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Abstract

We reported the feasibility of magnetic nanoparticles (Fe;0q4) used as an
adsorbent for the removal of rhodamine 6G dye (Rh6G) from aqueous solution. The
optical properties were measured in term of absorbance and fluorescence
spectroscopy by UV-Vis spectrometer. Various parameters consist of stirring speed
(0 - 1500 rpm) and treatment time (0 - 150 min) were analyzed to find suitable
conditions. The adsorption mechanisms of Rhé6G on Fe ;04 determined by several
parmeters such as initial concentration (1x107° - 5x10° M) and amout of adsorbent
dosage (100 - 500 mg/L) were compared with the dark condition and white lighting.
The dye removal efficiency and fluorescence quantum yield (FQY) have been studied
to explain the interaction of dyes. Moreover, the studies indicated the relation
between dye removal efficiency and FQY. The experimental results, the optimum
speed for stirring was 1500 rpm and treatment time of 60 min. Dye removal efficiency
for dark condition when using Rh6G dye 1x10°® M with Fe;0, 500 mg/L was 90 - 94 %
and FQY ranged was obtained 0.57 - 0.60. The dye removal efficiency decreased when
using Rh6G dye 5x10° M with the adsorbent dosage 100 mg /L range of 27 - 29 % and
0.80 - 0.81 for FQY. The results of the irradiation of the aqueous solution showed that
the dye removal efficiency increased by 3 times and FQY varied in the range of 0.88

to 0.87.

Keywords: Fe;O, magnetic nanoparticles Rhodamine 6G, Dye removal efficiency,

Fluorescence quantum yield
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LONAISLAZIIUININYIVDS

a a v (%

Tuunilagesuedmauinaruideiiiertestunisnnass lnefiidenudsonn iy
7 hadondn ol
1. nszUIUNIYATU (Adsorption process)
- NANATLUAINANUYDIATLTD LA
: wQaaLﬁamuﬁmaué’mgaﬁ (Fluorescence quantum yield)
. nszvaunsinlamrzagladn (Photocatalytic process)
. NTEUIUNTYRAANEAIBLES (Photodegradation)

. 19askinalglunsanekadluauidey

~N O U0 A W N

UMD

o .

2.1 NTUUNTIAYY (Adsorption process)

nsgeadurianisaainiiy (Adsorption) lunszuiunsinansavalenioarsuviuasy
yndndazaeegludiieguuiivesansdnuiianis InefansazanenzoaswuiuaouuInLEan
& ! (% ! 2 dAada & o a i | ! (Y
W38N asgneadu (Adsorbate) druvendesniiuduninisinvesasigngaduisendn 63g
44U (Adsorbent)

nMigafnAatazlunisgefnuuusEnianug (Phase) fig 9 Miauanuy Ao Yaaman
(Liquid) % (Gas) uazvaduds (Solid) Fefilenauuuvesmal-vaamal Me-vaanad Ang-vaduds

3 o D v o : a ~ € a N ¢

LazYDUNAI-vede lpgansivimthilunisgaduiinateuseian W a1sedunid a15aunid
dauasiedt auiudud Tandinm wazansgadudinim

Ingluifiaginnsunianiziuy veamai-vedula (Liquid -Solid Interface) Tun1saain
AalulanavesansagateviseansuinasIrgnimdneenandinazluinzineg uuianaadu
lanavesansdulugazinizdvegivainiglulnssvesianaadunaziiiieusdiuiniz g i
Aguan n1smginlaananiilumiangaduiintulduiisaugadavgn u Inauna A

[ o

Wintuvedluanaluinazimdetesmszluanadiulngindeunluingdvediviangady

2.1.1 Usznnvaansgadu [18]
Wieduunmsgadumuusanseii (interaction forces) seninsansgaduivansgnandy
anansauusld 2 wuu fie N1sgedunanienIn (Physical adsorption) AziinuseARA0L 180U

519laNAYeIENSRATUAUANINAATUTENTY WITIU-ABIIIE (Van der waals force) s



fmnlanavesansgngaduiiugngadulifituinmeluvesmsgedusmeniussiad agadunis
andun1aail (Chemical sorption) Tneflswasidondie

1) n1saaguni1enienn (Physical adsorption) Lflumsam%’uﬁLﬁﬂmmnﬁa@mwdw
Tuianangagou fie uIIIUABSINAE (Vander Waals forces) #aiinainn1ssiauss 2 vin Ao
L59n52918 (London dispersion force) uagussbnilnading (Electrostatic force) lesanussd
gouhlinisgaduussinniindsaunisaeninufoudsudietios dind1 20 Alagasielua

=

nnsiunduresnszuIumslatedaansatuyaninvessingaduls asignaaduaiunsanie

RUBERY)
2/

ag58u 9 Avesasgadulavatedu (Multilayen) deguil 2.1 nioluudazduvasiuanaansgn
anduazinegiviuvedluanavesansgnaduluduneuntini Tnedunutuasdudadiuiuany

WNTUYRIENIYNANTY karasiuNINTUMLANITNTUTIgUNassagnavateluasarae

Taanavas

AINAAYU
Y Y

s 200 & B

VDIAINAGY

sUN 2.1 dnwaznisisesinvesluanavesgnaaduiingineg uuiiuiivesigaduwuuty

LWPUILAE AT

2) Mm3gaduniaall (Chemical adsorption) MsgadulssLnniliiafuilefigngaduiu
mgaduriuiseneiliu Gderaliiianisidsuwlamiaaiivesiignaaduidu dn1svianguss
¢ = | = ] a Y o v < 1 =
gamilensyninerneunienguarnauinualinisInissseznauluiluaisusenaulng lned

v N & o A & = [ £% ¥ q‘ £ o 1% I3 v a1
NUTLLAUGILUUNUTE VLTI T uwaqq’mmzauw’m’]Lﬂm%wﬂm’mﬁau%&mi@@%mmgq

Y o

Uszana 50 - 400 Alagasielua datunisindndmgnaaduesnainidifmigaduisinlaeinuaslsl

Y Y

Y [y

ausainufasedunduld (Ireversible) n1sgaduuszianilazidunisgaduiuutuiien

(Monolayer) Wity flsguil 2.2 uazilegnaaduliumagliiinisangesnaniiuiivesigadudn
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2.1.2 Uadeniinasianisaadiu (Factors Influencing Adsorption) [18]
Tuvauniinsgeduiindulianavesansidesnisidneentyainiiagluinigfneg uuia

vaamgadu Faluanadiuvlgazingineglulnsiuazinvesiaadu lnenisaiemlnanaves

v Ao

ansnnilldsmneaduasiinuauivanizauna Jadesiney Ninasenisgaduiinadl
1) ANuELNIaluNTsaraI8vesEnsNgnaady

dlefinsgaduiintulianavesansazgnitesnainiuazluinizineguuiiveveandad

' (%
Y Y = [y o

Pnthildudinndu lngarsnazateiivsswandidulossulagauiinssdauiledduinuindaly

Y

o ! PN

AoELAANTIRAdY druansildazaneivieazanglatey Sininghnuuiivesianaadulafnia ui

!
a =

AluleAndulunnnsdimsizdiiansnianuanuisalunisazaslatesvatgsianliinz uuni

VoY IAnAAgU
2) WUAVRIENTNNAATU
waluanavesasignaaduiiaudrfyuindenisgadu lnensgaduasiinlasiile

(Y [

luanavesansiignaaduiivwimdnnitnswesiaggaduidntesvisevuinvesluianadilngeld

i
a1 v v

wofl iesnnussfgaszniteianaadunarasgnaeduiiasiulianavedansvuadnmaaidi
Tululwssnsuandulianavunalvgsasvaadilula
3) YunauaziuARIvedanandu
YWINYDITANAATUILHNAUAUTNTFIv09n199adU TneTangadundiauinianasd
Jn3n5Insendugs dauiiuiinasdanuduiuilnensaiumiuamsalunisgadu dufealsid
& Aa ' = @ v ' dad da o v =t
fuindeudanuainsalunisgaduluana laannnhansadiunilunisgaduios Janns

v '
Sa

fiuunEvesiagaaduiva1eisidu M3 nsedusigasiail vienisidanuiou

—

4) mstuniu
gnsndveansgatu Juegiunsdehululuanavesiangeduinuiiduiidouseutange

Fu w3on1swnInFIingvetidwuegiunistuniuans dunddnsnsilunistuniue daali

Y
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AT
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)

o Tunesssiududningniuniudiednsnsgs vinbilifatuildumn [Wunaliluanaves

Y

3 ¥ L% e

asgngatuanssaedouiinuAidudm Yangaduldiand nadidnisunsniadnddesinme
Husarmunsnsiieanmagedu fududniivanusnsrhlisasislumagedugduienn
finsthunuiigetu

