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Abstract
Background and Objectives : Recently, silver nanoparticles (AgNPs) have been found effective in catalyzing the
degradation of organic pollutants in water under light irradiation. The present work aims to find a green method to
synthesize AgNPs as photocatalysts for degrading crystal violet (CV) dye in water under light conditions.
Methodology : AgNPs were synthesized through the reduction of Ag” in aqueous solution of AgNO, at 60 °C using
tangerine peel extract (TPE) as a bioreducing agent, at the initial AQNO, concentration of 10 - 30 mM and the reaction
time of 30 - 180 minutes. UV-visible spectrophotometry was applied to confirm the formation of AGNPs during the course
of reaction. AgQNPs were subsequently tested for their efficiency in removing CV from the solution under the irradiation of
either white light from a 4 W LED lamp or sunlight.
Main Results : The optimal conditions for the synthesis of AgNPs from TPE at 60 °C included the initial AgNO,
concentration of 20 mM and the reaction time of 180 minutes. The kinetics of Ag” reduction followed the second-order
rate law. AgNPs were spherical particles with the average diameter of about 50 nm (16 - 18% SD). At an initial CV
concentration of 4.0 mg/L, the adsorption of CV onto AgNPs (0.5 g/L) in the dark at room temperature (27 + 2 °C)
reached equilibrium in 2 minutes, with a removal efficiency of 16.0%. The pseudo-second-order model described the
kinetic behavior of this process well. AgNPs irradiated with the LED white light and sunlight for 60 minutes had the CV
removal efficiencies of 30% and 100%, respectively.
Conclusions : AgNPs obtained in this work exhibited promising photocatalytic activity towards the degradation of CV
in water. Sunlight was more efficient in promoting the photocatalytic activity of AgNPs than the LED white light.

Keywords : silver nanoparticle ; green synthesis ; photocatalyst ; crystal violet ; degradation
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ayn1AUNTURY (silver nanoparticles, AgNPs) HununndAnylussnmsunnduazindanssuiionnaantimlunig

2 TUUANEE TeSNHLNALLS Lasdudamaduzds (Aimatroudi, 2020) 33n1349AT1ZT AgNPs N1RFLAMNTaNang
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unduaemanainlil Ag” luansasaneindfiseisandunanenilu Ag® foesdanad (i1 NaBH, uwag trisodium citrate)
mﬂﬁuﬂwiﬁﬁ%m‘ﬁwmmmﬂﬁummmeﬁmummuammmmmu}mﬂ (14 polyvinyl alcohol Lag polyvinylpyrrolidone)
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flavonoids @atflwiasqsnaddaninuazavnusnduiuleaauaaslanzld (Kasprzak et al., 2015; Ahmed et al., 2016;
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Hossain et al., 2024) Figure 1 ugpnafialjisesdnduaes Ag” Inedidnmsanuannuy hydroxyl (OH groups) luluiana
184 flavonoid (ﬁ%'ﬂf;l'ﬁﬂumwﬁ'ﬂ quercetin %I\‘il,ﬂu flavonoid ﬁwu‘luﬁﬂ meﬂvl,ﬁﬂmmﬁm) flavonoid ‘ﬁqn’a@ﬂmﬁsﬁ%
wasulnseainananendly quinone (Gebre, 2023) ﬁ\im'f?@”ﬂizudﬁﬁyuaqimm@umqwmﬂm‘llwﬁ'Lﬁmﬁyﬂummﬁmmﬁm
%qnﬂﬂﬂquﬁfm%wﬂm flavonoids Lmeﬁ“WQﬂHmﬁ (phytochemicals) ﬁlu 7 817 tannins, alkaloids, terpenoids WAz

o o

saponins FuBadENIMANNasUS I LA uTBsaYNA (agglomeration) NN lHayN AW MR ANLENES (Gebre, 2023;

Moond et al, 2023)  WielsiunuaniEhinadedumusnnsiia AgNPs adlugnsazaeddiesdwiduaesianelianioi
fugeamsnsliiluanavesdfiendanstesaay ilagisufeddianaindusunme wu nan wa sideaswend
(Shaikh et al., 2020 ; Jaast & Grewal, 2021) AINANNNI0TUN9L39L 31T 1A (photocatalytic activity) 4 ARNNNSTI
aanmsanluuauaiawd (valence band electron, e,) 1848UNIARNNITF WA TNRBUAINLAWIN T €, vigaRanaInuaL
INARTEINNT 991992 NINUNLNANNY (band gap, E,) @yuiﬂﬂ”\‘i WOLN91 (conduction band) HARNEAINA19N AL

fianmaanluuaunaii (conduction band electron, € ) kazrguaLaNAaL UL (electron hole, h',) H,0 uax O,
Tuasazaneasyindfisenniu b, was e, Luaumananeiiuauyadase (free radicals) NiAINTadl 899 -OH, -0, WAz

