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Extended Abstract

Introduction: Saffron (Crocus sativus L.) is one of the most valuable spices worldwide because
of its distinctive color, aroma, and flavor. Its high economic value and limited production have
made it particularly susceptible to adulteration. The addition of synthetic dyes is among the
common fraudulent practices used to intensify the apparent color of saffron and increase its
commercial value. Therefore, the development of rapid, reliable, and accessible methods for
detecting artificial colorants is important for saffron quality control and food authenticity
assessment. Conventional analytical methods such as chromatography and spectrophotometry
can provide valuable information for identifying adulterants; however, some of these techniques
require specialized equipment, considerable analysis time, or complex sample preparation.
Digital image processing combined with chemometric techniques has emerged as a promising
alternative for rapid and non-destructive evaluation of food quality. Principal component analysis
(PCA), in particular, can reduce the dimensionality of multivariate color data and reveal
differences among samples. Therefore, the present study aims to investigate the applicability of
thin-layer chromatography (TLC), spectrophotometry, digital image processing, and PCA for the
detection and discrimination of saffron samples adulterated with synthetic dyes.

Materials and Methods: Four synthetic food dyes, including tartrazine, Erythrosine, quinoline
yellow, and sunset yellow, were investigated. Stock solutions of the dyes were prepared at a
concentration of 1 g/L, followed by preparation of working solutions at 0.001 and 0.0005 g/L.
Saffron samples were artificially adulterated using individual dyes, binary combinations, and a
mixture containing all four dyes, while untreated saffron was used as the control. For this
purpose, 5 g portions of saffron were treated with the corresponding dye solutions, dried,
homogenized, and stored at 4°C until analysis. For extraction, 0.5 g of each sample was mixed
with 25 mL of distilled water at 60°C, shaken for 1 min, and centrifuged at 4000 rpm for 10 min.
The resulting-colored aqueous phase was collected for further analysis. TLC was employed for
preliminary identification of synthetic dyes based on their retention factor (RF) values.
Spectrophotometric measurements were performed at the maximum absorption wavelength
(Amax) of each dye. For digital image analysis, saffron samples were photographed under
controlled illumination using a fixed camera position and identical imaging conditions. The
obtained images were analyzed using ImageJ software, and color parameters were extracted from
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the CIELAB, HSV, and RGB color spaces. The resulting variables included L*, a*, b*, B1, S,
G, and B2. Variables H and R were excluded from subsequent analysis because of their very low
contribution to the explained variance. PCA was performed using Minitab 16 to investigate the
multivariate relationships among color parameters and to visualize the discrimination of control
and adulterated samples.

Results and Discussion: Comparison of the Rf values obtained by thin-layer chromatography
(TLC) with those of the reference dyes provided useful qualitative information for identifying
artificial colorants in saffron samples. Spectrophotometric analysis also revealed distinct
absorption characteristics for the investigated dyes. In particular, the sample containing the
mixture of all four dyes exhibited a considerably different spectral response compared with the
other treatments, whereas some individual and binary adulterations showed relatively similar
responses to the control sample. Digital image analysis provided additional information
regarding changes in the visual color characteristics of adulterated saffron. PCA demonstrated
that the extracted color parameters contained sufficient information to distinguish several
adulterated samples from the control sample. At a dye concentration of 0.001 g/L, the first and
second principal components had eigenvalues of 5.2665 and 0.9637 and explained 75.2% and
13.8% of the total variance, respectively, accounting for approximately 89.0% of the cumulative
variance. At 0.0005 g/L, PC1 and PC2 explained 91.6% and 5.1% of the total variance,
respectively, with a cumulative variance of approximately 96.7%. These results indicate that
most of the variability in the image-derived color data could be represented by only two principal
components. The score plots generally showed separation between the authentic saffron and
several adulterated groups, although some overlap was observed among particular dye treatments
and combinations. These findings indicate that PCA based on color parameters can be useful for
exploratory discrimination and rapid screening, but it may not be sufficient for the unequivocal
identification of every adulterant. Similar studies have demonstrated the potential of
chemometric methods, including PCA and supervised classification techniques, for detecting
synthetic colorants and other forms of saffron adulteration.