5) szgzlian

svazanfiansazatsduiatiuatsgady anuauisolunisgaduazifintuniung,
wnsesszuuingauna o anvauna sns1MIgaTuiIAUSRIINITANEeBNNT AINLENINTA
Tunegaduasdiduniignanduasiicesiidlonanifldifiudy

6) punnivesaTaYay

msgadulaeiliidunssuiunmsaennudou fufuarmannsalumagaduasfisiy
dlogauunfionas widhsudlunmagaduargeiuiiiegumgiigedu WegumalivAsuasyiiliiie
nsiasuangavesUfisen uaﬂa]’1mi’uqmﬁgﬁ%ﬁwasiammmmmiumiQﬂ%’uimaLﬂ?ilau
Aruaansalunsayas Wy Weugamndagyidlimuausalunisaraiegetu deiluarilif
AdEnsaluNMInaduanad

7) A1 pH Yosansazale

A1 pH Gummﬁazmaﬁ5‘1/1%‘1/\1aﬁiaﬂmmﬂéhLﬁulaaauLLazﬂﬂiazmmfwaqmwm6] Farfu

ilnaran1sgefnil wazAmUaNsaluNIaaduratliananiig 9

2.1.3 nalnnsgadu
nalnnisaadunsenisinizvesiignaadulunszuiunisgadulsenaunig 3 Tunau
wanedslugy 2.3 Failseazidendiail

1) n1suwnsaneuen (External diffusion) ilunalnilluianavesiignaaduiniouiidm

o

ARG

Y

2) nMsunsnelu (nternal diffusion) WWunalniluianavessirgnanduunsnszaiedig

Y

snuvisedarinneluvesiigady

3) UAse1MuRa (Surface reaction) Wunalnd anisgadusenindduianavesansgadu

v
v A A

NuiuRaNeYesiereIinndy
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(n) () (n)

(%
[

5UN 2.3 duneunisaadueyniauumgadu (n) asigngaduunsrituinvesitgadu (1) @159

v 1

gnAnduULARBUILINGINTUVRIINATU Wag (A) ANTARTUATULRY Yasfgaty

9 Y

2.1.4 dasnsmdeudrgluianavasiignandu

' v
v A

dnsnisgaduiinnudifysdenszuiunisgadu eswindnsinisgaduiiadulais,

]
Y a U

svilszuudngnmzaunaliss lnednsinisgadugnitvuadistuneuii adfian 803N

o

1 < ) [ ‘:l' | & = a o &
A4 VU9 UU 3 Junau @QE‘U‘VI 2.4 Tngunasdunouilsuazldenndl

o
& Y A

1) NM3vuasounIA (Bulk transport) Wutuneuiluanavesignaaduluvesnainzgn

Y Y

v
[ A 2 a

dalunRavinvetureewiaIug 4 viserdudanvieriumgaty [WuduneuiinUusiiign

U 1 (3

2) Msvudstuilan (Film transport) Wuduneundgnaaduuwnsauduilduludaives

Ng
fpAdy

3) nsvudaniglusynia (nterparticle transport) lun1sunsvesluanadignazaned
dinsavdognguvesagady Bend1 nsunsiinginga (Pore diffusion) Instunounisiadoudie

Tuanavesignaaduludeigady

Bulk solution

o/ 4

(USIua5azangNuAINAATU)
Bulk transport v

Film transport

Boundary layer (58869

Absorbent particle (aun1afRIgadu)

UM 2.4 dnmsgadu

Interparticle

transport
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2.1.5 #unan1saadu (Adsorption equilibrium)

aunaveIN1IgAtuITIfeAUANTUSNan1IzaunavemIaans 1NFUN 2.5 Lileldy

(%
Y o v A a

maadulinamilsasidluasagane luhaSuiiluanamgnaaduuisdinazinziuiuiives

Y

fgedu Wesrezarulunuidwinluanadmgnaaduluinginiuiurafmgaduiiaindy
Tuvauzifedfiuluanamgnaaduudunnigiaiuiiuinazaigesnun (Desorption) 3986M31n13
AIBBBNUALAATRENITNTINTRRTU sdasslvinszuiunsgaduaniuluisess aunseny

8RIINTRATUIAIUSATINTANEERNIN SEULAZIIFan1Izauna [18]

ﬁqgngﬂ%’ﬂumsazmﬂ

5U# 2.5 annizaunanisgady

A4 a o v A = N Y v v v 1 a v
diaiufmeadulTinamdsasiVluasazaneniluanadgnanduidudu G, Tudiniudu
luanasgneeduuisdiuluinizaduiiuiameady

NILUIUNIAATY

A+B—* s 4.B (2.1)

'
v ¥ £% a

o A4 Ao lwanavesignaadulianududusududy ¢ luas Tuansazane
B fe luanavewhgady
A-B  fe asUsgnauiliinannsaadu

k, A8 AmsiignsInisgadu

[
[y o

deszsriaruluInnuluanadignaaduluimeintuiuiamgaduiiuminy

n=klcld—-q) (2.2)
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e g Aa 9n51N1IRAYU FeazuUmuaNudutuvesiignanduluaisavaly wse

v

ANuuTuYeIfignaaduilindesdluasazargliinfu C uazulsniy

Y Y

!
|

daduluianavesimgnaaduinlignaatuuuiuiivesiigady

Y

v

c Ao ANuNTUYeIgnaaduvasegluasavany (uans)

(1-¢) Ao dradruluanampgnanduilignandu
9 Y Y Y Y

¥
I~ a

luvazideriuluanadiignaaduuisdiuiiiniginfunuiiagA1eeenu faaunisn (2.3) uag

(2.4) §931N13A1LRONALIALBENTITNTINTOATY

N3TUIUNIANY

A-B—">A+B (2.3)

r,=k,(qQ) (2.4)

e g, Ae 9n3IN15AY Baazulsaudadiuluianadignanduiigngaduuuiiuig
YeIigAtumITY

k, e fAAsiignsinisang
q Ao dnduluianasngnandunignaaduuuiuRivesiigady

Wevdeslvinsyurunisgaduaiiiuluaunseiednsinsgaduiindusnsinisaiy seuuazsidng

GHEPERHIR

K= (2.5)

iioiaunisi (2.2) wag (2.4) wunuAluaunisi (2.5) alaaun1svesnsgadu o annzauna

k[CI1-q) =kyq (2.6)
q k

——=-1[C]=K[C (2.7)

- kz[] [C]

q:ﬂ (2.8)
1+ K[C]

lnendnvarvainsiialiserifiadusansladaunisi (2.9) wasiliasiaunanisgaduuans

feansh (2.10)
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A+B——A4-B (2.9)

K= (2.10)

SYIES)

Aty ANNEnInsalunsgadu (g,) Lardszavsnimnisanadvesidey (Dye concentration

removal efficiency, %Dye) Judsauns (2.11) way (2.12) [20]

(C,-O)V
= 2.11
e % (2.11)
% dye removal = MXIOO% (2.12)