HO, auyadaszmaHazynmiinndesaae luanaresdfionliinaeifulanauunadni iy anfi CO,, H,0, NO;

' ¥
a o

waz NH," (Shaikh et al., 2020) AGNPs 'vlzwLmmzﬂmu\ﬂu?ﬁﬂﬁ%qﬂﬁﬂmwm@ummmmﬁ?ﬂum3Li\‘1ﬂ§ﬁ?mmiﬂ@ﬂ
A a A¢ . o I @ o % o A a A cagy &
aaeanINaNEaWYTe (organic pollutant) i teelduaaiiusanseiu faunuresansuaisduwisdnldlunimeaesse
Atianmsasialalowan (crystal violet, CV) (Figure 2c) Fegnldatinsunsuaremiclugaaivinssuuasiinsdfiiming aenlsfisnu
Horeenudn v dpaiiluisgauasiluaisniansss (Mirza & Ahmad, 2020)
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quercetin (flavonoid) quinone (oxidized flavonoid)

Figure 1 Plausible mechanism for the reduction of Ag” into Ag” by quercetin

9
OH O

(a) Hesperidin (b) Naringin (c) Crystal violet

Figure 2 Chemical structures of (a) hesperidin, (b) naringin and (c) crystal violet

692



MIATINEIANERTYINT TN 20 (ATUT 2) WaEAIAN — BINAN WAL 2567

BURAPHA SCIENCE JOURNAL Volume 29 (No.2) May — August 2024 UNAINIAE

v
=&

W3 (Citrus reticulata Blanco cv.

a o Y o

nuAdeRlidunnst Aghps nalfansainanidaenduidaounuiugansin

Aa o

Sainamphueng) {lufzsad Ag” luansazans AgNO, LasAnEnsanszLasan1ne H lumsdanmest Hun ponaidiadi
Buduae AgNO, uazlaa 189N Al iTeNszndna AgNO, iuansar niidl ﬁi@@léﬂﬁﬂ‘ﬁl Aad ﬁuﬁmmmﬁuﬁmm‘fwﬁiﬂ
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zﬁ“\um’]xﬁtﬂuumwmﬁLﬂuﬁmﬁifa?\imé’@mﬁyﬂuu\immmmﬂmmﬁﬁLmznﬁﬁwmmﬁiﬁLﬁmﬂix‘imﬁ'ﬁmq waen
Fudanmnuiluuvasaes flavonoids ?{éqﬁﬂgummﬁm Tngiennzsnais hesperidin (Figure 2a) Wag naringin (Figure 2b)

(Chinapongtitiwat et al., 2013; Hu et al., 2017) Sahu uazAniziagld hesperidin Uaz naringin INIANNIANNAINLEFAYEE

'
a o

Tunszand Ag" 1BiTlunadniFanuda (Sahu et al, 2016) AgNPs N491As i IH A4 THazgNINNNAABLANNAINID
Tunadalfisenisdesaaiaansuaie@wisy (organic pollutant) luinlne luaailuionseu dounuaesasuaiis
Buwizdn & lunnmaaaumediieniasalalawen (crystal violet, CV) (Figure 2c) aagnliaeinsuninanerialugaainssnuay

tiesfiifnng adndlsfimauiisenudn cv Hpanuidluiegeuasiluansnianszida (Mirza & Ahmad, 2020)

28ALUUN5IAE

1. A19AAUAZIAR
anaLain L luanwddatiluingsineeii (analytical reagent grade) i silver nitrate [AGNO,, MW. 169.87
g/mol, Fisher Chemicall, crystal violet [C,.H,,N,CI, MW. 407.99 g/mol, Ajax Finechem] uazitlaanéudaananuiug
g Y o \ A A Y =
aginEeaInEIuR M ATas AN IR nTaLs

2. iAzaNEei g lun1samsed

Scanning Electron Microscope (SEM) TIRAGS Energy-Dispersive X-Ray (EDX) Detector 1%15UN193LAT1EW
516 [LEO 1450VP EDX-SEM], Fourier Transform Infrared (FTIR) Spectrometer [Perkin EImer System-2000] Laz UV-
Visible Spectrophotometer [Agilent Cary 3500]