Conclusion: The proposed method is a simple and potentially low-cost approach for the
preliminary screening of saffron adulterated with synthetic dyes. The high proportion of
explained variance by the first two principal components confirms the effectiveness of the
extracted color parameters for describing differences among samples. Nevertheless, because
some adulterated groups exhibited partial overlap, image-based PCA should preferably be
considered a screening tool rather than a definitive identification method. Combining digital
image analysis with complementary techniques such as TLC and spectrophotometry can improve
the reliability of saffron authenticity assessment and provide a practical strategy for quality
control.

Conflict of Interest: The authors declare no potential conflict of interest related to the work.

Keywords: Artificial colorants, Image processing, Principal component analysis, Saffron
adulteration, Thin-layer chromatography.



(anlilezd 93) Ol i85 (Gla im g5 4 i
\F0 ul:.w\:j)l@; cd}‘ o)LN;crAAJLG::.Uq-

-
III VOF = VWY tamins 0 e
PN d 10.22077/jsr.2026.12072.1314
",
J{/apb

e G310 5 31 08liiasl o8 o SOy b ¢l e 5 i gy Ll (il a5
bl sraito Julxi 3 Jlinzsd

T35 ilg y! Lo <7 6 ST Lungen < T 0005 S g ¢ il 92 S

Sl elarsd oDl 5T oSS (ylargd amly e lié mylio 5 psle 05,5 wid) ouslis IS -
Sl oot e oodlal ST oKl (ylosd amly ¢ e mlio 5 psle 05T wdy play Ltils Y
Ol ol el ST sRals 58 s (i lio 5 psle 05,5 55 gaie smils ¥
Ol Ol 8 e oDl ST olRtils (lars axly (i mlio 5 psle 09,5 (525 ¥

v.hakimzadeh@iau.ac.ir : oo oot i s

V- B/ Y IV 1 yady eyl NFo BV 15,553k e, N+ B/-5 /14 1l ys o,

TN 4

Jyaze (n] @)l 9 QB USTS pas Cwodlw 45 039y i glgil (p F ol plyie )0 (Lohman (o boad ST, jl oslisu!
L a5 09 o0 ploul 530 @Y SIS gilog S (bey 3 ool b Ygors (Ol 4igSiul (o2 Lulid S oo Wy 1) S 51 sl
Sailze Juloxi gy ) ouiyp polo Gidgss S eyl ol 438y B 9 ol (g ol () 3929
Sy ke b lyie saiges oliacmay g1 olyie) Ky Sl auskis )0 Ky sty p i (PCA) Lol
CALe 95 50 il oz bolio 5 (2 Ugs Wl i 00y )y guods gl Cuniliv 9 oy (rd 5o ¢339 7 51 092315551 Jolids (£ 9o
Salas 10 baiges (S5 G as Ll w585 dunlio walh digel (lgiedr (AL Glyie b g wod jlowd o yd o/eeeld g +/+o)
Olwe bl 3 .05ad )5 51,8 Judoxd' 0590 PCA g, b g gl 5wl IMaged §1580e 5 31 eolaiwl U RGB ¢ HSB (Lab X,
Ol gl il okl () ol gbadlio olgieds i i B2 3G S Bl b @ L gboadlio g yolio g il yls
8l b (llgi g wootiols odld Ol pudi sl 0 |y w3y (PC2 9 PCL ylgicas) @ g L sloadlgo a5 ols
Ky g9l digai a5 ol L Lol adlge 90 slad ;o bdiged STy 050 ,)S pald @I ol b ) ladiges SUS&S
S digos (yleo (o yd ¢ feer ) Cdale (0 can ST .00 9 ST LB wall digad 3l edlao jabds duoyd o/+0) Cdal (O Lo
Jelod g () a5 010 (LS gul (ggamo 53 b oualin Slbgypd diges (B0 9 s 9 (31U ol
D5 1 eoliswl 3590 ylyhe s (KO O 6, 5UyE ol 43S 9 Qo pw (95 lgred Wilgi o Lol saadlge