0

A & o
e g, Ao ALansalun1sRAtu (me/L)
124 Ao Usumsveansuay (L)
C, Ao ANTNTUYesgnaadUluasaraneivIaNsuAY (me/L)
S 1% % U % d‘ &
C, flo Anududuvesgnanduviesgluaisazans o n1zauna (me/L)
wo fe dwiinvesingadu (o)

nsgedunamenmiuljiseneanuseuidesmiladmnudu aamgll anududy

Y9R79NAATY Yilnvesansgnandukazasaaduale lagilulinagaiunulvgamalive anis

Y Y

o

anduliinad

2.1.6 lalamasuvan1snadu (Adsorption isotherm)
nsAnwIAUduiussenineUSuIavesdlgnaaduuuNuiIfIgadusiaUsuIu
Mgadu () fuanududureshgnasduiivisyluamsarzaie (C) Nanizauna o gangia

wanslaannidunsivlelemesuvreanisgadu (Adsorption isotherm) Tagnsinguuwuuiugu

o [y

leleinasuveinsgadu dvanguuuiuegiuviinvesasgadu vinasiignandu wasdunsizen

[
v A a o [

serinaluanatuiuiivesansaadu wansnesy 2.6 wazlunsieseinisgadundeuldiuuin

A ad

93983 Langmuir isotherm e Freundlich isotherm
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(n) (v)

() ) @)

JUN 2.6 wanaloluinesuveinisgaduiinduuuutuiiied (n) waglelumesuveiniigady

PAATUBUUTANTY (V) (A) () way (3)

2.2 nalnN1suUaINAIIUYDIE5ESDIES

'
a Yo v Al

nsnsdaaudunagessawudiilumaianidndudlunisldmusuiuens wu
msnsaialosaulanzuiin (@efin aeds Ysen wanden) Wudu wasdumeiefiddedinae
Usgn1s bawn da1udninizge (High specificity) Lﬁawmmiﬂizﬂaw@aaLﬁamusﬁ
(Fluorescence compound) wiazwinaziUatuassonunddnvuzafifiudazaiiueninduves
wasmnnszny danldlunissuuneila (dentify) a1sdegald Weosaindamulalunisiesei
a9 (High sensitivity) a1uns03AsIeansiageUsunadeslad nsimseidiulngiilade
Lazsaa57 awnsaussynaldulivainvane walugunsunng ATURAAIVINTTU AU
Fauandeu warsuwmaluladTanim esndtiswesnisiesizinie [19]

NAlNUAN MINTLUAINENIUYDIEN SIS 0EIUTENBUAIY 2 NTEUIUNT MLA NTEUIUNT
AANGLLES (Absorption) Waznszuiunsiun1sUanUdesuasgiiuawus (Luminescence) Y84

AL D9LAY

1) ATEUIUNTAANAULES (Absorbance)
NILUIUNIIAANULAUAATULIBAMAIANNTENURINTIVDIAUINT Slawmaiuazgn
A A ! ¥ . . Y @ a QII
anndulaglutanavesansisesasinudiluluansagany (ncident light: 7)) wavinUSunauasi

witerueany (1) Inglilddndmavesuaisuniu (Stray light) [20] Usinaesiasignaaniu
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WUzl udnd1ulnensanUs o NI NLARAUNINILAILINY (/) LazANLTUTUYDIaN5IS 04

wad (C) saaunsaNudunusvendes - waudsn (Beer-Lambert) Aa

I,(4
A(A) =log L) =g(A)IC (2.13)
1(4)
e 4 Ao AMNTIAANTULAIVBIANTALANY
£ fo duUszdnsnisganduassaisazaty (Lmolt.cm™) Fuduainaivudu

FUAVDIENTUAZAINYNIARU

Y
A a

[ fio svozyaiuanfumaesinuian dduiitdfemamuuesiaamsi (cm)
C  fe Amnuutuvesansasany (uans)

[ fe Ysnauasiudnlulufanm

I fio Usinauuasiiniusanain@atany

weAnNnIENu (7,) wasaeru (/)
> LLﬁ\iﬁQﬂ

\ 4

=)
aANNAY
v

JUN 2.7 duasiirudiesnatsavatsanududy C Wussegn /

2) nssvrunsuandaasuds (Luminescence)

nszuIuNsUasUdosuaniluaeuivesasiiauas iinanuasigandulneluanaves
ansavanglumignidiluuranadsulunisnszdudidnaseulueznouvesuananaziinig
Funeluluianaainsedudundasuaniugiiu (Ground state) lUgsedudundasuiigstu
(Excited state) 138n11n139ANE191 (Excite energy) Wiloluianandouiilueglussfuvostu
wdsuiigatuarliiaies feduszuuiefinnsanudosndssuuazanasuiludy
sefundanuisnindelidrgaiuaies Inslunszuiunisannduasnvesdidnnseuain
dnuzainadagvinliiinnisnielwaeu (Emission of photon) hazinisUanuanglas

aliuawuieany Wy Wnlngliuawud (Photoluminescence) LAnnlutanayndunsiseiu
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nou lulogliwwasud (Bioluminescence) {Wun1s3euasiiinandsddinasneu Wudu e
Puunviinvainisiuasuataiiivaigudnuuangnuinseduluenaresasissauasail

NnsUanUdesnasgiiiuaud annsaduwunlovatgyssinnasmisned 2.1

M13199 2.1 YilavesgliuaruiUEnne1eg Puunauuamasuildlunisnsedu

undandsulumsnszquluana vilavasgliuaisun
Electric field Electroluminescence
Photon Photoluminescence
Thermal Thermoluminescence
Biological process Bioluminescence
Cathod ray Cathodoluminescence
Chemical energy Chemiluminescence

2.2.1 wanmsvadlnldgiiiuaiwud (Photoluminescence)

nssesaslaanfonannislunisvantdesuasgiiiuawuiussinninlagiivasud Jalu
n1snaaeslaldunaindanulunisnszduluianaaisiesuanduiaiees nszuiun1siauas
alivuaiguduvseonlalu 2 9ila As N19979ua9 (Fluorescence) WAZN19L3 0 IUAY

(Phosphorescence) MaaaenszUIUNsURANANAUNNSETUIUNMSNAUganuz il Usenauiy

NILUIUNINTEAULAENAUGaN UL 5 18aziBendall

2.2.1.1 N32UIUNINTLA (Excitation)
Tuanamlvazdidwudidnasouliuaug Naausndsnusigavseanuziudianaseu

[ a v aNa v Y LY [
‘\]3@%L‘UUQ“I‘U’EJB‘UVIEWLLaSQJVIWWINﬂ’ﬁWl;IUG]i\‘]ﬂU?ﬂSJﬂu PNEUNTT 2.14
M =25+1 (2.19)

dlo M A9 Molecular multiplicity FaiJuafiuansdslaiuuduidayuvesaeiia
(Orbital angular momentum) YadlfazanIus
N Ao 1@vA0UANNITUYY (Spin Quantum number) vaslutanataziiunasy

YoIn1suyugnsvesdiannseululuana

a a6 Y] a0 @ ¢ 1 1 P a
A199UNITAIULINLAVAIDUANNITNYUITUANTUAUY (S:+§_5:O) LUBI91NY

wudianaseuduguaziiensnsetutiuiu wazdalnaududaadunis (v =1) §

! Id d' . a d' & A A (Y 5
ANUNUNIYINTUFD UL LA (Slnglet state) Iﬂﬂﬁﬂ’]u%L(ﬂEJ’JVI?IE]']U%WUM?B&IW@Q\‘1’11‘!@%’1@%BLL‘VI‘U
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iy S, wazmniluanueifedNnis (First excited singlet state: S,) uavanuzipeINdoNy
e (Second excited singlet state: §,) WNuAINULANITIANIINITNYUTBIDIENATaUlulIana

wananegy 2.8

A

- 1
- )

1

(n) anugenluanneiiy (V) anuspedluannenszau  (A) anugauluannensyau

JUN 2.8 wrunmuansiiemianisyuvesdidnaseululiana

diedianmsoulussnenvadluanagnnsziuliluegluszaundsuaaduiu aunsoie

susutlumsdreseaundsnuld 2 susuy Ae nsedulaniuzifedluaniugnsedu (Excitation

[

singlet state) fiagy 2.8 (v) wagnszRulUanugauluaniugnsedu (Triplet singlet state) Aagy

Y

2.8 (A) slunsdiiliinannsndidnaseuiignnseiuilenidlunisvyunaduiiamainliaatunig
< S 1 1 A -
yudsuly 1w Weilnsvyu (8 =+2+- =1 mwagifudr (M =3) wnefeanuzan

