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Natural and synthetic luminescent materials: A new solution for sustainable
development in the paint and coating industry

Aysan Vesaghi-Taher!, Zahra Rahmani!, Mahdi Safi"2, Behzad Shirkvand Hadavand™

1- Resin and Additives Department, Institute for Color Science and Technology, Tehran, Iran, PO Box: 65-
16765.
2-Associate Professor, Color Display and Color Image Processing Department, Institute for Color Science and
Technology, Tehran, Iran, PO Box: 65-16765.

Abstract

Natural and biodegradable luminescent materials are promising alternatives in the paint and resin industry,
introduced for sustainable development and to reduce environmental impacts. Sourced from plants, living
organisms, and minerals, they absorb, store, and emit light energy in darkness. Applications-include smart traffic
coatings for road safety, corrosion detection sensors, intelligent food packaging; antimicrobial coatings, and
decorative uses. Key advantages are reduced energy consumption, lower greenhouse gas emissions, decreased
volatile organic compounds, and environmental compatibility. Although/synthetic luminescent materials offer
superior optical efficiency and stability, natural materials are preferred for health and environmental applications
due to high biocompatibility, very low toxicity, biodegradability, and lower production costs. The development
and application of these smart materials represent an effective step towards a circular economy and sustainable
development, and they can play a significant role in the future of coating industries.

Keywords: Natural luminescent materials, biodegradable, smart coatings, paint and resin industry, luminescent
paints.

Graphical abstract

Bioluminescence Fluorescence Phosphorescence




& g8 % R
@é&yﬁ@é@g}fﬁg@

doddio -

g 00, i |y ate 3l oad 5 (651 «6)8 @i e 50 xS E 5 by, plKie 4 AT uien (015 'L g5 g
@ loaisSlganel (23l Slge (ul iS00 GU3L Golite (2 ge Job )3 1) 0l D (6551 (0L 5 e @B pln
Ul Slge b Sla S 550k 5l (e (1) wdbior (gman sla bty ln sk 5 omb A Srae jslane
w2 gobe slod Jad e falS 4 i5)98 gie Gayb 5l 60959 QM Sl ook jlade @ds b aS (el VL polie o SLSL
313l @z Gaze 4y el jold lge W9 d oo S (B 500d g el jgld (S s 90 4 OB ygS Slge S (o0 S
oS a0 ey pl)T g 08 (e ey b1y oads Sl (651 5 550 Ll hed (g Wlo S s 1y eads 2Ly (65l cpie
S5l x5 arte kB b 5 ol (658 @i 4 Aly S &y el el (S 0 gl it e s (S ol
(V) 0 o oozl Cae oligS (slad )l 10 sl 5 8,150 el Jo o ol aiales

O soges o3 )5 5 i slahs) (s Sl g5le (Db 58 Slge die )3 (gouxie (5590 DYLEe B sl Jlu o
5,Skas Sy 5 Sl Loly cmlionds Lo coolity lodsiz s oldlls ol st el ool b sl 0y Slgo
2 S g (Sae e rb DU g5 g Elgil g0 ogdle pl Allie (blis ;o (V) wlaiBls 55563 QU e Slge (593
slecusgame (s sl LB Liul,) pl s gl J..SL Gy 9 S5y o o dlse pl Sxis 5 600,85 sleais
W8T IR sin 3y90 Fre b ;0 dnwgi (IG5 sileis,l Blge g A pa csolaill sla e s Sles
59700 )8 alfaus calide Olys slge adey Sl g 4o ples o Shee anglio LU sl ouls (M pioran ol
2 obered 35 e laie ol jlosd Il Glidg; slaailels g sl wde (jidg « ) mlio ;o cuslio dlge Sl (6l
09l g0 Dgms ey (55950 Dlalllas I (65l 4y S Wlas (pl Lol pled azg cgolaidl g pmio (B sloac
f.Y,\)

230 9 Ky S )0 Ol g Slge Conl Y

oo )5 aS o )ls 1) Sebls ol laca jomals JIS2S 6l Jds @y e ploy 9 cblis (285 5 ogdle (05 9 ) Caio
oy Pls> b ok laphsd 5 alides ol (59, 2 olr alex jl it mlio o 5 ail atils | o5 ols> b oalS
Codgdoe g dilwd alize Sluogas b Coww g o glgl lils Salw¥lgSlung L8 Jdo @ ey 09l 43§ IS,
(O-F) 55,5 1, calizes mylis o oolial

Wil ) g odd GRS slasl5 Lacsl g (6551 B pae Gl carge (i 0l 1 (AU el s o3 Sl Lo o
el BN sl 423l Gl oy 31 2015 5 (5351 97850 sl e 550, Gyt s olge & 4z
oolaiul slosl> g oaums o « SELLs olo ) cidia « lw ) oo 1S 6l )y 9 ) Caiio J0 08,1 by Blge
(F) 28 oo Wl S jlanme b B 5le (sloofg 5o (sotee SR ((SU)U )0 (i3 )0 5 9 d Sl fds 4 5 e B e
b sl it 5 el @M 50 Gl oy slan S plgiear (aeaidy QU CwolB b CUys slesand
() wlazs 5 )5 az g 050