W36 a¥ 55 log,S o8 giuan K ool b allgo Sl ke ) 0 i pp9e 53105 1geunlS’ S0l

Copyright © 2026 by the authors
Published by University of Birjand. Submitted for possible open access publication under the terms and conditions of
BY the Creative Commons Attribution 4.0 International (CC BY 4.0) license_(https://creativecommons.org/licenses/by/4.0).



https://birjand.ac.ir/en
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0/
mailto:v.hakimzadeh@iau.ac.ir
mailto:v.hakimzadeh@iau.ac.ir
mailto:v.hakimzadeh@iau.ac.ir
https://orcid.org/0000-0001-9765-5852
https://orcid.org/0009-0008-7288-9765
https://orcid.org/0009-0009-3438-4042
https://doi.org/10.22077/jsr.2026.12072.1314

V00 s Jlaes e B30 leslinel b e sime S, b 0lae s i o lulid Ol w0 Kan 5 Sb e

o590l Sl pled 4 LSy Slodas 4 5LS 5 00g
ol cqz ol sl eslaiwl cplplo o )ls oayo
sl 03 (ST Sl () CoiS Folul g 5 @
s dily sled)l s (S5 slalad il yol> I o
90 salad o b, ilwpgas 5 @bl 5 sbul sl
Yama &) oss oo ooliinl (gum 4w g (gom
oosls» (Papadakis, 2004; Akbari et al., 2021
3 ARRS g Pl (e (D) Olyed poad
w85 |5 argi 0,50 @lis olge clol g codeS b))
FeS o (S oledbl (Jloms polar jo ol
o @lize S, sl U 5o goue polas & jgoa
sl aliee (5 slalad 4y pglas b b g 05 oo
|, S5, o S olsi o CIELAB 4 HSV RGB
rizmenr 08 oS (o5 Sjpotr g gl
Szl b Guib)ly 5 0ol yolas (glel slo a3l
o Sy hrogi slp w5lg oo Sy polie sl
WS 8 eolitul )50 pgal HlaS el (e ()
Wu & Sun, 2013; Meenu et al., 2021; Gomes )
slad & ole o S5, slalad oy 5l (et al., 2025
eyd sboadlse 5 Labs cpl a5 5,8 o Ll RGB 5,
598 o0 00uel G 9 B R Jlas) 4y aS 5w g
S5y sbailgs cnl Olsd aels Canl snd LSS
oSS A YO0 g oo polie wil L YOO U o0y
Jafari et al., 2014) coul aiiw 5 ol S, Jolro
CIELAB (L*a*b*) lad S0 gl S, ol
A o (S903 g Shel S esS Lo a4 as el
Glod S 0 1,15 (o ls] i Jas gy S5y S0 (g0950
L ol ooy lié slge S5y obsyl s s mSosll o
aS 6 sbas reanl ond LSas b* ga* L* adge a4
Voo b (obw) + odguome ;o 5 olidg, Sk L*
508 s (55 5570 8T oS b 50 00,15 41,8 (ad)
e 3 0 g0 (LA 1 0)5m 2l (55 5590 DX
b* 5 a* polie (Jlumms pglai sl oolitwl 5,40
Bgd oo oo FIY e B-VYe o8 oogusme )0 Ygens
Leon et al., 2006; Wu & Sun, 2013; Fallahi )
Caslosl Lulul s 55 HSB (S, slas (etal., 2023
5 054 Brightness 4 Saturation HUe _x X,