(Triple state) FIADIULNTLAUVBIAN UL ANUNTOAD UL NAINA 1 UANGAVDIAN UL AN UNY

Aa o a 1

Y P & \ & & <
121013] Tl LLaSVlaﬂ']uga']ﬂJu%zlﬂJW‘UIuaﬂ']ugwusﬂaﬂiuLaqaﬂll‘ﬂ']uquaLaﬂmi@uL‘UUﬂ

Y

2.2.1.2 NSTUIUNITANTEAUNAINU (Deexcitation)

deluanagnnszdudianasouazldegluaniuznszduludianamisuazazan ndug
amwﬁuwé’qmi@mﬂﬁu (Excitation-deexcitation process) 5?5@5Lﬁﬂmau%mﬂﬂﬁuéamuz‘ﬁu
TnenszuIunIsansEFUNEI9U (Deexditation) wavansnsainlsivateguuuy Tneniluudn
aunsawusle 2 dnwaiz Ae nIrUINNITARTEAUNS I ULUUlIARLEILAENTEUIUNITANTEAY

NANUBLUUNAKES US10aLLDUARIL

1) nszUIUNIsansEaundsukuuliiiawas

- ATTUIUNITAnsEAUNGsuLuUliiAnLasann1sauveslaiana (Vibrational

1%
a = [y

relaxation: VR) n3zuaun1siinduiuluanaiiogluguvesansazans edidnmseuvedluiana
aaidosnadldfundanu Bilinnsoursiuludanusndenunssduiinariliiyharaeindsny
gatudafissdundsaulunisdumansdn 1y 903Ul 2.9 sedutundanu s, slissdundaany
38U 5 e LLaszLﬁmmigzyL‘ﬁswé’amuaaﬂuﬂugﬂmm%’auﬁLﬁmmﬂmié’ﬂumi%uﬁuﬁa

yNazay
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Singlet excited states
A

Vibrationnal
N Internal relaxation
iy conversion /
5 7 - Triplet excited
h W A v
L A 1
A ¥ [ \
L ¥
> L X T,
F
REEE
Intersystem [ I I
crossing  phosphorescence
Fluorescence P
R
Absorption P
1 1 | I B |
[ A
N N
VN IREE
WK Vibrationnal _ 7 1w
¢ relaxation \_ﬁ'
Wy A

JUN 2.9 uruMnLanINIIRAnaULarN1TUanUaesnasUsULUURa 9 [20]

- nspviumIansEFUndsruuuuulasiunelu (intemal conversion: I0) nszuauiiiia
msdwhundseussvinluanavesaasiniu aglifanismendanunnufeurondsuuas
oonun Tnsluanandsiufuasiidmdsianugnsgdusisiulinnnviofivisssdundanu
Fouviuiu wuangd 2.9 luwanaiansdsrundssnluaaiug S, lUdaanue S, Asedundsau
Wi

- NIEUIUMTANTEAUNAIUMULT AU (Intersystem crossing: 1SC) 1unszUUNTS

dianaseuvadluanaluaniuznszAuAnN A UAANINNITYY LB TEAUNGIIUNIG

'
o

durBIanIUEIfgILAz TEAUTUNGIUNTAUYesan U A luan U NTEAUATIAY (NH9uY

[y

W) ¥3eN1INTUBTUIINanuERgINsEAuNSunsdumaa ludanusanuluanue

% L

NTAUNI TLAUNSIIUNITEULINAI

q

2) NSTUIUNTARTEAUNINULUULTALLES

- AITUIUNMTARTEAUNESLLUUIARLAHgeaLTaILUT (Fluorescence) LilpBlAnnTay
Afwdaugennndiunszviunisansedundsunuuldiiauasdafing1unds aunseds
didnnseululuianaanszfundanuaniessiundnumsdusagaesanugifedluaniugnsedu

ﬁ]zLﬁ@miamzﬁuwé’qmulﬂé]’aamuzﬁuLLazmawé’w}uaaﬂuﬂugﬂﬁumum
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- NIPUIUMTANTEAUNAIULUUIAALaaanesIsalud (Phosphorescence) N15ATe

o A

waslunszuiunmsiiunisanseaundsnuvesdidnaseulussdundsnunisdudifanves
anuzanuluaniuenseau
NILUIUNMTAENAINURUUITALAIIzUaRE NI UeaNnU UEUANE1IA AUTNIE1INT
- Y v oo . = -Ql Qll a 9
AINNEIARUTNINTEAY AsFIREvtasara1elsnniiy 63 lugud 2.10 n1sideuvesalnniy
wasgiliuawuRisendT Stoke shift BealllleuinfeTeeyrTeningngegauasanasunIsRANaY
uasuazalUnasunsiUdanasgiivaeus dalunisiianeanosisasudszeyraaningegnues
WaesaUnasuzuNnINsiingeaisasus [endundsuvesaniuganuluaniuensedu

gandnanugiiglluanTugnIEiy

ot — awnafun1sganauusd oo,
— awnasunisiasuas

—_ 0.3 - - 6000
E -
) g
@ =
H] z,
2 0.2 L 4000 E
s 2
b3 5
= —
=

0.1 - 2000

0.0 T T T T T 0

400 450 500 550 600 650 700

Wavelength (nm)

5UM 2.10 alnesunsaanfunauazaiunasunisidueasvesansazanglsnnily 63

2.2.2 Uadviifinadenisiiauaigestsaiaud

1) wavnarsiadvindug Mdovu (Effect of impurities) mnluaisazatefiansiadl
Fevuoguarasiuganduuasiuguamingneduiefuiuuas dealinrudueanaus
anaslUaiunils SenUsingniselian innerfilter effect

2) NaINAIAIBUALTaRURIa1S (Fluorescence quantum yield: @) @151309UAI9Z
UanUgosuasgliuaudldnnudotiosgliandngosisawudmeusiudas deanuisamldan
SandmszninsiiulrinouiignuanUdesoeninanasizesuasieduiulnneuiignganduy
Tngansidosuas vnandandmiiandlng 1 wanshasdouaniulanydosuasgiiuamsudlss
uananilAmlgesisaruimousudaddniunaunainusingnisal Fluorescence resonance
energy transfer (FRET) iuteneandsausgnitanyiidieneandsauvieganduuas (Donor)

v I

funnundeaurseiseauas (Acceptor) melulaanatfedny fsguin 2.11

Y
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w
—

‘* Relaxation (ps)

wn

-
[—

-

hllll. - Illlllllllll.ll.ll*
Fluorescence

FRET (ns)

Absorbtion (as)

Fluorescence (ns)

ﬂ

A
A

) [l

N
Donor Acceptor

2]
)

FUN 2.11 URUAINULAAITZAUNGIIUBTUIEN15IAAYUIINYN150 Fluorescence

resonance energy transfer [21]

AudnveInIsTosaiasgiivaruiasilunaniainsreriaseninamyianeven
NAIUAUMYNTUNAIY HURBITEEENaTEnINgaesillndiuasinsangloundsuainmyi
dneneandanulugmgnsundany widmynsundsueylnannmidreneandanuaziiuns
A a s el v = A Y &4 4 !
Seauasgiiuawudnnmyideneandsuvseganaunasiiiy Fadulsslevdegaunnlums
Anmuszagnslulianaiaulavasiinnisdeundas

3) WA IneUniNddafvinaraty (Temperature effect) Lilogun)ilvesansazany
dinauvin e duanaiegluaniuziuanuiadefintumne lananinandadiloniasuiu
luanafiegluaniuznssduriliiAnnisulasdunielu (10 Wndwlumaldanudures
WgealsalwudLarAvigeaisauinIBuiLdananatiy

4) naaNPBNTAUNavaveg (Effect of dissolved oxygen) HavaIN"ilRaNTLAULRD U
somnuluvigeaisarus Mileandiaueglumsazmeavhlvinnuduvesigesisasuiana
- a a8 o N4 o g v A a v o a [ aM o a
Weaswnannisiineendndulaensvseviliarsiiavgesisagudladsuluiluansildiin
ALRIEGIRAN]

5) #a91nU31N)N1500AIUT (Quenching) 1uusngnisallunisanasvesainudy

sa a ¢ 44 A A I3
Y84015lgeaLsARUATAnIINBIAUTENB U AN TAT AT oa1TBuTagluIAYTENOUYDY
a15azany Jasaudaindiazatedie wiseamdu 2 3Uuuy Ae Self-quenching uag Self-

