri dish with a diameter of 15 mm and its spectrum was
measured with FT-NIR spectrometer (MPA, Bruker,
Germany) in reflection mode on 12,500-4,000 cm-1 (800-2500
nm) through glass, MicroNIR spectrometer (JDSU, USA) in
reflection mode on 1150-2150 nm (through glass and at the
starch surface) and FQA-NIR Gun (Fantec, Japan) in
interaction mode on 600-1100 nm at 5 mm above the starch
surface. The scanning was done twice per sample.

C.  Moisture measurement

The moisture content of a 5 g tapioca starch cake sample
was analyzed by infrared moisture analyzer (HB43-S Halogen,
Mettler Toledo, Switzerland) at the temperature of 130°C till
constant weight was reached.

D. Chemometric

The chemometric software package, The Unscrambler v.
9.8 and OPUS, v. 7.0.129, were used for model creation. The
Unscrambler v. 9.8 was used for the optical data from
MicroNIR spectrometer and FQA-NIR Gun. In developing the
models, the NIR or VIS-NIR spectra were used with no
spectral preprocessing. The models were validated by full cross
validation method. The optimum model was selected by
coefficients of determination (R”), root mean squared error of
cross validation (RMSECV), Ratio of standard error of
validation to the standard deviation (RPD) and bias.

III.  RESULTS AND DISCUSSION

Table 1 shows the statistic of the moisture content (% wet
basis) of tapioca starch measured by the standard method used
in developing prediction model. Table 2 shows the result of
partial least square regression models for predicting the
moisture content of tapioca starch which the spectrum scanning
was done by different spectrometers.

TABLE L. THE STATISTIC OF THE MOISTURE CONTENT (% WET BASIS) OF
TAPIOCA STARCH MEASURED BY THE STANDARD METHOD USED IN
DEVELOPING PREDICTION MODEL.

Number of Maximum | Minimum | Average SD
samples
176 44.28 11.64 27.955 10.130
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TABLE I1. THE RESULT OF PARTIAL LEAST SQUARE REGRESSION FOR
PREDICTING THE MOISTURE CONTENT OF TAPIOCA STARCH.

Spectrometer | Wavelength | Factor R’ RMSECYV Bias
or Wave
number
range
MicroNIR 1100-2050 4 94.31 2422 0.0118
Spectrometer | nm
(IDSU, USA)
Specific
MicroNIR 1100-2050 5 95.70 2.105 0.0819
Spectrometer nm
(IDSU, USA)
Glass
FQA-NIR 600-1050 6 81.40 4.380 0.0886
Gun (Fantec, nm
Japan)
FT-NIR 5400-9400 8 99.44 0.755 0.0029
Spectrometer | em’
(MPA,
Bruker,
Germany)
R* — Coefficient of determination, RMSECV — Root mean squared error of cross validation, Bias —

Average error of prediction

The prediction results of moisture content in tapioca starch
showed that the R* was between 81.40% and 99.44%. The
results on FT-NIR Spectrometer using the wavenumber of
5400-9400 cm-1 indicated its highest prediction ability of
moisture content in tapioca starch (i.e., R’ = 99.44%;
RMSECV = 0.755; Bias = 0.0029). The scatter plots (reference
data (X) with prediction data (Y)) of moisture content in
tapioca starch are shown in Figure 1.

The regression coefficient plots of optimum models for
moisture content in tapioca starch are shown in Figure 2. By
different spectrometers, the peaks of regression coefficient
values were about 990, 1450, 1540 and 2000 nm appeared i.e.
FQA-NIR Gun at 990 nm, MicroNIR spectrometer (through
glass) at 1450 and 2000 nm, MicroNIR spectrometer (at the
starch surface) at 1540 and 2000 nm and FT-NIR spectrometer
at1450 and 1540 nm. The absorbance bands at 990, 1450, 1540
and 2000 nm are the vibration of starch [6]. The absorption
peaks of water are at 1190, 1450 and 1940 nm [6]. These bands
of starch and water appeared on regression coefficient plots of
optimum models for moisture content in tapioca starch.

IV.  CONCLUSIONS

The NIRS is feasible for analysis of moisture content.
Using FT-NIR Spectrometer using the wavenumber of 5400—
9400 cm-1 is recommended, however MicroNIR Spectrometer
in the wavelength range of 1100-2050 nm is also quite good
for the propose. This information is very useful for the tapioca
starch factory for applying the NIRS technique in the process
control.
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