3 Quinoline yellow
4 Sunset Yellow

dodio
0555 olS (sole ol 5 SAFITON (agoe ol L s
Sl Lis; o5 5l (Crocus sativus L) gl
Sols 4y a8 el gl a gl ol,ae 5. (Ghodsnia, 2023)
Sl By b 138 glgil 0 calin K 5 sae ol
Koocheki &) cwl Lis asgol op iyl 3 5 ails
a>g5 L .(Milani, 2020; Moghiminia et al., 2025
@ S 9 she 0o Ll g ples oslle S5, @
3 5@ ) Bl 599 S ized 5 i el
S oo g pliie 5o (LB sla ST 5 esli
Olrie) ) (Foras gt slo K, glgil 5l ool
Jyame ol Sl 85 ol LB o 2els 51 (S
S e bl aiad 5 ol (53,58
Bhoomat et al., 2020;) &5 o sy |,
bt s, o 51 (Haghighi et al., 2006
Fols e a1y DLl Sl ool ke Mg S
Pl b aas cul 6,50 S, el 56 el e
Mikkelsen et al., )o5, 0 ,I5 4 olyae; ollas
Shean b Sl b, bl st (1987
SNES Lan & i Wl (ST (sle,giS
Donna , ) sss 5068 jo Jled in Jio 5,8,
OdS Ky (Sey osllacl Sl akly ol 40 (2007
o35 9ol Ll cmgid slaobo g, » Tsh
sadlas o (Kuno & Mizutani, 2005) <.l
L a&islosl Sllgs agalge a5 ab asein 5,500
BB Sl crge Toly cow Gl S5 (o o 590
O 45 ew3)S o ded 5 0SS 0 2
2 51 e edplie 5 P sl 395 Sl
Tripathi ) 05 o Sbylas 0 Glo conl axs
S5 sleg S sla s, 5l o> Jl= 5o (etal., 2007
@ G5l gt S, lulis sl SHL Y
5 Sy s ailanlie a5 5g8 o oolinal ol jac)
oo Wl oo 5, slolis Bk 5l cudd ol
S5 ol dhewg 02 g Gldl (> el L
VORI BRSNS S EYWPESE (RNC SN
3,08 Ll 5l g Canl ezl 4 dsly Lol ol w08
355 oyl plas 5 5500 38 4 (53,8 5 packis
ol sbeas SLadl ol 5l ooliztl (pimran Canl pite

L Carmoisine
2 Tartrazine



\F 0 OMU)JL« ) a)Le.i'a AF .Uo-cu‘fa.c) GL“U:"“)}, 4.1}.:.; Voo

9 Seep sl (il wile plend SLS 5 ple
b ags oldl S e a8 1 5 5 Shigal

L aigod adgl (g5tw oolo]

S 4l 0,50 ol aals g adgl sladiges ags sl
Aged B ol bgloee (gl 4l ISy 0,5 0 L ol yie;

S lailiw! (K55 s glrs antd

Joloee lal o laibinl (S5 sl Joloee aes jolaroas
A oS ) chle b epian sl ISy 58 j0le
bl clale ol b ole olo Jsloe dugs o angs
b s 28,5 bl 1SO 3632-2 o lasbewsl g,
Slagiloid, pbxl 5 ol loJolxe 5l oolicul
el GICBe b S5, slo s ol gan
5,90 som sloygesl 1o g as ) 0 e 8 /000

(IS0 3632-2:2010) wx8,5 1,8 solaxuwl

S a0 STy 4y Adnl ] Gl diged (g jlw oolel
oS, 4 wadl Glie) glodise ags jslited,
@lated Sob 098 lyhe) dgei 5l )5 0 (egan
S9l> Sladiged dgd sy b (g SIS )90
ol byl 5 bS5, (2bgs GlacaS 5 oS5, S
o 95k Gl cud S s 050 LSS, solad
Jsloee 51yl Vsl a3 )5 I s el
Gid pspSrreebgree)) patin clile b (S,
oloi bslis 5 olss slaeaS 5 ailflos & jgoa
ole; sldiges mhaw p Sy Heba S,
0998 Gg Olyes 05 O Jold diged Sl (5 ]
o b 485 I 50 vl Glyieds 15 egian )
Ll pd 5o bdiges oliie; bwg (S5, Joloe 032
s5bd e (SIS S eSS B e
o )3 lagygasl planil oloj B g oad (e 239G
Slaaiges ags by, Nad (5l o5 il az 0 ¥
Oty Sllllae b (eorae sloSS; 4y axssl ol
s cdillae olyie; () OB oluld ace; 5o
Sereshti et al., 2018; Fattahi et al., 2023;)