3. N9FITENA1IATANLLABNAN LN (Tangerine Peel Extract, TPE)

Funaumswsien TPE Teaguignuanslilu Figure 3 muazi@antesnawien TPE duse duldendudeamu
apviinuszanms 200 g indneineauazemEaeinss hanadaeniangi mmfuﬁﬂﬂ@uuﬁﬁ@qmmﬁ 60 °C fluiaan 12
g ﬁﬁmﬁ@nz’mﬁ'LLﬁqmumﬁf;ﬂLﬁ%qummﬁst (DXM-300 DXFILL Machine) Lé&210l1daueinuns1nga3ats (Stainless
sieve N0.20, 0.85 mm openings) iiladalannzaiLAenduiid anuasien naunawaandufisenls 50 g funinlaAann

lanau 600 mL wiatinliawun magnetic stirer 71 60 °C lwaan 45 Wi fansl3liiidungnmgRivies amiunsesesnas

al

FoensyAENsas Whatman No.1 iauainen TPE (weaiwan) aanun i TPE N1 lE1Enul3ludfiunanmni 4 °C
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Figure 3 Diagram showing the process of preparing TPE: (a) fresh tangerine peels after washing, (b) oven-dried
tangerine peels, (c) pulverized tangerine peels, (d) tangerine peel powder (e) tangerine peel power in

deionized water at 60°C, and (f) TPE after filtration

4. nadunsf AgNPs 9N iizen3endng AgNO, Al TPE

anmsasadas dessiudaamaila UV-vis spectrophotometry waznnsdainmdnasansazans ldwudoyoyinu

293n1311A AgNPs Tuzasnanaas AgNO, i TPE Ngaumniitied (27 + 2 °C) Wawandiuly 24 dalus atslafinnu

Waningamniifiu 60 °C Asranudtynyiniaesniaiin AgNPs nnelu 30 wiil dsiuguu)inldlunsdunssiaiell
v o . d v oo oy .
azgnAtuANliT 60 °C IneminniImeaeaiednsuanssnuresnudinduiufiuges AGNO, uazsrzina1eeljAsen
d!l
S
4.1 MSANBINANTENLITENANNITHTUENA B AGNO,
wiseNaNsazane AgNO,(aq) NHAMdndusinaiu I6un 11 mM, 16.5 mM, 22 mM, 27.5 mM uay 33 mM 11399
a13azane AgNO, 10 mL uaz TPE 1 mL adlumanlaueaauna 18 mL uaz 4.5 mL suansi draanssesluliuglugia
ALIANANMNET 60 °C 1WA 30 w1l antium TPE ashlnaniiansazana AgNO, W&o uaUR wermanlfives
pandniuLszane 30 Aund udaudrenanlugepruangmnisiellaunsgisasy 90 win aniuliianaansenan
aanuu luanainuiaiud dnvesuanlldn UV-vis spectrum iNaRam1un19iA2utee surface plasmon resonance
(SPR) band 284 AgNPs (Ag”) Tuga9manuenaAais 390 — 450 nm (Omran et al., 2017)
4.2 NIANBINANIENLTONIA VBN TTFEN
U339 22 mM AgNO,(aq) 50 mL uaz TPE 5mL aslunangilnsaeauin 125 mL uazaqnlaweasuin 8 mL

1
ada

ANNAAL ﬂﬁmmﬁy\imﬂﬂlﬂLLﬁlu@jwmuauqmmm 60 °C \fluiaan 30 Wil annifum TPE aslinaniuansazans
AgNO, udaduaviui Tnatnaanlieuanidiiudszunns 30 3wl neuudresnanlugnspauang gyl
aunszilapsLszazaTiReINsAnm THun 30, 60, 90, 120, 150 uaz 180 w1 amilenanemeananeenuuglugng
vudaiud thaeenanlasn UV-Vis spectrum LiteRAAnannsiinduaes SPR band 184 AGNPs 9uienfilun1maaes

40 4.1
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5. MIANIAaUAIARSIRIMIgATLAS BN CV LsanaTl AgNPs Tuaniisia

5.1 nsuein AgNPs aanainIaNaan AgNO,-TPE

'
o A a o

ARLABNAIRLNTRINAN AgNO,-TPE annianaaedde 4.2 G9ilA1 absorbance 7fNuMud SPR band 184

1 '
a =<K

AgNPs genganuilafantng tdaatnasanasliimuisiogd (Healforce Neofuge 15) finnnui393911 5000 rom (ilulaan
5 w1 @mmmmmﬁzuuu@@mlﬁqﬁ'm:ﬂ@u AgNPs Tl&nsBaeninuazesdTnuiternndn TPE dowiu dnzneuy AgNPs i
@uﬁfqmmﬁ 70°C fhunan 7 4ol azld AGNPs dusunismaaesiie 5.2, fe 6 Laznnsdh FTIR spectrum

5.2 MIAARINAAUAIARTIBINII9ATL CV U AgNPs luaniaziin

aN AgNPs 10 mg fuansazane CV(ag) Wndiu 4.0 mg/L 20 mL Tudninafuunm 25 mL %ama@gﬂuﬂdmmmm

(Figure 4) Inelsifinatlnddndviaan e lfinalunassdia AueEdN&ae magnetic stirer luantnziallauAsuszazinan