5 $iAln Slegin caeis wile glaoje 4 |y lagl o )5 wlse b 55 65531 (G3Luslil 5 05033 0 Bapamie (S
& o5 IS5 4 @l 55 L wlsie buids o Sbys olse 3l eslitul Gimen () sl ool S 55 (S
oSy ogdle da ey ol g0 8 53 S pay (V) WS SaS T o ile )T o sz 1 1l 5 sk (leSis

! Luminous materials
2 Urban heat island effect



& g8 % R
@é&yﬁ@é@g}fﬁg@

Uil o039, sladaste 1o Fos ud oolitwl diw) g souall bay] golaidl 4d o g (5 Il plgd Seapn 4 oo IS
QA Cenlod S ool 2 1) oz 9 s pocdy Slaphd jo 1) (S0 oS S 5 5551 6590 e e

S @y (Some LS 5 g Slyg (995mg S Dlogzge il ol slacntisn (LS @l 5l &S (b b Lg Sl
25 038y ;25 L olse cpl ezl 15, 5 S5, mlio 5 Sledag ole 3l 5l plaan S lsiea wnle
Sl 9 BP0 Lanme oS Sgnn )3 (550 SR (s y9 (S5l S e 0 ST g (eran (2lids) 4 ks el g,
b ot 1 o5 Lo Il 5 i s Soke b 5 5 e o5 1 8IS s aplezsle
(S ot o s 5 ol 5555 5 Y g5 25 oSS sl S oozl il 5 sl iy o
S5 535l Sl e Uity 5 el (sla il 3 3ty g 5| 5 5ot ool 5t <l 2 ae saTS
Q) a8l by )3 55l (s7adre 9 O

O @Il Coenl culisl 552 5 580 Lulyd 9 ohgas laoslr 2S5k plgs 5 ooy (Sl Glagide 059> o
1LY 2l 5T sl s 3giomn IS ki 537 Bl 5 S5 3 (i sl ity 11, )
e 3 lson IS S 5 T 5 Sk Ll sl s 35 125 Sy g | SIS Sl 5l sslic
Sfles (S0, 0 ;25 5 bagyost o (LS gl el s> g e s a4 b Cesls b U b Lg Slse
W0 3gur 4 (55,5l B rae ralS red Slosl> Jaig e o o il cpl 5l eslaiul (VYY) wilosls lis 9e5 51 (6 wlio
A oSS ol g e

3 ebasgase bslge cpl 5l caiis eolatwl ¢ cias) slo iiiigy 5 (S8l sl S5 0 Ol dlge sase sblje 9929 L
S ST Y35 3,5 s opl ol il i S5 5 5 iy 1 il o g (o 3 Shat o ]
ooyl o Slkee (Quenching) JalS wogels L 1g gl el Dol wual elS coge wilgs oo 00, 5l Lab ol ¢ (e
Oeared 318 (63b5 Corenl b sladarze 3 oolitul 890 o ilig g Sloslr slacaS S (3 ohagd £3S9e (nl 09d
5 Ayl sbyind leolaisl aleils (ol pled 5 pi8 Gud 4 Sliws ln Saie g glaalels 5 6 ke
gl anse i )0 Sebioe Jpama oadiplel Cuad 5 adgi diie Slaldl corge 45 alis oal S wlg glasy b
Ny sled & (o gy olide ;0 Slge (nl (3Ll (58 2 She Jelge e I solatdl slacqsgaze o VL
OV,

ol 9 pBarsg; parsis lp (s 6B (53,65 b K (lyied SU g Slge (S5l wietign slaibe waled o
) Fo095 Boetr plolid (Bl (il jsld 5 (e Gl K Wsdoo Cgmime il mlio )3 © P snyy (nl
V) S5 5 5l s e Slge § ool 5 03,205 SLs | sl o 5 00,5 bl

5 sy Lo p)lS 05> 0 oSzl (g S S)I 5 (oetx Culia s 4 Slyg Slge 3l slale o
Sy Sl oo aiilo (50090 5 £y LS, (i 4 Db gl GleailaSS ) 10938 L dlge plailes STl 355 4y (5 lers
ol hol cuvgazme (Uil Cools sl 9925 b (V0) Wgl oo s 3 slaclo ) (pla G cage Gl 5
ela )] yos Jsb g plys (ialS az ;o 5 (s slaaY o oolitul poil b ity

Saiss o b g jpam 0 bgids ol WS (09Seeds slad )l )3 (YL Jemily e SBHg slaidsy
Slp oot o Kilis plreds atlsiion lajpd g 039 pae (25Swg S 1) Dldgzse (0 w34 OB (5T Jlud
OF) S Joo ame Sl i g (29,500 sla gl (assuas