(Akbari et al., 2021

gabaly (pladl as a4 S0 5 () slad S g
Sl @le dlge zolw e Zweol by
shol  sladse > (Dehbashi, 2022)
51 S (Principal Component Analysis; PCA)
s S5 3 0yeitaniz ol o 0 )l5  (sla b,
@ dpd sbysite ) lasseme Lo LS ol
g ools olal als Gl ¢ Lol ddlfe (g35a0m0 slass
pald 1 ol o 0250 lagSll o nee st
sbmy) glaisSay Lol sloailse «bs, ol o S e
3 997 ge bly (lime 2 i i Ay &S Web e
s Lsle b ol 5l s ams medsr | besls
LB a8 slal b sliad S5 o baaiged los slacslis
L e Sldlas ;o 03940 PCA 04l sy § ovalive
S5 2lié slge wllis olls § cdlol weiS |
Jolo SLogSl (o slp WIS o0 9 3,18 (Slod S
slaghy) nle 5 (Zrwdinb (eSS, slaosls
Slllas 0,5 138 colatwl o)50 o pstienis  Judos
SLEST Ll e slals, 5l S |, PCA 53 5
sl Slulis 5 olde o K, [0 leools
2los,S Bime e Slge i 5 ol b L e
(Souza et al., 2024; Zhang et al., 2024)
st Job St & 2295 b GeizS 0l )0 Gl ol
b olule als peal Alon by, lawy
pae Jdo a4y sy Jarme Lot slil) 50 9 (5 S Aiges
ailge Jolos (g 5l pae (ploend SLaS 5 5 osliu
P lB (S S5 5 jpa panis glp el sla
A oolaiwl HeSde S5, slad aw bl 5 lyae

L yig) 9 9lse

Slgo

Sy et b)) Gliae) g 4l g gl Al ol e
MDA @9 bl )0 deyz Gl I (Glye;
SIS 5 5l ye0 9 35 (Sl az 0 YO sles 3 4
oo Ol esh elgnS G Slo KT, (rizren
Tl S 5,8 5B gl s 23l 506 sk
I FEPY SRy S U IRVO AR ARERYC g

! Erythrosine
2 Sigma-Aldrich



Vs Jlaes e B30 leslinel b e sime e, b 0lae s i plulid Ol w0 Kan 5 Sb g

Jslme sdiden Yoog Of il e A bgle o
J> 5l 5 pgo S ymie 5 0l 4 duo,0 YO Shigal
Felhes 00 bgliee )0 IS mly 0,5 /¥ (0,8
YA 9 SSomgn sl il dee VY (Jgligro s
o 99 51 S5 50 (sl 08 Ay Ol i e
18,5 |3 abg e Bl S gileg,S U 0 TLC axiw
syl Voo, el I b S e 5B W SSU e o
il a5 s Celw Y Y Goo a3 OB g 0l aiz
o S5 Ll Pl &l )l 5 ol d3ls slas b o
W ele Goyin Uy 8,5 8 SOU )0 axio
Som A ools drng ) sleasd olas g Pl
MMMGLAJ)QSC)[}W‘W?“ALM‘
o ol Casdse 5 S5y bl Jol> sleasd
Ol nolie b iges slaast "RF) s lo3l oy polia
G5k o o Jlade ol plail o il sl S5, jo s
ol o ) & hug oad b aold oo
MM[?LA\A.EA‘)IJJ)'{?WJ&»?OMGL:

Moghadasi et al., 2019; 1SO 3632-)
(2:2010
RF = dsampte () ally)

dsolvent

g aJ Jamy IR ‘_,_’_lo alols d sample uT o as
il oo Pl lawgs sas b (s alolé O solvent

S o gidg yiSomunl (W9

oo 31 eeyl oy

o) gty 5l
ooyt &l oslizul (RAYLIGHT —UV9200

e 03 e Sl zae Job jl e diges S5, Gl

oolaiw! Cowl ool uaM \ Jjb\} ) S U‘ )l

Ol 31 58 50 b digad (g o jlas e e g 0 S
(Hashemi et al., 2019) ui <3l 3 b zge Jsb