20999 AELTGeINNT antisingeanan i ayiERasNiAMNEIseL 5000 rpm Hwaan 5 Wil gasnsazany CV Negjmila
mnewliin absorbance iR NENARE 590 nm (A, 1949 CV i) et llAmaninonndisdivaes CV feaannsreans i

NIMTFIU
a9

T

L Baakier 10.5¢cm
- ]

CV solution ‘C- o

+AgNPs [ i»E.?cm
ra— o

Magnetic stirrer

LED lamp%

2

(¢ ]

—t lllumination box

Figure 4 A sketch showing the experimental setup for the photocatalytic degradation of CV in water. The illumination
box was equipped with a white light LED lamp (Philips 4W LED, 6500K 100-240VG16.5 MX). When the lamp
was turned on, the average light intensity measured at the surface of the solution was 3780 lumen/m®,

To do the adsorption experiment in which the dark condition was needed, the lamp must be turned off
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5104 CV Ngnaaduuu AgNPs l9an t (q) AMuandliann

_ Gy GV (1)

m

9

\Ha C, uaz C, Aeanndindulusiures CV uazanudinduaes CV ileananatsazanaiu AgNPs ilunan t inuansdu
V ALBNRTUIR98NIaTANe LAY m AANIALEY AgNPs
508182 109N199ATU (%AdS) %qmnﬂizﬁmqﬁmwmmmiqmﬁu CV 88naNd13asanefingn t Auanslfann

C,-C
% 100 @

%Ads =
Co

6. N2ANIAAUAIaRTIBINsEiaAaIsAtan CV Nl AgNPs ihusadar/izen luan1asiiduay

nnanaaeatwieniulude 5.2 Aanan AgNPs 10 mg fuasazana CV(ag) Windiu4.0 mg/L 20 mL nnelunaas

A

= 16 & v . . [ a dl ¥ 1 J o 2 ] 1 o\
ANELAINHA LNENLLA LA LUUBINAN ATl magnetic stirrer Wluan 30 win (Lw'a‘l,ml,u%mmiqmuLng@ua@@mmugim)
aniiRailngintuasn lileansuwaeliiuiaeanan WeAsLnaITeInNIseneLasi faanis Wil nadnduasn lWLaqenuea
panaanuIwg e Nwdawiug thaesuanliiowiEfednacndaseay 5000 rpm unan 5 Wil gaansazany CV et

witlamznawlilds absorbance NANEN9AAY 590 nm et lUA AN NENd L CV wihaniulude 5.2

NANI5IAE

1. UV-Vis Spectra 984 TPE uas AgNPs UASKANIENLYBNANTNTUENAUTBY AgNO,

Figure 5a L&AY UV-vis spectra 984 TPE AUnN131Asziudnisanniuiinaznasainiiu 1 lugifiun

gounil 4 °C iflwean 2 dllandi nsdsngdayaunauiisumininsosaanudinesdtynyourinanuansliidiudi TPE

q ]

FIAIANINLANMAINTTLAL UV-vis spectra 284 TPE Usznaufag absorption bands A11491 2 bands ausiuiug

325 nm (band I) L&z 282 nm (band I1) ANHULLAZALALITRS bands iagasindiAaeiLfnLlu spectra 224 naringin

I 1

waz hesperidin (band | ~330 nm uaz band Il ~280 nm) @9{u3] hydroxyl Ut ring B 1eaus{iaen (Fan et al., 2012)

a

A115U flavonoids ‘ﬁlﬁ‘mg hydroxyl U ring B @841 114 quercetin LA rutin band | %ﬂﬁngiuﬂﬁwﬂﬁuﬁmqndﬁ
(350 - 400 nm) (Catauro et al., 2015; Narantuya & Ahn, 2022)

Figure 5b L&AIN19LNA SPR band 189 AgNPs (Ag”) L1 UV-vis spectra 104999041 AgNO,-TPE ﬁqmuq
60 °C szaizinanvesLieenwini 90 il uazAnuidinduufiuaes AGNO, faust 10 - 30 MM (spectrum A

a

BuFues AgNO, = 0 3ehitsng band Tugas 360 — 600 nm 1ilues TPE 7k AGNO, uazag/lugnenILANgumngH

al
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v
a

7 60°C 1111987 90 W) R1UML SPR band 184 AgNPs 1911348 (444 nm) Tn&LAeeiy AgNPs FsaeNann
hesperidin ‘LI??QV]% (447 nm) &% naringin ‘]_G‘zwé (438 nm) lusnuRaanauniin (Sahu et al., 2016) Figure 5¢ Lan< i
L1 absorbance 289 AgNPs Tureananiinun i find unua il uiudu duaes AgNO, 1193 10 - 20 mM
wm:ﬁuﬁ'ﬂmmﬁﬁwm AgNO, 44031 20 mM absorbance %Lﬂgﬁuuﬂmﬁ’ﬂﬂmn L‘fi'm@’m absorbance {1
AnanulpemseiuiBunnaas AgNPs FiRmw FfunuidiniuBuiuaes AgNO, ﬁmmmﬂummﬁnmﬂzﬁAgNPs An