I Glass beads



& g8 % R
@é&yﬁ@é@g}fﬁg@

45l g 1) @lie slge S5 (S b el (ol SU g SLS 5l esliiul aieon slaganaing 09> )3
Gl |y el e SIS e ploend Slge sl oslitul el bl (e 3 5 08 (o0 ol 2 Gy 03,55k
QOVF) 2 o

@5k Og (LByg 05 Al LS ol g el wes e atws 4w 5 (g |) QUL slaibg sLlie
M) Sl Blge nl (63 ,8ee sblze 0o s 5l (S (2lidy) Slapinn (G230 5 ()5 HLassl ol (S 251 (55
V) 958 o0 (el (Rl g Dol falS g (S5 e g b g el o b il cnl sl esliinl (sl (25w 5
L (YY) oS oSS sogos (sloliad cotsS sl g ailod wo dgupe 0 baidgy onl 55 3ld ole; Sl 5104
el e plizen (golail 4,0 g Cuaglia plgs b5 ola Al Llse cnl 3929

Caos &y o Olide (e Gl Sl (B0 (ametans; G a4z b () 5 S5, S G0 S5
el 105 e s (Y=Y 0) Cewl 03,5 &S 1> (VOC) 51,3 JT SlaS 5 alS g 5 56 ) Slge 5l oolictal
35508y ol sl 00,5 e 1y iyt 5wl Glagiis arwg el S¥same sl (S S as Lol
(flie ;3 098 o0 i Canyilasme 55ll Sgnte 5 CBLGL lBl (b e L (S Ghs, el (el
5 ety oz glagilly LaVOC iluslil 5 (s iy pae (i slice s @y (i glagiig 5 LS,
o ke gloojle (59,55 5 olliny; 55 b a2 S lillS (glajls (nl3d) 5 T (Sogll 5l caiis o olml oDl
bl (tals 6l 5o 6 0l plyieas aiadise 5 alhcan il Gloiis b bpl Sl g)cl 1 (YY)
el 8518 Az 55 9590 (S oS S| 5 armretans

plgs g anse pla elge asly g ood plogl )95 ps Sl bl e Qb ool Sy DLl (gane oo
3ok ayls (53b 5 Cenl 5 (iluis o PGy (darme Lulyd 5o (lly cogsl elidie ;0 wdgs SoblB o Slee
Slgo dr (Swly 9 Vb adgi anze Lol ils ogllas (59 0 Shos a2 51 OlaS (S jolie n (e w8y slajind
Foke! o yiwd Juds a4 b dlga 505 (sgu 5l 05le o axlge lacusgaze bl o] 5l 08 1S solaul ¢ o5 adsl
e Slge b o Shee plaoy’ b)9 Dol 5l jeae wiz e wilad I 18 ax g 9550 i aecew 6,85l 5
oo )3 Slsg lacs,glid B3ge dnwgs sl golaill g (3 Glagasls Glojen (b)) alpli ijls alold aid iy

ol lgl g U9 s, 5g5Le -Y
A8 o 7y (S9N A Sl slacdls (o a5 wll o glosls (o 3l e ey SU el w0, o Ll L3 jo aS jshilas
B g (2Uad ¢ ilujold pwyp 4 isu () jo &S il Gbcen g (o ad (il yals el oasy (ol

NSNS

il old —)-¥
3 e ek 4 g 3900 45Kl lea b 563l (Al 4 g iU SG WS (o0 D2 55 (JeSIge &5 (S
4l gl Ve sgae (2B (LS plej D ;5 oal 4Kl 9 iUl Gl el sl oy 53 1055 e 13 VL e
0598 Ol &5 e bl 5 Sy esls iy 4 b 5358 S BT (nl (g 0 0,8 (e skl ples b adsl cl 4 o
Gl oy il jgld () JS5) (Sighlr Jlogei Beb uuton oo ool (il sl ospay 45 (8 S5 4 Lo | 0a o]
Siloier pd Ol 1) jlome g @ S8 5k g 09d o0 Sz b Sl o (g IS L STl JBo gl 50 95T 45" a8l e