. IS a o &
absorption Us18azLREANIU
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Self-quenching tJunaiilasainnisvuiuseninsluanafiaaiusnsziu inliAnns
) v 1

goyidendeany wildiinnshisadundiinazate Sendn External conversion

Self-absorption Linuillosanamug AfuLaigealsarUAinIsfouiuiuLauns

(%
a =

& | = P A & a P
AANAUYRIaNs dwnaliliineunIeuasiiiinfugnoanaulaeluianavesansiu deaziinlunsal

A158¥ANYLANLVNTUNN

1 v

6) naveIAULTTuNddeAdINTuNgeaLsalyud (Effect of concentration on

fluorescent intensity) @3 nUTuuKasiAnI NN lngliualuATueg AUUSUIaULAaT

'
A A

gnganduLieyiliinnisnseiuazlai
La(,~1) (2.15)
I, =0,(I,~1) (2.16)
do 1, fe anuduvesnawigesisaiud
MnANNFNTusvendes - waudsm (Beer-Lambert)
I=1,x107 = [ x> (2.17)
vhaunsf (2.17) wndluaunsd (2.16) agld
I, =@, xI,(1-e"") (2.18)
inguaneunsy sgldnnuduiusivaidu
I, =®,1,2.303¢lc (2.19)
I, =Kc (2.20)

e K #e Arpsffianeindu @,1,2.303¢ wazavidudadiulaenseiuan @,
Inetn K daminaginlial @, uinene

c Ao ANUNTUTRIansaraie (luans)
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NNauNTT (2.20) nuieuduvesuasgesisaud (1) Wuufanalassseiuai
uduvesansazans (o) Wedsunsminansmnudsiusseninsmnuiduve suasigestsaisudiy
arududurosasaraeagldnshudunss uidasazarefanududugduazsilianiy
dmeslgeaisaudanas wansdagud 2.12 Ssaguhmulidudaduiifeadestutiadeill

Wuldanuanuduiusveades - wauidsy [22] Feazesuislusdadall

Relative luminescent intensity

ﬂ
T T | 1 I L
0 2 4 6 8 10 12

Concentration (x 10 M)

JUN 2.12 n91nlianennuduRusTEnIeaNUNTUYeINSIgeaLTAR AT UAUINTUYRENS

2.3 wQaaLsawuﬁmauﬁuﬁaﬁ (Fluorescence quantum yield)

WgeolsalsudnlIauiugan (Fluorescence quantum yield: FQY) Huafilddnsu
TAUTEANTNIMBIUTIUVRITER LU NTAATIEINIFININUAE NITAATIRANINITUINNE Lage
vgooisauimouuBadvldann adnsduseminesuiulnseuiignuanddeseenuiion
NATLTDILES (Photong,,) ﬁiaf\i’wuaummauﬁgﬂ@mﬂﬁuhamiL%ENLLEN (Photong,) [23] uag

aunsaasuielansanudunNuS

k _ Photon,,

O = P (2.21)
d kr+2km Photon ,_

We  k As nsUandasslnou

k., Ao n1sluvanvaselvnou
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JUN 2.13 UHUNNLARITEAUNGIU [23]

e k7 e nmsUanUdeslnmeulusyiundanu S,- S, visemsvanUdesuaingeaisalsus
ki Ao nmsulasiunelussaundsanu S, - S waznshivantasslnneou
k., fa nsanszaundsnuiiuaniuzuaz iiinnsUanUasslnnau

k' Ao nsvanUaeslvnaulussdunasnnu T, - S, viseisuninneanasisaus

k' fio nmsudasdunisluszdundasnu T, - S, wazbivanuaoslvneu

2.3.1 watlamMsinAmgaaisalsudnlaufNEan

NnnsFnwImUIElnudeRiAnunsiadmige sisawudmeuduBadsvanamaia laun
\ALlA Relative tmAllA Thermal lens waginaila Time-correlated single photon counting
(TCSPQ) [24 - 26]

Tnglusmdfediifeldidenldinaia Relative Tunsmagesisamudmeusuaduos
asavany iosniinisdmsseuszuunstaiilidudeu Winalunisveassos Snviedeinale
yesansFosuasiisaulasiouifisuiuasiieaaiinsuingosisasudneusudas 49733
n1sANYY 2 35 laun

35 single-point leannsiuammiuiilénsmuesmuduiusseninannuenauty
msduuamgesisaudtazimiliannnsiunsUsuifisuiuanssedeiifinmdudu
Forudaluitiiewesis uilihhdededecnnizdldassrdaiimududuieasahilunis
mmammmi@mﬂﬁuLLaqu\]ﬁmiﬂmmﬂﬁaﬂﬁ

33n1siUSeudiou (Comparative) azfnuaaisduduresansfidesnisiauasaiu
Wuduveasonedavatean 1aa1lun1siauiuninig single-point uiliaaugnasausiugIniy

Fanada Relative Nlorunlvluuitsdsivasidennad [27]
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AMNFUNTN (2.21) arunsaeuladu

_ (a)Photon,,,

= 2.22
g (ﬂ)PhOtonabs ( )

'
=l 1 =

e« Ao ArAsivesTuIUlnauignUanUdeseanin

B e masiivesiuulinouiignganau
#ANTRANTULEITBIENT (Fraction of light adsorbed: A) WWeulddaasnIs
A4=1-10"" (2.23)
g b fio N1sgenAuLaIeIALEIAALTlFSUANINIEAY

dmsuAngesisaudmauiuganuetenIfiig s (X) uazanseeds (R) WWudsaunis

axl
(DF(x) =|:,3XA} (2.24)

q)F(R) = |:ZX—IF4VR:| (225)
X R

Waun159 (2.24) smgaunsn (2.25) lagldiinnsand o way B uazdnguaunis ala

|
(DF(X) = cDF(R) |:I_ 7]2} (2.26)
R

Yo o A W a o aa ™ ~ v
mﬂiﬂmmasm‘&mummﬁﬂu ﬁ]gLﬂﬁuamﬂqiﬂjaummwgaaLiaL%umﬁ@Uﬂﬁﬂ"ﬁLUiU‘ULWUUIWL‘UU

I OD, n’
(DF :(DF(R>1—O—DRn—2 (227)
R R

e @p, Ao AlgealsaludmauilganvemIfiedns

D PO AigRBLTAUAMDURNEaAYRIA1T019DY

I A9 NUNLANIINAULTULAIVDINISHUAILAIUDIANTAIDEN
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[

I, fo fuildnsvanuiduuaseinsidasmesansdneda
A FB AININANTULANENEAYDIA1TAIBE

A4,  f9 AININANTULANGIEAYDIA1TONNBY

n Ao ANFIINIMLEIYRIENIAIBE1

n, A9 ANYTIINILEIYDIANTO989

2.4 nszurun1snlaaenzlafn (Photocatalytic process) [27]

nsruaunsilaagaslainiunszuiunisgadulnneu AENAIIULINATILIUNGIUTDS
#1379V UL UNRINUVBIAN TR d@15NUTEN UAETEAUNGNY 2 SEAY
Ao waudkaud (Valence band : VB) uavauaaufntu (Conduction band : CB) Aauanslunimn
= s [ [y v Aaa & 1 [ o Ly v v
1 2.14 laguauiaudaziduseaundanuiisianasouussyegauiy dmsukaunausnduas
Jusedundnuniiessineaiieeguasdndsuginiuauinaud lnenasiesenieeeiu
WAIIUNABUTININ F09INUAUNGIU (Energy gab) findssuamilsluniiedidnnsoulan
(Electron volt : eV) wagiileansnainingnnszdualenaesuniaganimisviniuyediig
LaUNGIUYRIasneda agvihlidianaseuluauriaudnsslanvuluegiwaunousndu villi
a | 1 + X A 4 a a & _ £ A v o ' !
ing033149 (Hole, h*) Juilkaurnauduazindiannsou () Iunuaupdudnty lagteineaey
suwsmdvdnindulansendausida («OH) drudidnaseusziuivoonTiauiaduguives

3 a v _ P ) v @ (Y a) ¢ = 1 a ) I
panlaAusAfa (+O,) Tansaasiidusioandladnussdeeuisagesaansansdunsola

+

Reduction Products

Dye —> Oxidation Products
Light Irradiation

Dye OH*+H*/OH*

Oxidation Products H,O/0H"

JUN 2.14 uansnalnmsisufizelvlnaseslafineandindu [27]
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1 14 .