@ diges ,o 5l 5010 Hlade dediges 55lwoslel 5l e
loo b shaie T o La YO 5 Jiie Lisle] dlg) 5
) Soeds bglses o 039380 o] 4 o], ol a0 £+
53 Joboe (S5, SlaS 5B e85 18 Seh (g9, adido
Bdigas (s S5l zlyoetnl lyae; s ile 51 O]
428y o 90 Yeeo Cepn Loadds Ve Soey
5 el 56 s saigl sl SLuS 5 B wad §ens il
Jol> b 5B aled o wigd lax diged asl> i
o laygesl plsl (sl diged (S5 g0l lgieay
5 ol gl ) eslanul cdF 15 colinul 5 s
S, in lr Gy il bl
5 ety Sllllae )0 (a4 oudosg Bl e gran

(Masoum et al., 2015) coul oo i,!55

S3U Y (81,5 gilog S gy 4 (s lwlil
olac @ (ggas LS, sl sl 4
o ,0 A0 o yd dl yidg S0 00+ lakie sooslel
O (59, Gc‘)idq adwuédu.w‘ O)L.a.: 9 A adlsl
Oy coskas JolS j5ee 5l 2855 18 sl
doden T8 Jgtie 2l beo ¥0 b ey 0l
Sl il Sea B0+ 5ol Joilio 2o oo FO 5 g
o\.\.wu» LQLQS)) ] Al eolo }wsw uSudo).‘)
Sisel Jsibie 2l ooV o sloolinul b 52 (55, 2
KON I OV I P PR IRV P T JES T IRV
Fadg o Yoo 0 w9 S lase gloo o
&8I YOO g9 TLC amivo (55, p oyibale
el gy Bl o 31,5 5log 8 dnosi (sl
150 3632-2:2010 s luilicl ;5 _egiae slacks,
Al oolauwl lflas &y gods S oo 58 ptiw 90 )

s s 15 Y 5355 Jo 3l gl S e 38

G r0gidg Sl gy 4 b STy (2wl 4 bgryo sl g0 Job ) Jgux
Table 1. Wavelengths used for the identification of dyes by spectrophotometry

ok oo o Gl ERITI=S o3850 (0152 5) (w9 S
Quinoline Yellow  Sunset yellow  Erythrosine B tartrazine Crossin
416 nm 500 nm 530 nm 425 nm 440 nm

L Retention Factor



\F 0 OMU)JL« ) a)Le.i'a AF .Uo-cu‘fa.c) L;LAJ,J&)}_. 4.1}.2.; \2Y

Slr 5 W) glpml (@] e 50,8 RGB 4
A eoliul 50 opiieniz 5 kel laddos
Leon et al., 2006; Wu & Sun, 2013; ) .o 5

(Meenu et al., 2021

Sl 3IUT
5 ) slarls Ol 6o o sliiea
(S s SRy el p e sladises SIS
3l ceg aw s Jlozms )b ppgas 5l ol slaosls
sloadye Ll g, 5l eolitul b iges 2 mlan
Principal Component Analysis;) Lol
Jeligas 20 5,40 Minitab 16 13316 5,0 PCA
) S Pl «5)lop pgal Cag o 0085 18
ol 5 Bad gl sl dges mhaw JS 51 D* ga* L*
loailye 5| lasgorme 4y adgl (S, sl ite (s,
olly Oliee (nyien o Fa &5 Wad oo (Lol
Slawi S oo e 1) Lools acgeze j0 34290
Eigenvalues) o35 polic Lull 5 Lol sloailse
D Cyend Wodls JST iyl e 50 44050 50 e
bl s bdiges STy Jloges 5 soliiul b ¢ pinan
Ole 5 srS Nl e Lol sleaidlse
ol sladiges 5 AlS pliie; sladiges SSE