& g8 % R
@ém@@%«p@vé@f

iyl o Jalse o et ¥ JSh 00 cn ) ainasS 59995ld wiile SailegT slaJsSge oy 5l Lagos oy ol
ol s @ sl Sl ay s Sl ol ety by Lol s (FA) ams oo lid |y G2l leg Sk 5 (sosiilsS 035k
o & ool 5590 a3 eny ol e 5 5 2l o zen il 55 50 45 05, 50 0 oS S
oS p9d 09y L @Sl Jlin gl o 09 58Ul oS wdl oo BT (Sloj (il old oy (Saishly Jloges Gl 5 5i53s
@9 Sjluies jlre () A2 1) b Sl cuaSlh Sle en 4 g 090 o0 Sdx s b Sl Jlio gl o
Gkl Lagas onaay ul0)ls (2UsS jee QU yoe Bl Sl jLasil (nl a5 090 o0 (5) (5998 HLisil 4 jomie oy
O S5l a5 ol (S slo 58516 oy (! 5o eoliil 050 (gl ys85ld 1 (o 508 o0 D50 Siilag,l (laJ5SUse
ol o ol o] Slidg, ley Gae g (cogilsS 003L il 58 o yo Jelge (et ol somlive B Y S 4o
55l Gisb 51 a5 conl losay T (SBgal ol 3 b ol e (o0 S Jelse S5z o ay | il
ol oy 028 slogl 1, gals ol atlygn Jssa b gy 03 7 Jalye o a5 olrgl el (S silishe
5045 W Gl se il,sld sl olaJle Glaie a4 (YA) 0,5 )13 150 Cov a4 Wil o slanors Jalge 4y Cons
5 el Saglh FF+ YTy lse il S5 sloggo Jobo 45 « )10 o575 LAl slaglslis g sy onl (2l i

(YA) ol osmlive Bl agili F5+ B FY S s Slgn onl ,Lisl zge Jsbo

Internal onversion
and
vibrational relaxation

s P
4

Intersystem Vibrational
Energy Absorption crossing relaxation

AN

Fluorescence
Phosphorescence

ANNY

s, Y 7

(YA (Sdshle fogoi ) S

Figure 1. Jablonski Diagram (28).
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Figure 2: Chemical structures of fluorescent materials and the color produced by their emission (28).
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Figure 3: Luciferin oxidation process and potential energy level diagram for chemiluminescence excitation (32).
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5 Guasha Luciferase

¢ NanoLuc Luciferase

7 Siperiden Luciferase
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Figure 1: Excitation sources and excitation/emission wavelengths of commonly used luminescent materials.

Luminescent Material Excitation Excitation Wavelength Emission Wavelength Emission Reference
Source (nm) (nm) Color
SrAl,04:Eu?*,Dy3* UV / Visible 320-400 ~520 Green (42, 44)
Light
YAG:Ce®* Visible Light 430-470 ~550 Yellow (44)
(Blue)
Eu?*in Oxides uv 250-390 610-620 Red (42)
Crude Cellulose (Plant- uv 320-360 420-460 Blue (52)
derived)
Carbon Quantum Dots UV / Visible 330-400 440-520 Blue—-Green (44)
(CQDs) Light
Firefly Luciferin Chemical (ATP) — 550-570 Yellow— (53)
Green
Bacterial Bioluminescence Chemical — ~490 Blue—Green (53)
(FMNH,)
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2 Fluorescence

3 Phosphorescence

4 Bioluminescence

5 Electroluminescence

¢ Cathodoluminescence

7 Thermoluminescent

8 Triboluminescence
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Figure 4: Lignocellulose and the structure of cellulose, hemicellulose, and lignin (47).
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Figure 7: Luciferin oxidation reaction by the enzyme luciferase (50).
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Table 2: Strategic comparison of plant and animal light sources.

Animal Sources
(Bioluminescence)

Comparison Index Plant Sources (Biomass)

Tryptophan, porphyrins, luciferin,

Main building blocks Cellulose, lignin, hemicellulose, terpenes Keratin
Light generation Mainly via external excitation Internal chemical reactions
mechanism (photoluminescence) (luciferin—luciferase)
. Bioluminescent nanoparticles and
Key synthetic products Carbon quantum dots (CQDs) biosensors
Photostability High resistance to photodegradation L to‘ L degradatlon
(especially porphyrins)
Production / conversion Physicochemical methods Biochemical and metabolic
method (hydrothermal, pyrolysis) processes
Color spectrum Wide range (blue to red), size-dependent gty blive aml Zroen (marlne), et
(e.g., mouse skin)
Representative Pollution control, production of stable Bioimaging, mating, survival, and
applications luminescent materials defense
! Microsources

2 Photo site
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Table 3: Types of activators and metal ions (37).

Activators Metal Ions

Lanthanum, Cerium, Praseodymium, Neodymium, Promethium, Samarium,
Europium,

Gadolinium, Terbium, Dysprosium, Holmium, Erbium, Thulium,
Ytterbium, Lutetium

Lanthanide Ions

Metal Tons Alkali metal cations: Lithium, Potassium, Sodium
Alkaline earth cations Magnesium, Calcium, Strontium
Transition metal cations Multivalent ions such as Iron, Copper, etc.
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Figure 8: Luminescence in rocks under ultraviolet radiation (52).
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Table 4: Comparative natural luminescent materials vs. synthetic luminescent materials.