2.5 n3zUlUNITERYHAA8N8LEY (Photodegradation) [28]

< (Y A a [ N d‘ a ¢

Junsuandivesluanailiinainn1sgadulnouiuiainmnueInaureILateniing
i $9@Buns e uaeiinuewiiu wazsiddansihilewn sUsuuveteynInSidYinduY 0199
ianisgevaaemeuasld nsgevaaemsuasilsiuiinisaaefivearsiiilasaineuun
Ingluiduansndlassairaluanasuiaiannin nmswasustluanaliegluanmiuaeuudas

LY ) 1 a M v ! = a a a £ U 1

naulusghadulala wu msidvanmeedusiu wasnisiivesneuussiadiluluiana fees
S o P o w = 5 4 Y oA v
Milalagilufenismiaveadesluihauvsaindemeuaiwnn

wavanusaldidunsziunisyianeiusslunisinateluanavesuaiivld nsdesaane
mewnilidawasasordeiugiumanidazlindndarnienuluiiviosseduindon nszuiu
n1sean@ndulagnisnseiuamswasausaldivaisusenaudunsduasansatdunsdengg wu
oy ' o v w A & v A o Y v o g ¥ o
ddou enguuas enmdnduie Wudu ddellegnnszdumesuas wisavilviegluuvesansid

A TUREAT 1wy nsaedunsd arsusulasanladuazii tudu wazdiarursavinliia

a o & ¢ o ¢ &£ Y ¢ O v o § vaa
wansiua 1w elad lavzuasdadiled Tuegivesdusznauresansiiu szvilidnusnganses

'
o 1 =]

wsemald lnedninanddenaziinainanalyvesasNinuss Auag b munauIsag AN U

Y

TanAnueeauluIaIinIe iU

. Degradation
* : SemictSJ;dSuctm ===} Products
M s) (CO, + H,0)

H,0 /OH”

Dye
+

Semiconductor
(MSNSs

U 2.15 uansufizenlnlafinsiadu [26]

2.6 293l lunsaeuasTuauide
Tuadseilginesdidnnsedndundudgaelunisiauvemasalalenduas

(Light Emitting Diode) LLawaamlmIaﬂLUéaLLaqwé’wuqa (High power Light Emitting Diode)

TunsaeuaslyifuasasaeiieAnwdsyansnmnisminddousoua Jsgunsaildluisesd

U dﬂl
ANU
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2.6.1 uaann (metal oxide semiconductor field effect transistor : MOSFET)
Dunsudamesildauulitlunsauesdyaialin Tasldeonladvedanglunsiduns
(Gate) Bunldluraeshidnealnetiluadsaeininmeeg Wesnnfivundn laseadsvetean
Usenoudne 3 du fuandlugud 2.16 Sauslavdudneandendsi [29]

1) ¥ una (Gate) Wudrufivhunaneenlesuedans tnsasaliineussindanasoy
SERIHUAR AL a%ﬁaamaﬂ%lﬁﬁLﬁammmmm%waammaaé’zyzymlﬂﬁw

[

2) 1wed (Source) Luduvndvesdyyin

[

3) 9uAsU (Drian) Wuduaesnvesdygyiu

1
2
Oxide Gate 3
Source i \ | Drain i
— X
¢ :
p L
Body

gﬂ*ﬁ 2.16 uwansdiulsznauveueama [29]

voan wuadu 2 vile fall
1) noanaulasy (Negative MOSFET : nMOS) ilunsudawasuszian NPN iofinanu

1 v 6

aedndiluuin (@unlniungg) dyaraliidsezlnaanvwedldvuasuls Welvaesniumisg

v 6

Andas aziinauulniilufinasedrauseinlilealu p-type aggnranasunegiuassenauriy
fiiEnnseudasyunsdrugngetuluduuuunuiilen dwaliuinaduuuibidnnseudassann
sy ntype 138031 channel dyanadliiinfieslvaniugas channel #3adumioufvainsu
wazawealalaglidianasoudassidunuziilui
2) woamewiad (Positive MOSFET : pMOS) Wunsudawmasuszuan PNP efinina

insfndiviolivau (@uuliihdew) duaradniiiiwelnaanuwedlvviasuld Jaasrian
nduifu nMOs Taeileudssrmusedindi (nsundnazinau) asinauliiluiinduedas
uss Binmseudaselu ntype azgnudnasunegiiudissznoufuiiisavisdiugngatuly
Auvy dwmalrusnamuuuileaninaudu p-type 16i3en11 channel dyaralniirfasiva

pUT9 channel daaidumilounuvasuwazvwealetasldlaaduninzinlifi


https://th.wikipedia.org/wiki/%E0%B8%AA%E0%B8%99%E0%B8%B2%E0%B8%A1%E0%B9%84%E0%B8%9F%E0%B8%9F%E0%B9%89%E0%B8%B2
https://th.wikipedia.org/wiki/%E0%B8%84%E0%B8%A7%E0%B8%B2%E0%B8%A1%E0%B8%95%E0%B9%88%E0%B8%B2%E0%B8%87%E0%B8%A8%E0%B8%B1%E0%B8%81%E0%B8%A2%E0%B9%8C
https://th.wikipedia.org/wiki/%E0%B8%AA%E0%B8%99%E0%B8%B2%E0%B8%A1%E0%B9%84%E0%B8%9F%E0%B8%9F%E0%B9%89%E0%B8%B2
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TusAdelsidenlduoamaiin PNP FO540N fauamsdaydnuailugud 2.17
oD

c AN

oS
gﬂﬁ?‘i 2.17 wansdeydnwalneaina P-channel F9540N

2.6.2 NSN3 (Transistor) [30]

cal o o IS

niudamedidugunsnididnnselindfiddy Smhilunismuaumsivavesnseualyiii
(rallnauazudenlallilvaniu) Ssndredulaloaduas uinsudaumessanisnaiuay
Uinaunszualiihlfidesnnifuasisiaimelusy dagtusinmsdmsudamesundsygndld
U W n15eal (Arduino) anarunuviaenlaleadiuamatsdunie viRdneavetagiuly
ansnsadenszudldunnwelriulalenduadld mseasiudsosdnmimsudaresulidu
ferenszualni (Amplifier)

VANNNTVINNUVIINTUTALNDS

2V

aufinanlidreduiimsudamesiiviifilunisaeuinsaiienianicnaz Usuna
nszudlni wandnnisdrdnfenisldnszualniiesq auaunssualviiuing TuRewled
Usunanszualinfivadndesfiviva fazaruisanoulnsavsununszualaiifiuinnid
wanewifvesnAealaanes Lz anmesld Wesnnniudanesiimmawetenieiidunin
Current Gain %38 HFE w30 f twes nswdamesuvseeniu 2 Ussivde

1) n5uFanasusyian NPN Usgnaumeansyiia N 2 aalaseiln P 1 Aan9siaauny
niee1a3untAIn (Negative-Positive-Negative) ﬁQLLamqé’mé’ﬂwm’Iugﬂﬁ 2.18 (n)

2) N51UTanasUsEIAN PNP Usenaumisanseia P 2 duazaiia N 1 fa1edagduiu
(Positive-Negative-Positive) fauansdnydnualluzud 2.18 (1) Wideiléidenldnuianosaia
NPN 3u BC 337

C E
mB(i ) MB(i )
E C
(n) ()

JUT 2.18 uansdydnualvemsudanasussian NPN wag PNP aua1du [30]
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2.6.3 A2@81uN1U (Resistor)

YR A aa ¢ & a ~ Ao wa P '

fsunurIeidanesidugunsallwisianidamandilunisdiunisivadiuves
nszualnilvidigatasiununiediuaisueu Wudu dadigunsaliudaiiudiuniuuin
nszualwinnlnaiuezdesas ugunsalliiaianadnaestiadamiusdndlniasey
99804 Ingdidndiuuntagsuusunansehal i NluanusnsdIuseninamINuAIeEng Lay
Usununszualuidiffe aranusuniunialwiinsesimnuduniuressniidniieiduleny