20 mM

4 3.0 . . , , . . . . .
Band Il —— Freshly prepared [AgNO,]
P Kept at 4 °C for 2 weeks . (b) o prsnetee) | 2 M1 (C) - PR o
y Band | ---10mM c .
31 325 e ----15mM < g
3 ok 8204 - 20mM 1 3 144 1
c c ——25mM = g
.g _g = = 30 mM g
2% g =T S 1.3 . )
2 2 S, g
< < 1.04 2
o
1 2 121 ) i
5 < B
05 T .
0 0.0 . . . . . L1+ ; y y y
200 300 400 500 600 360 400 440 480 520 560 600 10 15 20 25 30
Wavelength (nm) Wavelength (nm) [AgNO;] (mM)

Figure 5 (a) UV-vis spectra of freshly prepared TPE and TPE after having been kept at 4 °C for 2 weeks. Inset shows the
backbone of flavonoids. (b) Formation of the SPR bands of AgNPs in UV-vis spectra of AQNO,-TPE mixtures at
the reaction time of 90 minutes, with various initial concentrations of AQNO,,. (c) Absorbance at the position of

SPR band (444 nm) plotted against the initial concentration of AQNO,

2. m\mimwmwmwmﬂﬁﬁ“&m?m”n%”wm Ag’ UAzaauAIAATYRILANZE

'
=

Figure 6a WaASNNENeIAR8EN9TB9HAN AGNO,-TPE 7aansine <) 1eelfiisen Tnesiaetinaiiaa 0 wiiiAe TPE W
| a & A o PRI asa P = Y o o &
TaliFin AgNO, AuiuINTesNaNN AT AN N TUMNnANTesiTen nMsiauuLasRIesteHaNAARR I LN AN

\ a X . o eaMy 1 o = PR
ANNIANTBNAT absorbance 7 444 nm T UV-vis spectra (Figure 6b) NARNETN LH LT3 AgNPs (Ag’) H1EuNnLNNAURNN

RReGNIRETY
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a) R - n

0 min 30 min 60 min

0

90 min 120 min 150 min 180 min 300 400 500 600 700
Wavelength (nm)

Reaction time (min)

Absorbance

[any
L

Figure 6 (a) Visual observation of AgNO,-TPE mixtures obtained at different reaction times (temperature = 60 °C and
initial AQNO, concentration = 20 mM). (b) Time evolution of the SPR band of AgNPs at 444 nm in the UV-vis

spectra of AQNO,-TPE mixtures

Figure 7 uapnInaing SEM uazng ninsnazaneainaduriiuguina1azed AgNPs NRATUNNATFN | 289

Ui mnaduriuguinasgninain AgNPs A1au 100 anmatuninane SEM Tnelflisunsu Imaged (Schneider
@ Aa & . P A o - P
et al, 2012) aziwdn AgNPs Mifinauludas 60 - 180 windlunsanannawnadumuAutinaaeaalszanm 50 nm
atiwlafimuIuIn2ee AgNPs innanszanarewdnening (polydisperse) AaaAndauidieuunnnsgnaesaduEi
. ¥, Y . 4 s @ e o

AUENANSFIUE 8 - 9 nm (16 - 18% eI UNNUAUENANRAY) N9nszaeTastARngiluanenieIng IHa 1w
aumANiauluanasainanig nanFieaziannsos EDX detector lAsed SEM wumaisduantiesaesdngon
fanniaessns) Ag luernesnunanaesdjizen neeumeniiaiuina1resljisen 180 win Hifsuos Ag geaai 7.7%
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Figure 8 WAANKANITILAIIZHANNANNUSITIRAUANARTIZNIN absorbance (A) 189 Ag® (AgNPs) ALLIANUaY
UfEeN (1) FopnnsnaennaWELAAINULLANAeIRaUANERTEN3 <] Tuandlilu Table 1 anen R wazanudludusss
1eena1Wlu Figure 8 agulfidnaaumaniaecljisaaandunes Ag” Ine TPE aanAferLULLAAeIRaUAanSauALABN
wnign (R° = 0.9962) IneilAnnsndnsluinanaes absorbance (k,) = 0.0054 min