Feature / Index Natural Luminescent Materials Synthetic Luminescent Materials Reference (Source)

Plant, animal, mineral sources; extracted Laboratory synthesis with precise

il el from biological waste structural control 7, ek
Quantum Yield (QY) Low (2-30%) High (50-90%) (37, 44, 48)
Emission Intensity NI, depenidoennst O 71 el el High; controllable and stable (37, 44)
Optical Stability Sensitive to UV and oxygen; may degrade High; resistant to photodegradation (44, 47, 49)

Control of O.ptical 2 araends o regurE] Sanras High; allows structural engineering (44, 47)
Properties and doping

Biocompatibility Excellent; low toxicity, biodegradable Generally low; may require coating (50)

ey Ees Biosensors, smart packaging, medical LEDs, displays, industrial coatings, (50)

imaging safety signs
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High; requires complex processes and

Cost & Scalability Low-cost; based on waste biomass . (37, 38)
equipment
Environmental . . Low to medium (can be designed for
Sensitivity High (affected by pH, oxygen, metal ions) P - (37, 48)
Carbon quantum dots (CQDs) from plants, Doped inorganic phosphors
E | 34, 44
el E TS fluorescent proteins (e.g., SrAl;04:Eu), MOFs 2,2
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Table 5. Comparison of structural and optical properties of cis and trans isomers of polyimine polymer

Molecular symmetry Higher Lower
Thermal stability Higher Usually, lower
Electronic coupling More optimal (planar structure) More limited (due to steric hindrance)
Absorption/Emission spectrum Red shift Blue shift
Poly(Z)-PTI Poly(E)-PTI
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8N H
N=HC CH=N
' e ! (s 0
*—N=HC—N~__He=N *-N=HC ‘@YC#N
A Wahe | /
Cis Trance
(Y0) Sglaze olad slagun S )8 uoal by youdy 1A IS0
Figure 9: Polyimine polymerin different spatial configurations (35).
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Figure 10: PL (a) and UV-Vis (b) absorption spectra for poly-PTI structures (35).
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Figure 1: Luminance spectrum (A) and CIE color space diagram (B) (35).

g0z oy 9 (HEP) YU (39 55T b sl pouy —1-A
3P pamio 5,5 18, izl (Bolas w8 o g ouds JoSas ilidee jegige oz SIHER) Yl 55,51 b (slo oy
SR Sdige pi Shgels 4 2xie Yseme (T 5jlon oo Jio) (J5Sge e 1S pa595acS (Slapimnn ;3 0l
Sbml (goshe slrossy (Jlud (2l 8150 09,5 alsal L5 03,5 (6 S5l plate Sleazd (ul S| HEP o (g b5l 5]
SNl o y2eS L (65,31 JE Jedo 4y o Gali¥l g (o2l 5510 o alold GaliEl o & ol 4 ol 105 e
Sjboiss wol 555,55 Esadsh o 5 Dud oo welal Gl GeBo )l Jsse s 50 (58T (e wzald 5o

(%)

G a4

Dl e sl @M iy 19 S5 galis 3 (Slod S (5las )5 )53 Sz 125 5 (65 d CellB s 4 QU5 olge
Lo L 51 g3 5\t canaebs i ygi olge glal callin ol 1o ilod S oy (s gloailobis g o S o olihs,
@ (sl D58 slgs &5 G oo i gl A 1B (pw) 0 9)90 (Srio (a0 25 5 6598 SlaS g «lsg B g5le
SR> 5 (Shi o) SO Sln (erlie Sloa T ey slaze b )85l 5 Gl Coen o6 )8l 5 s
s (sl yiand L Vpomn 3 Shae (5,234,055 5 Lolys S8 Cubild ooy (65l 585 St S5l el ol b s
g Sold) BB A iy s

el 5 (5551 sla31 5 kn 97 alaly s woleaS (SB- polic b oniiongs aes (sl yind 45 ol LS (izrod b g
sl (oo oo )5 lp 43S (ke led g 0092 51007 5 VL plgd 5 (DUe Db lead ST g xSl
L oolye cnl 5l (Saie osliinl o2y (nl b gl oo geine Slcd Glaide 5 (el Slashl ( SSl5 slS,
Slcasgazme 5 (e (T3l J1 )0 5 Shos 2l iolioS (S pobic gy (Sils dsi YL 4o alox | pla il
el ol yad (55l golual

5 celio atze b gyl cosllas (555 0 Sloe 4 lojen olitws Baa b Olyg olse Syaz Jud drwgi gazme 5o
Slasz & axg Goizen 05wl 0je> ul 4o el tagh Sl ke S S csheecen) )55
Alidee lio ;5 Sl (pl 025 (5 S )3 (soter (B Wl o0 (B Sla S )L )0 ileisl g soladl ((paie
S Ll

Blue-shift’



obazdl Jalse 5 s ataly Lol (5550 slaShs 4 i Db Slge o Cudbse a5 and go (Lis eddplnil (o)
Lyl s 0 0,Sles plgo g a3 Soums sl dlge aja a5yl (5,3ld (pl drwgs 10 (SlodisS fpmnd (i 55 ()l 4
9y Crl 3l Wedon Came Slge (ul Siluis b 53 oS Jalge alea jlossl ulide ;3 adgi OSel 5 510 0 02 (52315
JeteS 9 yoe Job (Rl wdsi anse als p ((Sebl oSy e 2 odle Wb Qljg Slge wdxr s sy

59 il il ol 1o 6 )5lid el o it solital el b ably 5 pate 5w sixio (sloay )b




o 4% %Mgf

<

&=l

[1] Kegecioglu Dagli P, Dagli S. Photoluminescent materials: a sustainable solution for eco-
friendly design. J Environ Earth Sci. 2024;14(6):2224-3216. doi:10.7176/JEES/14-6-04.