W oy 2 (Foan SSS,

9y s L zl 5wl g 5510y 5 g
Sy ks o g 1 gbppgal jslhaiea
Sl b pex R0,y ahize S wad ]S

o 5l ol o as al asle e il VY exAexq-
ol S mels jelateas e 5 eoliinl (5,95 gk
Lulpd obel g o9 3 2 Gy ple pefies
abadzne 3550 )0 (oulSe ()90 (ES19SH (510 2 0 g
polal ol coal baiges 3l gy gl Ve alols o g
9 JuSulKe Vo zs9 L Canon D1000 90 b
ookl b g Sy VAAXYAVS o5l iSTas
5 polas s o ¥ asws « EOS Utility 13316 5
5 o9l Glp g JEe bl 4 USB LIS &b
JUPSSEENN IURTRV AU P IIE S S SRR
0di S 5 2ol (g5 blpd b (g0 gl aliione
5% by Ll pd 51 AU 6 08y yess 2alS olareas
ooy (3 slge S5, (23l g Gl (plin Sl
(Wu & Sun, 2013; Meenu et al., el oo
2021).

baigas 510 pgal o ooliiul 5,50 yg0 Slolas
obed Sl sl pgar s cenloals SLIY Jgam o
oolazwl b Jlioms pglai (ylasS Loyl i o Lndiges
30 N, sleddle g wials isls Imaged lséls 5 sl
(55, sy, 5 cusloslh) HSB CIELAB (slalas

SISy pguad dialy8 50 (e y90 Wleadaid Y Jgu

Table 2. Camera settings used for sample imaging

ke SR
value properties
535 alold
34 ML <&y
Focal Length
Coow b
ISO-100 -
I1SO Speed
20 second RS IBIUIN) ;.u-.\.o
Exposure Time
off o
Flash
Manual 6-“"-“ Jo
White Balance
0221 R)P1)

EXIF




V¥ s dbaes e B30 jleslinel b e siae S, b 0lae s i plulid Ol )y 0 Kan 5 Sb g

Sl adlgo Julowi g 3o b9y 4 ST (2Ll

(PCA) Lol
5 oialesl 5l ol 5 slaools cirogi jslaie 4y
S5, 5l (S5 syl e bl gy sy
Ol 5t S 4 o3l sladisel L wall diged
otucols, b 4 olows glp o eolatul g,
oyt DLl o yiie stz (55lol Jeloi g 320 )0
@ azgs b addlas cpl o gyl 1ol alol cdoay ail,
I olly e yo adlie ol ol )l e
s HSB1 i ) pitaccs 51 H (sl aidlge ¢ claools
Bd> Slaslre 51« RB2G  vis K5 gt IR
B2 ;G S Blib.a.l slbadse cusy 4 g dios
Sy sl addge leie a4y PC7 b PCL (p5le cow
Gb o ools 1IUT saslsl jo 08,5 18 5T 590
Lloba gl s dddge fuogo g gl & U F Joloo
o=bly deys (n i g oy polie (n i (092
sleddlie olsie 4 MINitabl6 50 s 5 Lawgs b osls
.(Shayegan & Sarirchi.,2021) sos ol Lol

S3L Y (81,5 gilog S gy 4 ST, (o lwld
w2r2) RE (liee Golal 2 (g, (nl o S5, (bl
oy & a2z b a5 SIS S0 K, (6,05
Olee ¥ Jgazr ol o5 52 sl (o (65l005S
Sty S3L Y (S Sgleg S by, 4 b iges K,
& Hged by, Cpl ,0 d5d e osd &S jshailen ol
@ arl s 0l S, oS 5 Lot bl

3l b aigad plo 5l 5 S35l wals aiged

G50 B9 Sl (g 4 ST (2Ll

S e el S, plls Y S
o 0k Ty 9l 5503 b o sl 5 5 oy 25
eBdiged 358 oo 000 35 S o 4T jshiles .ams
oL gles Wogs 0als 039l K5, S boglses b aS
aall diged Wglas a5 Jl> jo il baiges plo b
e 8yiie sl ) 5 (2Ugd (oS 5 sladises L
D¢