3. IR Spectra 184 TPE was AgNPs

Figure 9 uam4 FTIR spectra 284 TPE Uaz AgNPs Aiinaiuantljisenszudng AgNO, il TPE fiean 180 117 W
uanfAnuly spectrum 184 TPE l&uA AA O-H stretching (3348 cm’'), A C=0 stretching (1643 cm’') Gediauiuiufia
aromatic C=C stretching (1593 cm™'), WA phenolic O-H bending (1372 cm™) wagilm C-O stretching T9dauiuiuia

in-plane C-H bending 4 aromatic ring (900 - 1200 cm'1) Nawantinu lilu spectra P9A7U TN phenolic compounds
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1741 om” wad Wi A luansfian1sanadesny hydroxyl Lazn1aiuLueIns carbonyl (C=0 groups) LHunangun
ariuaLwIn flavonoids (polyphenols) 1w TPE gneand ladlaa Ag” nanaiilu quinones (ketones) atinglsfinnumanabeui 1
Tunnsauutia AgNPs ananlitng hydroxyl ilaeuliliflume carbonyl MHiduiu wanantiinsulaauain phenols Tl
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v
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4. MagaTUAtian CV 1 AgNPs Tugnieiia
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1
=

Tunmsdinganinzannatszinn 2 Wi Banugedunanns (g) waieuazaeansgaduiiauna (%Ads) Ay
1.183 mg/g WAz 16.0% ANNANAL
namaauAaninuanslu Figure 10b LvTdnaauaanizeiniagadu CV Ui AgNPs 71 27 °C Tuaninzilngenafesiv

UWULAABRauANaRTNIATLS WA LSBT (pseudo-second-order adsorption kinetic model) AI&NN13

t t 1

—_— —  —

9, a, ko )

MdunauniimudnaauraniueINsgaduAiiannanaaiia 1 methylene blue, malachite green Uaz brilliant green
U1 AgNPs LL@:i’@@ﬂ@uTW%mjm AgNPs duldmnannish 3 (Sana et al., 2022 ; Marimuthu et al., 2020) a1N&NN1T
WEumnsalu Figure 100 1914 1130AIUINL g, LAz K, (ANAINSRTI199N199ad1) THAYT o, = 1/slope = 1.202 mg/g
(AAALARBLANN d. RNNINARBINEN 1.6%) WA k,= slope”/ y-intercept = 20.06 g/(mg min) slummzﬁmi@m%u CV uud
AgNPs iisenanasannanluilihalediug (Mentha piperita) lwiniiddanaumiindian k, gagaiies 0.0081 g/(mg min)
warnsgadulfinanlunisdingaunawinndt 20 wii (Moghadas et al., 2020) agnalsfinuiieszaniianadnanamans
. A e . - .. sy 2y
waensgaduarnsaulslaaulininaninzilinases i gouun i Bnnudagady wazaudinduiEufivaes
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Figure 7 SEM images (the first column), diameter distributions (the second column) and EDX spectra with
elemental compositions (the third column) of AgNPs yielded at the reaction time of (a) 60, (b) 90,

(c) 150 and (d) 180 minutes
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Figure 8 Various kinetic plots for the time-dependent absorbance of AQNPs based on the (a) zero-order, (b) first-order

and (c) second-order kinetic models

Table 1 Various kinetic models for the reduction of Ag” by TPE at 60 °C and the results of curve fitting

Kinetic model | Linear equation X-axis Y-axis R? k, (min™)

Zero-order | A -A=(A_-A)-kit t A -A |09285| 00081

First-order IN(A . —A)=In(A__ —A) - k,t t In(A, ..~ A) | 0.9778 | 0.0064

Second-order | /(A ~A) =[1/(A_ ~A)+kt| t |1/(A_ ~A)|0.9962 | 0.0054
TPE

L
C-H bend
(out-of-plane)

33?48 aromatic C=C st.
O-H st.

i . ; : C-Ost.
AgNPS phenolic O-H bend i & C-H bend (in-plane)

Transmittance

B IRARERARS REaaL naaas L R
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 9 FTIR spectra of TPE dried with nitrogen gas at room temperature and AgNPs yielded the reaction time of 180 minutes
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Figure 10 (a) Adsorption amount (qg,) and adsorption percentage (%Ads) of CV on AgNPs in the dark condition at
27 °C plotted against contact time (initial CV concentration = 4.0 mg/L and AgNPs dosage = 0.5 g/L)