PMNALANENMUITFUIRTDIEANNTaTndNU L tslun T uYRIaanlaloalUauad

e Iaen tAlaLUaaINEINUEFRIRTHARIAIgUN 2.19

+,_,1JE vDe EEE,ETD
R, 1k} l_l‘:'_
G -—D'l.lu"l
NN
ve L o — B
i ,ﬁih"- - HE-CE!-ET é—':"h":
100
Ry R-Sens=
Rs

¢ o 1

JUT 2.19 uanveasdidnnselindminngislunmaiheuremasalaleaUdua

o A o

INFUN 2.19 MYIuve993ileail Weildyaa High n3eadn 1 113U Vo Ui

T o

Inalusnuadsimiiifusmuaudygrnidunlaeddduniu R, vivdhiidiialadls
nszudlnihlvarius el deflaedn 1 dhandlvnua nsswauazussdiuanln DC fw
R, unfivrealarnesiarlnashuasludandinmesludinng vilruusiunsusvioasin 0
Tudinavesupaindananaanaineu nseualarusiuainly DC luanwainaweallvn
wsusazaludmaenlalenamaarainavilinasalalonawaniau uidleddyaie
Low 1308930 0 117 V, famsudamesarlavheu Wesanlifinssuaundivnua vildnssua
wazusssuanll DC lnanu R, lufivnavesshueandswalshuoanalidirauiosnins]
L9FugIvseandn 1 W vilinsswaazussiuldansalraduvvealudwinsy waglvg

lunanalalenadiasain1inladinaliasalalasuadiasliviiau azwiulainidedasin 1
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way 0 [WNuadnalvvasnlalasuasnasinaunazlivineu lnedusamavinnd 19y

AR LUN15UA - Un viaanlnlontUadkas

2.7 uideineades

1ud A.A. 2017 Vandana Gupta wazaasz leanwinisindnadenlsaniiud (RB) lutilee
Trufusiusiessuandents Belpatra (BBO) Wushgadu annmsanwdvnavesnisgadu
ABuduUIIN 03 Fs 1.0 n$u sionsgaduddenlsaniiudanududu 20 fadnsusedns vuin

auNIA 150 89 299 lulasiuns gaumil 320 1AATU WATANLEY 3 WARIAIFUN 2.20 WUIINIT

'
o v o a

Mdnddeniinauain 76 wWesidud W 91.7 Wesiiud WeUiuameswgaduiiuiu 1esan

& A v g v L da a X a da X = a @ & oA
NuNN1IaAgUNTTI (WUNED) LWUIURUUTUI UMW LU WLNANTIAATUNINVULUBDIIINATTAN

Y

Fuiduusngnisaiiuiy [31]

100 1
90 -

80 A
70 A
60 A
50 A

—o—0.3g
—i—0.5g
0.7g

% dye removal

40
30 A

——1.0g
20 A

10 A

1
0 20 40 60 80 100

Time (min)

JUT 2.20 navesUSunaigatusenisgaduddeulsniullngld Belpatra Bark Charcoal [31]

NnMsAnwBvsnavesaainturesdfonsusudmiunisidndvesddenlsnniiud
mnududuresdiionsudu 5 fa 30 SadnSudedns Weldwagadu BBC Usua 0.5 n3usie 100
faddns YuInun1A 150 89 299 lulasuns gl 310 LAaTu wazAiieay 3.0 dmTuLIa
Hudta 90 unil wansaguit 2.21 wudmsgedugegaiiatuly 15 B 20 Wifuasndsnaa 35
fi9 40 Wil 1hgannzauna luynnsdl esanigadundazidvuiniigaduiisiinuas
Mé’qmﬂmulﬂswzLaamﬁq?ﬁmdnﬁwmlﬂLLasﬂszU';uﬂﬁ@ﬂ%’uﬁ'lgjaﬂ’nzau@a uananiiéfy
wutidlemududuvesddondududinduan 10 W 30 fadn3usodng weddusvasnisiida
Atfonanasan 92.8 Wedidud 1Uu 70.1 Wedldud nszfinnududulieny dusmasgadui
Tuisseduiunisgeaduluanavesddeniifoglutiogiiu wifrnududugdudnsdnl

= LY a v = a (% 4
mewaﬂuimLaqaaaamaLﬂmmi@m%‘uuaam [31]



31

100
S 80

g —4—10mg/I
£ 60

3‘; 40 —@—15mg/|

T 20 20mg/|

,,\° g/

0 T T T T 1 25mg/|

2 4 1
0 0 0 60 80 00 30mg/!

Time(min)
JUN 2.21 mavessverimduiauazanududuvesddenlsanfiulisuaulagly Belpatra Bark

Charcoal (BBC) [31]

Tud .7, 2015 Fan Zhang wazanglafinuin1sussend Bas(PO,),/Fe;0, 1udagadu
1 <@ oA o w a P goJ [ a = Y
wiwanuuulnliemdaufiavgamnansazane iyl wanadeguil 2.22 nnsnwInuinga

aguapdndnusimanuuulndfusznounle Bas(PO,), ulueaduazlulasailes Fes0, (BPF)

1l
(Y
a a Y o a o a wa ' o

V]QﬂW]ifJiJl'] L'W@ﬁﬂﬂ']amﬁ']u’ﬂﬂﬂ'ﬂﬂiﬂﬁﬁ'mm’]\‘]LﬂllLLagaNUWW’]\‘]LLNLWaﬂGU@\‘] BPF n1s

andulSaug (MB) uu BPF gnasiadeufmen pH gmgil Usinasigady nandililunisgady
wazanuidiuduiduduresfiaug wuihdeyataunamansuarlelemosunisgadutiufiniingld
pseudo-secondorder model Lagdun1s Langmuir mmmmsaiumsgm%’wmLuﬁa‘ug 1ng
BPF Usznaunie 334.5 + 12.5 aaniunonsu AMU0In15180mes 1 free energy (DG, -4.25
+ 0.16 mol™ 814 -6.06 £0.12 kJemol™) Laun1ad (DH, -24.93 + 1.50 klJemol™) uagioulnsy
(DS, -60.29 + 3.20 Js mol™teK) mugsiu Lﬁ'aﬁmimwudwms@m%’uﬁ?mﬁm%uLaalé’ﬁuazma
AuFoulusssuwd nsirdnddeuunavgianvauiainiuselalasiaunazufisenlossin
fandniu BPF anunsathanldlndlddonaganuannsolunisgadutszana 92 Wedidus vos

ATNAY ANEINTalUNSRAtUANBNAITRIINTEgINATY [32]

_Co
Fl_Smin —35min
——10min — 40min
—15min — 45min
— 20min — 50min
— 25min — 55min
—30min — 60min

Abs

200 300 400 500 600 700
Wavelength (nm)

JUT 2.22 awnaunsganiiuuasvedmIazagluiauguasaIniAu BPF fAianses [32]
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Tule.@. 2013 P. Panneerselvam wagAue bAAN®INISAN9AAEDULSANTUD 280151y

L% s o

sutuudnvhannzadumesivatazindeumsoynauilueanleduaaman INN1sNAaDY

'
=Y

nudnleldfinndu Fes0, Usum 0.2 NSy tiien19nddou Rhodamine B NHAMUL TN

Y
U 1 a dl

100 fadnsusiodng Naaungll 303 taadu Wurian 3 alus dseunistuniu 100 seusdeud

v

annsarindnddonlads 44.5 Wosidud uandagui 2.23 [33]

100

80

60

40

(%) removal

20

PKSAC Fe; 04 PKSAC-Fes04

gﬂ‘ff’i 2.23 wanalasidunnismanddanatun PKSAC, Fes0, way PKSAC-Fe;0, [33]