(TLC) 3L Y 31,5 9log,S (g 4 RE polio (bl iliso gladiges 10 99290 (ST ) (Ll 9 dlio ¥ Jgur
Table 3. Comparison and identification of dyes in different samples based on Rf values using thin-layer

chromatography (TLC)
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Fig 1. Comparison of the absorbance of different dyes at their maximum absorption wavelengths
(Amax) at two concentrations of 0.001 and 0.0005 g/L



\F 0 OMU)JL« ) a)Le.i'a AF .Uo-cu‘fa.c) GL“U:"“)}, 4.1}.:.; \#¥

o 0091 () slo adge slp i j3 p 8 e/ 0 0 b Sy oyl gony polie g (gmezd il)ls
b ol dilge pmasd 5 oadsl 505 el 10 a5 sl S o eols Lt b S5, i 0 p)S ofe 0 ) il
Lls 55, s adlge V¥ les yo 1y ke oy iy < FOA i gl)ls +[APYFY 5 BIYFFO (o oiug polio 5

.&09.3 ...\3.)9.3 L;.:)‘_gd.o.]}ov QL:.A)O Oﬁj)‘m56ﬁw)¢.w

ofes) g/llt chale (o () sbd adlgo (g dy gt g (2o owilylg 09 polio .F Jouo
Table 4. Eigenvalues, cumulative variance, and variability of color components at a concentration of 0.001 g/L

PC7(B2) PC6(S) PC5(B1) PC4(G) PC3(b) PC2(a) PCL(L) Concentration 0.001
ol el &l ) s S5 &%) o) Ty ofee) cdald
e olin
0.0000 0.0077 0.0120 0.0180 0.7320 0.9637*  5.2665* o5 22
Eigenvalues
0.000 0.001 0.002 0.003 0.105 0.138*  0.752* SR
variance
_
1.000 1.000 0.999 0.997 0.995 0.890*  0.752* e ol

Cumulative Variance
*The principal components selected based on highest eigenvalues, variability, and cumulative variance.
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Table 5. Eigenvalues, cumulative variance, and variability of color components at a concentration of 0.0005 g/L

PC7(B2) PC6(S) PC5(B1) PC4(G) PC3(b) PC2(a) PC1(L) Concentration 0.0005
Cadliss O <! o K X)) S0 by oleeeds cdile
0.0000 0.0059 0.0170 0.0716 0.1326 0.3588* 6.4141* f”" 22
Eigenvalues
0.000 0.001 0.002 0.010 0.019 0.051* 0.916* variance
1.000 1.000 0.999 0.997 0.987 0.968* 0.916* o il ylg
Cumulative Variance

*The principal components selected based on highest eigenvalues, variability, and cumulative variance.
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Table 6. Eigenvalues, cumulative variance, and variability of color components across the mean of the two
concentrations.

PC7(B2) PC6(S) PC5(B1) PC4(G) PC3(b) PC2(a) PC1(L) Tﬁﬁ‘?eﬁftﬁgﬁfﬁf
Codlids N o o S S5 Gy tledy) SBL 55 opSibie
0.0001 0.0116 0.0313 0.2741 0.4235 1.0123*  5.2471% o3 nolke
Eigenvalues
0.000 0.002 0.004 0.039 0.061 0.145* 0.750* variance
1.000 1.000 0.998 0.994 0.955 0.894* 0.750* o il ls

Cumulative Variance
*The principal components selected based on highest eigenvalues, variability, and cumulative variance
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Fig 2. Principal component analysis (PCA) score plot for discrimination of pure saffron samples and samples
containing synthetic dyes at a concentration of 0.001 g/L based on color indices
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Fig 3. Principal component analysis (PCA) score plot for discrimination of pure saffron samples and samples
containing synthetic dyes at a concentration of 0.0005 g/L based on color indices
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Fig 4. Principal component analysis (PCA) score plot for discrimination of pure saffron samples and samples
containing synthetic dyes at a concentration of 0.001 (Codel) and 0.0005 (Code2) g/L based on color indices
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