[2] Zheng M, Li X, Bai Y, Tang S, Li P, Zhu Q. Sunlight-activated long persistent luminescent
coating for smart highways. Coatings. 2023;13(6):1050. doi:10.3390/coatings13061050.

[3] Soleimani-Gorgani A, Goudarzi Z, Rahmani O, Avinc B, Shirkavand Hadavand B.
Tailoring surface properties of cotton fabric with biodegradable polycarboxylic acids for high-

performance inkjet-printed conductive patterns. Prog Color Colorants Coat. 2026;62:247-259.
doi:10.30509/pccc.2025.167637.1437.

[4] Rahmani Z, Shirkavand Hadavand B. An overview of adhesives and their evolving role in
industry. J Stud Color World. 2025;15(2):115-135. doi:10.30509/jscw.2025.167402.1211.

[5] Rahmani Z, Mousavi M, Shirkavand Hadavand B, Petri M, Vosahlo J, Rahimian Koloor
SS. The role of urethane acrylate in improving the elasticity of nano chitosan UV-curable
hydrogel nanocomposite. Nano-Struct Nano-Objects. 2024;39:101293.
doi:10.1016/j.nan0s0.2024.101293.

[6] Abniki M, Rahmani Z, Soleimani-Gorgani A, Shirkavand Hadavand B. A review. Polym
Renew Resour. 2025;16(4):209-224. doi:10.1177/20412479251345678.

[7] Xiaoyan F, Yanan L, Yanfeng M, Hogwu ZH. Long afterglow green luminescence of Tb3+
ion in Ga4GeO8 through persistent energy transfer from host to Tb3+. J Lumin.
2021;237:118149. doi:10.1016/j.jlumin.2021.118149.

[8] Santamouris M, Yun GY. Recent development and research priorities on cool and super
cool materials ‘to ~mitigate urban heat island. Renew Energy. 2020;161:792-807.
doi:10.1016/j.renene.2020.07.109.

[9] Soltani Mohammadi H, Rahmani Z, Shirkavand Hadavand B. Polymeric membranes and
their role in the removal of dyes. J Stud Color World. 2023;13:253-267.
doi:20.1001.1.22517278.1402.13.3.2.8.

[10] Marchini F, Chiatti C, Fabiani C, Pisello AL. Development of an innovative translucent-
photoluminescent coating for smart windows applications: An experimental and numerical
investigation. Renew Sustain Energy Rev. 2023;184:113530. doi:10.1016/j.rser.2023.113530.

[11] Dwyer C, Himes S. Investigation of inlaid pavement marker performance and safety
effectiveness. J Transp Res Board. 2022;2677(1):981-994. doi:10.1177/03611981221103244.

[12] Zheng M, Li X, Bai Y, Tang S, Li P, Zhu Q. Sunlight activated long persistent luminescent
coating for smart highways. Coatings. 2023;13(6):1050. doi:10.3390/coatings13061050.

[13] Zhang F, Zhao X, He Y, Xie Y. Research progress in application of strontium aluminate
long after glow luminescent materials in road marking. Buildings. 2024;3:1-13.
doi:10.19721/j.cnki.1671-8879.2022.03.001.



& g8 % R
@&yﬁwﬁfﬁgﬂ

[14] Caemen R, Tubio L, Garea B, Cruz D de V de Z, Lanceros-Mendez S, Bermudez V de Z.
Environmentally friendly photoluminescent coatings for corrosion sensing. Polymers.
2025;17(3):389. doi:10.3390/polym17030389.

[15] de T, Mateo Sanguino J, Redondo Gonzalez MJ, Davila Martin JM, Dominguez JML.
Enhanced road safety with photoluminescent pedestrian crossings in urban contexts.
Infrastructures. 2024;9(3):60. doi:10.3390/infrastructures9030060.

[16] Suleymanova M, Maliukova M, Koryakina A. Architectural and decorative concrete with
photoluminescent pigment. Mater Sci Eng. 2020;896:012025. doi:10.1088/1757-
899X/896/1/012025.

[17] Martinez AH, Lopez-Montero T, Mir6 R, Puig R. Photoluminescent applications for urban
pavements. Sustainability. 2023;15(20):15078. doi:10.3390/su152015078.

[18] Bonneel L, Geisler F, Létard JF, Villa C. Photoluminescent road marking for safe mobility
at night. Transp Res Procedia. 2023;72:3754-3761. doi:10.1016/j.trpro.2023.11.514.