(b) Pseudo-second-order kinetic plot for the adsorption of CV on AgNPs

5. aauaanfresstinsaaiedton CV luaniosnduaaunsi AgNPs ilusasarljisen

Figure 11a w@nsANguRusszndnemandindures CvV ([CV]) Tuasazanafiin AgNPs Auszeziaani
asazang liFuuasnnaannuaen i LED (AanadindiuBusinges CV = 4.0 mg L' wazt/iunnuaes AgNPs =0.1g L)

n1sanaszas [0V] ugas 30 wifiuenluaniaziin (-30 v 0 und) Raannisgaduaes CV Ly AgNPs iflenispady
dingauna [CV] azilenAeiifl 3.36 m/L Msansuadliiuniansazaneatnanidundn 4 Wi linnlii [CV] anaseting
Hile fa'mLﬂul,wm:ﬁmmmm@%@%mzﬁLﬁm‘-ﬁauuﬁ”uﬁwm AgNPs fdldannnefiaztasaas luanaues CV

atielafimunisansuaaiiunanfaus 4.2 5.3 Wit w1l OV Aanisaanesaasneditt Tnansanasaes [CV] Tudaals

ADAARDIANNIARUANARTLRIL I TFENSUALANE [CV], = [CV], , ,, — kit B k AaAAsdns nsrindayalugadion

4.2 min

4.2 - 5.3 unAaaann13dinesiu (Figure 110) 1 R® = 0.9999 uaz k, = 0.0377 mg/(L min) AMNNGHINNAAUAIART

v o

Ufisendusugudansanaauld luanisituiaresiassdfiseiianisausdafcaduamm (lunfineluanazes
cV) Aannlutaaan 6 — 15 WTUe9n19818WaN (transition region) wuan [CV] HA1ash anaflunsznnsteaaans CV

Yo a = A A o 1 |asa o & Mo o 1 |asa o @ w ¥ o
VL@@WLuuﬂqquﬂ\i‘jﬂmwumqﬂ@qmqLi\iﬂ{]ﬂﬁ‘ﬂqﬂlﬁ‘ﬂqm CV LW@@@%VLNNqﬂWﬂ mLNﬂ{]ﬂ‘immLﬂumfaﬂ“ﬁm@ﬂuﬂwqmmu

' v v
a ] o

cVv llaundnazfitiunnnganesanisaiuliaesfisen nistesaans CV iinIuanATuladingtae 15 - 60 wiives

al

NN9RNEILEN TALNIFARAYITRY [CV] Iuﬁﬁqqﬁmmméﬁmﬁumlmiq@ummhmﬂﬁﬁ?mﬁuﬁumm 1/[CV], = 1[CV],,,,. +
kt e k, AaAAsnansn nsiladiayaludog 15 - 60 windaaannisdinadiu (Figure 11c) 19 R® = 0.9989 ua k, = 0.001

L/(mg min) nseiaadans CV I lddfisendusugudanselliiesandizenlilfinaauluanicsinutogessiog

'
a o

Ufisenifiani9ansa negaduauiegadusa luanasiiuasiniauiulfiessnitesainBuinduammingn

o o Y

@jﬂsﬁ‘]_l"wgﬂﬂﬂ@’]\ﬂﬂﬁﬂ’]?Fj@ﬂﬂ@’mﬂgiﬁl@@G‘]L’JZ‘]’] fé”mmmﬁmmn’wﬂ@ﬂmw cVludae4.2-5.3 Lﬂﬁ ABANNITRIEILLAN
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Figure 11 (a) Effect of illumination time (0 — 60 min) on the CV concentration in the solution with AgNPs added
(initial CV concentration = 4 mg/L and AgNPs dosage = 0.5 g/L). Data in the initial 30-min period
(i.e., -30 - 0 min) were taken from the samples prior to the illumination. (b) Zero-order kinetic plot for
the data in the zero-order degradation region. (c) Second-order kinetic plot for the data in the

second-order degradation region

FFUNANISIAL

1. nalnysaaumansidlul lfves [fisesanguaes Ag” e TPE

ANANNFUBILILANABIRAUFN AR UF LRI uAA 1 Table 1 @ﬂﬁﬂgﬁmﬁwW\IfaLmL%ﬂmmﬂﬁﬁ?mﬁmumi

dA (4)
— = KAy - A
dt

max
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\a A Rarn absorbance 184 Ag” (WARsTTuwiresfisen), A AeA1 absorbance geaned Ag® (lunneljuimie e A
981 180 wrreLljisen) uar k, AeA1AERIlumaNT8s A a7 Beer's law ann1shl 4 anyanungdnslumen

. 1 da/
aasanudindusialii

dlAg”]

= ko((Ag"],,, - Q") ®)

max

dt

\Ha k, AeA1AIngns lumenvesaidindy aanannisredniseninduaasns [Ag'l, = [Ag'] + [Ag’] Wadfjisen

Anduiuaruiuaunszia [Ag'l~ 0 uaz [Ag’] ~ [Ag”], , a=l8i9n [Ag"] _ ~ [Ag'], Aviuannis? 5 avilaaugll