[19] Zhao X, Zhang C, Ju Y, LiJ, Bian Y, Ma J. Evaluation of tunnel retro-reflective arch in
an extra-long tunnel based on the matter-element extension method. Accid Anal Prev.
2021;150:105913. doi:10.1016/j.aap.2020.105913.

[20] Wang W, Wang S, Lu Z, Cheng Y, Zhao Y, Zhang Q. A comprehensive review on active
self-luminous pavements: Materials, performance; and practical applications. Mater Des.
2026;262:115467. doi:10.1016/j.matdes.2026.115467.

[21] Malik P, Sarkhel D. Advancements in bio-based materials and low-VOC formulations:
Paving the way for sustainable innovation in the coatings industry. J Coat Technol Innov.
2024;2(2):34-38. doi:10.61577/jcti.2024.1000010.

[22] Faccini M, Bautista L, Soldi L, Escobar AM, Altavilla M, Calve M, et al. Environmentally
friendly anticorrosive polymeric coatings. Appl Sci. 2021;11:3446. doi:10.3390/app11083446.

[23] Ong G, Kasi R, Subramaniam RT. A review on plant extracts as natural additives in
coating applications. Prog Org Coat. 2020;151:106091. doi:10.1016/j.porgcoat.2020.106091.

[24] Sarcinella A, Frigione M. Sustainable and bio-based coatings as actual or potential
treatments to protect and preserve concrete. Coatings. 2023;13:44.
doi:10.3390/coatings13010044.

[25] Ulrika FS, Johansson H, Eaton-Magana S, Towbin H, Myagkaya E. Glowing gems:
Fluorescence and phosphorescence of diamonds, colored stones, and pearls. Feature Article.
2024;60(4):560-580. doi:10.5741/GEMS.60.4.560.

[26] Abniki M, Rahmani Z, Yousefi-Limaee N, Shirkavand Hadavand B. Investigating the
removal of toluene from textile industrial wastewater using integrated advanced oxidation-
based Fenton and ultrasound process. 2025;77(20):93-104.
doi:10.22075/chem.2025.38598.2382.

[27] Reinhold LM, Rymer TL, Helgen KM, Wilson DT. Photoluminescence in mammal fur:
111 years of research. ] Mammal. 2023;104(4):892-906. doi:10.1093/jmammal/gyad027.



& g8 % R
@&yﬁwﬁfﬁgﬂ

[28] Dunuweera AN, Dunuweera SP, Ranganathan K. A comprehensive exploration of
bioluminescence systems, mechanisms, and advanced assays for versatile applications.
Biochem Res Int. 2024;8273237:1-22. doi:10.1155/2024/8273237.

[29] Weill D, Schramm S. Bioluminescence — The vibrant glow of nature and its chemical
mechanisms. ChemBioChem. 2024;25(9). doi:10.1002/cbic.202400106.

[30] Letendre F, Twardowski M, Blackburn A, Poulin C, Latz M. A review of mechanically
stimulated bioluminescence of marine plankton and its applications. Front Mar Sci.
2024;10:1299602. doi:10.3389/fmars.2023.1299602.

[31] Liu H, Liao L, Pan X, Su K. Recent research progress of luminescent materials with apatite
structure: A review. Open Ceram. 2022;10:100251. doi:10.1016/j.oceram.2022.100251.

[32] Trukhin AN. Luminescence of natural a-quartz crystal with aluminum, alkali and noble
ions impurities. J Lumin. 2019;214:116602. doi:10.1016/j.jlumin.2019.116602.

[33] McNaught AD, Wilkinson A, editors. [IUPAC Compendium of Chemical Terminology:
The Gold Book. 2nd ed. Oxford, UK: Blackwell Scientific Publications; 1997.

[34] Duchatelet L, Dupont S. Marine eukaryote bioluminescence: A review of species and their
functional biology. Mar Life Sci Technol. 2025;7:366-381. doi:10.1007/s42995-024-00250-0.

[35] Ghazy AR, Kenawy ER, Darwesh N, Shendy S, El-Shaer A, Ghazy R. Impact of molecular
configuration on the photoluminescence and electrical characteristics of poly-pyrrol-thiazol-
imine polymers films. Sci Rep. 2024;14:28336. doi:10.1038/s41598-024-79758-5.

[36] Huang YJ, Yeh JW, Yang CMA. Photonics of high-entropy polymers: Revealing
molecular dispersion: via polymer mixing. ACS Nano. 2024;18(47):32759-32768.
doi:10.1021/acsnano.4c10585.

[37] Rahman JUR, Khan S, Jain V, Rajiv A, Dasi S, Fawy KF, et al. Exploring inorganic
phosphors: Basics, types, fabrications and their Iuminescence properties for
LED/WLED/displays. Rev Inorg Chem. 2024;45(1):55-76. doi:10.1515/revic-2024-0044.

[38] Singh P, Dan A, Kannan PP, Dhanka M, Bhatia D, Saha J, et al. Non-toxic fabrication of
fluorescent carbon nanoparticles from medicinal plants/sources with their antioxidant assay.
2024:1-13. doi:10.48550/arXiv.2401.10673.