15

max max

d[AgO] _ + 02 _ +.2
— =A™, - (A0 = klAg ] o

1 k2 ! v
o A o o

Uffsaisanduaes Ag’ Tae TPE anaifiattunalnaaumanini 2 dusieiiasiugall

447 1 2Ag" +flav == [Ag,flav]’” (139, AATaNAA = K,) )
¥ dl + k + v . .
TN 2 [Agzﬂav]2 — 2AgO + quinone + 2H (7N, rate-determining step) (8)

ﬂf}ﬁ?mifuﬁ 1 Aansinansistuniideiaunns Ag” nuluianawes flavonoid (flav) 1w TPE firadnsndauluaned fla :
Ag' = 1: 2 @anslatumsidedausanaiailaniainluléiiiesann flavonoids Manesiia (394919 hesperidin Wag naringin
~ A Yy I X A o X '
mwumnimﬂmﬂmmmmm) W ligand N metal-binding site (azman O ABINY hydroxyl LAz carbonyl) #ias
Aune Nafinansdsdunfiseieunes Ag’ nuluanavessidsaadinagninauelueuidalng Tatarchuk LazAny
(Tatarchuk et al., 2013) Ufjizendun 2 dulfjiseiadnduaes Ag” meluluanaresasidiedeunanenilu Ag® luanih
flav T4 affreneendnduazuanda i H uaznaneiii quinone andieyan1smaaeesnudn pH Busiuaes TPE A
Wil 4.25 usinaany TPE vinUfiiseniu Ag™ luiaan 90 wail uaz 180 w1yl wudn pH Henanauili 4.18 uaz 4.05
° o =< | s aa & asa & A ¥y o [ a a v aaa
ANNAIAL N198ART4 pH Asenailunantann H Misululisendun 2 dnwualiiniaieansidsdenludlgisen
& oA A al' Vo aca O A 4 A Ao Vo @ e o o L
4uh 1 WArAnannawiniy K, uazdizendui 2 TalAaingnsmindy k, iudun1vunadng (rate-determining step)
azl@an

dlAg”]

= 2k, [Ag,flavl®” = 2k,K, [flavl[Ag” T’ ©)
at
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Tuanaei [flavl, >> [Ag'l, azdanalii [flav] Tudfsenlaeuulasiiaannn Al [flav] ~ [flav], uazauniai 9 azangl

ﬂmﬂlﬂuﬂgﬁmﬁﬁuﬁum\uﬁﬂu (pseudo-second-order rate law)

dlAg’]

2
= kobs[Ag+] (10)
dt

\Ha Kk, (the observed rate constant) = 2k,K,[flav], azifiudngénsnliainnalnaauaians (aun1si 10) asnades

- E% ~
ﬂ{]’ﬂ[ﬁ]?ﬂﬂiﬁ@’]ﬂﬂ’]i‘%ﬂ@’m (&@NN199 6)

o o a v

2. ANNAINIT0 1UN13N19AAE N CV 989 AGNPs

'
a v

ArnudiadiuBuduaes CV Wi 4.0 mg/L MagatiuL AgNPs Tuan1mziingnunsnnnan CV i1 16% nns
ﬁ’éfaﬂ@mmmi@meﬁu oV Aardnsmenaiiaanmstiaiuaesuansa g \AARLAELLNNTBIEYNANIBNAAINNITAN
aumpluliunndideudinedien (0.5 gL aghslsfinalunsdiildayneulu Léqﬂﬁﬁ?aﬁifuiﬂﬁﬁLﬂu?m’m‘l?ﬁmém ALY
JIE-la¥ Uy u@ﬂmﬂf:milﬁumémmmrwLﬁu”l,ﬂm”qﬁmmﬁmﬂmmnﬁﬂﬁl,l,m'a\ir:hummmwiéimn HAL2IN39 ALl
annziln (%'\ﬂ% wanszano 2 winlumsdinganna) nuwaniunstesasanialfiwasainiass LED flunan 60 wniivin
1% AgNPs fndin OV i BivieAu 30% UszanEnanlumarnds oV A8 In&iRasiueumeuniu Fe,0, 1hunns 0.5 giL

Fegnnaziiuicauataiatfosszazoanvintu Geaazaeansnnaawingy 35%) (Yassin et al., 2023)

ol (©)

£
© 2001 180 min

Eg:2.33eV,
— | —-— 20 22 24 26 28 30

AgNPs hv (eV)

Figure 12 Photographs taken from 4.0 mg/L CV solutions (a) without AgNPs and (b) with 0.5 g/L AgNPs under
sunlight irradiation for 60 minutes. The average intensity of sunlight was measured as 40323 lumen/m”.

(c) Tauc plot for AgNPs yielded at the reaction time of 180 minutes

\hnsuiupduaefinuasiinaeewEsannamn s unagaljisenesennia annimageiesiu

Ineringnsazany CV iindu 4.0 mg/L luFuuaseindludastneiunan 60 ui (Aanndinveusseinduneinnig
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