[39] Madhi A, Shirkavand Hadavand B, Madhi MH, Rahmani Z. Fluorescent UV-curable
polyurethane acrylate nanocomposite coatings strengthened with carbon quantum dots:
Preparation and investigation of UV-blocking and anti-corrosive properties. Appl Chem
Today. 2024;73:41-53. doi:10.22075/chem.2024.33360.2253.

[40] Amoozadeh P, Sarrafi AHM, Shirkavand Hadavand B, Rahmani Z, Niazi A, Konoz E.
The elimination of environmental pollutants through the utilization of nanocomposites that rely
on carbon quantum dots. Int J Environ Sci Technol. 2026;23(4):288. doi:10.1007/s13762-025-
06927-y.

[41] Tavella RA, da Silva Junior FMR, Santos MA, Miraglia SGEK, Pereira Filho RD. A
review of air pollution from petroleum refining and petrochemical industrial complexes:
Sources, key pollutants, health impacts, and challenges. Chem Eng. 2025;9(1):13.
doi:10.3390/chemengineering9010013.



& g8 % R
@&yﬁwﬁfﬁgﬂ

[42] Zhao J, Zheng X. Progress on exploring the luminescent properties of organic molecular
aggregates by multiscale modeling. Front Chem. 2021;9:1-12.
doi:10.3389/fchem.2021.808957.

[43] Jose J, Rangaswamy M, Shamnamol GK, Greeshma KP. A short review on natural
precursors-plant-based fluorescent carbon dots for the targeted detection of metal ions. Sustain
Chem Environ. 2024;7:100114. doi:10.1016/j.scenv.2024.100114.

[44] Ge M, Liu S, Li J, Li M, Li S, James TD, et al. Luminescent materials derived from
biomass resources. Coord Chem Rev. 2023;477:214951. doi:10.1016/j.ccr.2022.214951.

[45] Su Y, Wang G, Fu B, Piao X, Zhang K. A biomimetic phosphor that can build a rigid
microenvironment for its long-lived afterglow in aqueous medium. Commun Chem.
2024;210:1-10. doi:10.1038/s42004-024-01347-4.

[46] Collins SB, Bracken-Grissom HD. The language of light: A review of bioluminescence in
deep-sea decapod shrimps. Biol Rev. 2024;99(5):1806-1830. doi:10.1111/brv.13093.

[47] Hu M, Chen J, Yu Y, Liu Y. Peroxyacetic acid pretreatment: A potentially promising
strategy ~ towards lignocellulose  biorefinery. Molecules. 2022;27(19):6359.
doi:10.3390/molecules27196359.

[48] Li DC, Jiang H. The thermochemical conversion of non-lignocellulosic biomass to form
biochar: A review on characterizations and mechanism elucidation. Bioresour Technol.
2017;246:57-68. doi:10.1016/j.biortech.2017.07.029.

[49] Czaja M, Lisiecki R. Luminescence of agrellite specimen from the Kipawa River locality.
Minerals. 2019;9(12):752. d0i:10.3390/min9120752.

[50] Zhang H, Zhang ' H. Special issue: Rare earth luminescent materials. Opto-Electron Sci.
2022;1(260):1-3. doi:10.1038/541377-022-00956-9.

[51] Bliznyuk VN, Smith J, Guin T, Verst C, Folkert J, McDonald K, et al. Photoluminescence
induced in mineral oil by ionizing radiation. Lubricants. 2023;11(7):287.
doi:10.3390/lubricants11070287.

[52] Vigier M, Fritsch E, Cavignac T, Latouche C, Jobic S. Shortwave UV blue luminescence

of some minerals and gems due to titanate groups. Minerals. 2023;13(1):104.
do0i:10.3390/min13010104.

[53] Gaurav S, Mansi M, Bhikhu M. Synthesis and applications of carbon dots from waste
biomass. In: Carbon Dots in Analytic Chemistry. 2023. p. 319-328. doi:10.1016/B978-0-323-
98350-1.00008-6.

[54] Lakowicz JR. Principles of Fluorescence Spectroscopy. 3rd ed. Springer; 2006.

[55] Zhai Y, LiJ, Li S, James TD, Chen Z. Photoluminescent materials from woody biomass
resources. Trends Chem. 2024;6:753-767. doi:10.1016/j.trechm.2024.6.753.

[56] Samaei H, Salimi R, Sabbagh Alvani AA, Sarabi AA, Ayvaz Mohammadloo H.
Colorimetry and characterization of sol-gel synthesized phosphor nanocrystals for use in light-
emitting diodes. J Color Sci Technol. 2012;6(2):95-101. [In Persian].



[57] Kalyani NT, Jain A, Dhoble SJ. Persistent phosphors for luminous paints: A review.
Luminescence. 2022;37(4):524-542. doi:10.1002/bi0.4203.