Tula.a. 2015 Elias Ranjbari wazanez ladnwiayniaulusenledvaswiinanesnlyd
\wiou hemi/ad-micelle SDS (MHAMS-MIONPs) gnldilusingadudues Rhodamine B (RB) uaz
Rhodamine 6G (Rh6G) m3finwuansliiiuinanuamnsatunisgadugiandmiulsaniiutuag
Tsenilu 63 Ao 385 wag 323 fadn3useniu awddu dm3u MHAMS-MIONP #ldlunisgaduls

a o

Anduduwarlsaniiy 63 aelaan 1 nawuizad (A1fey 2 Ysunas MHAMS-MIONPs 90 fiaansy

a o

YSunsvesdninazans 2.6 adans veansnasdin 3% lu acetonitrile) afnwenls 0.5 Tadnsy
siodns 71 98 Wadldud waz 99 wWesidud smetaduanudutuindy 327 uaz 330 audidu
fodiavesnimmmaduiliudmivalsnfutugninluldesnassauanudniadmiunisiin
wagmansramiessesvaslamiubuarisaniiu 63 lusedsdunndeuuasinde (3]

Tul a./. 2012 Kah Aik Tan wazanzlafnwinismisnoyniauluwiinén Fe,04 910
nsanazneumaadinesnde Fe? uasindo Fe* mnansavanefiiuihdeasaransueulande
dednwamdululilunsldfadninauuudaedouseeyneunluusiiviniesineanlys
Fe;0, dmsunisgaduiuitauug (MB) vudetnilnakuuindoumemasneanles (Fe304-MCP)
IeignAnuanelaiteuls Afeslutae 3 fs 8 Usinasmigadu 0.2 fis 1.0 ndu mnududuBudy

100 fis 250 fadnsureding ANNsANYINUIINNSRdUTesEdon MB tuTuegiumaudunia

Y
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a

AauarUszansnnlunismdamnududuvesdargalunafiiey 6.0 aaumansnisaadugn

Y

WanInIY pseudo-first-order Wag pseudo-second-order MIUAIAU NANITITUNWUIINITLARDY

o w

Fe;0, Uuragat1lnatalnaliinn1siidnanududuresddonlunssuiun1igadyu wazain

n1sAnwransenureslIutansaadudden MB laglduSunudandu 0.2 - 1.0 nFusie 100

v

faddns luansagangdege dmsuddeuanuiduduisudu 250 TadnTudedns Noungl

1A

+ 27°C AL 5IluNI5IUET 200 SaURDUNT UAZATILEY 6.0 NANITNARDILAAIATIUN 2.24 97N

'
a

nan1snaaekansliiiiuiseaninimnisgaduddeniinduain 57.79 1Uu 99.89 1Wesidus

[ |

desnniivimmesiagaduiuiuain 0.2 8 1.0 nfude 100 faddns audidu luusas
PRNIAHUAR Lﬁ@w’mLﬁ'aﬂ‘%mmmi@m%Lﬁm%{uﬁuﬁafmuﬁa@m%’mzLﬁmﬁuﬁaﬂ Faduiiuiing
andu MB 9nasaraetrdediinndu udlunaaugauszdviamnisgaduddenarananile
USnasgadugstu Tnsanasnn 84.58 adniudensu 1y 28.44 fiadnudensu (osan

USunamesigaduiiinduain 0.2 10U 1.0 nfuse 100 Jaddns enafinainnisdousiuiunionts

v A

FIFIVRINUNRIQAFUNILITU MB Uagn1SiNAINETLEUNIINITWNS inszaziulunuing

Y
&, [

Fudadusudsidrdgannlunsimunanuanansalunisgadu [35)

o

_ 100

g

g ¥ 802

i3 ° 04

T w® )

TS :

S E -0

:& 20 - 0.6g

'é- 0 _u—o_gg
0 5 10 15 20 25 30 35 40 45 —e—ipg

Time (min.)

5UN 2.24 navesUSunagadusanisidnddeumiiaugiiudu 250 dadnsusiedns [35]

Tud a.@. 2007 S. Sadhasivam kazauzlddnu1vawasarnduleiutiealaann

Trichoderma harzianum Wuldilusgadudmsunisgaduddenlsniiiu 63 lnefnwinavesian

Y v

Alun1InIu AMNUNTUSIALYEIAS N USUausnandukarAIANITuNTA-Wa 91NN1SANEIE

Y

a o 1a

doulsaiiu 63 Anudutuluyis 10 fs 50 Tadnsudedng vunvedfigady 1.0 nSusde 50

o v A

1998n5 kazAINLEY 8.0 NUINUSLANSAINNITAINFLDUANAILI DLNNAUL VLTS UAUVDIFS DY

[
=3

wazUSunanisldddeuiudulionanduiaiudunddinaliivisunUaniiofanianauna waneea

d f < 6

sUN 2.25 ﬂsvawﬁmwmimamaaamnmﬁmaaﬂaamﬂ 86.26 Woasidus 04 75.73 wasidus

a 1A < 1%

Y
drsuauNIuvesdden 10 f9 50 Jaansusedns uladninussdnsainnisnidnddey

(%
(%

Juogifumududutudiuresd nmaugadmiusageduie 120 uiifieudududdeutomni
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[
Y

Anw1 navesnaduniurenisgeddentulvduldnssudouwazdeolioailugrnududa
ot = v P v & a Y @
Y89dTauaNfian1sATOUARN monolayer vesddoumiululduuiiuiivesiigadu uazna

nsAnwUSuavesngaduiaUssaninmsgaduddeulminaueluguin 2.26 wuinisminddou

& a

TUALATFIAnaLT 68.33 019 73.34 LUaSHUA way 76.21 §13 87.60 Wosidud vuin 0.5 wag

[y

3.0 n3use 50 fadans Mud1Au nan1sAnwliiuinsiuviuamgeduidunismulse

(%
o

avisnispaduddeNiioanniNuifeUTINRTIINTY [36]

100 -
——10mg/L —8—20 mg/L —A—30mg/L —X—40 mg/L —%¥50mg/L

Removal percentage

0 20 40 60 80 100 120 140
Time (min)

JUN 2.25 navpsianniukarAuNTuisuauesddenluYie 10 1 50 TadnTusedns [36]

100 7 —+—10mg/L —8—20 mg/L —A—30 mg/L —X—40 mg/L —£&—50 mg/L

i
o 3
»

-

>
=
[>]

Removal percentage

0 ¥ T T T T
0 0.5 1 1.5 2 25 3 3.5

Adsorbent dosage (g, 50/mL)

5UN 2.26 HavesUTinaigadusianisidndden [36]

Tud a./. 2012 Yin-Yin Xu wazanz ladnwinisduasizieyniauiluwidianesanlys

Fe;0,@PAA NPs uagAnwaninuuglay TEM, FT-IR, VSM wag XRD nan1sAnwauanuae sy
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11 PAA anzaud1msun1siade Ul UUNuRIve9 Fes0, wazlunalmiAnnisildsundadla « Tu

k2 ]

AoauURLILEN Fe,0,@PAA NPs gnldiitogadu d@dowlsaniiu 63 (Rh6G) ludiegeddoud
Junafivlui mndeyanuiaunanisgaduiindulugaaan 20 wiil wansliiiuiifgadui

wisadlIuanidnansgadunisininnuasnan1sITenuimgaduwimaniiuss ansnmlunis

o

Minddounuguluiied1993 [37]
Tul A.A. 2013 Xian-Fu Zhang wagamglafnwiAngestsaludnlouindadvasian
Waeaisalgudlsnniy 63 wazlsadud ludihazatgieniuea lagldimalla Time-correlated

single photon counting (TCSPC) a1nn1snaaasnuinlsaiu 63 AfAnIsaanduLasiiAnIs

=

Waskaelgealsaaud 527 wiluins wag 552 wluins Muaiy wananeguil 2.27 uagdl

=Y

AvlgeeLsaudAlauANantiniy 0.95 (P, =0.95) dwiulsaiiud dian1sgandu

L3

539 uluung Aanisilasiasigeaisaigud 571 uiluwng uavdavgesisaudnlsuiudan
Wiy 0.66 (@, =0.66) [38]

1.0 1

“yre.
5

]

08 | ;;'; / ";“ : 08

0.6 1 #ok 0.6
i

{ i

£ o
0.4 4 / .
'

]

i
7 i
g i

0.2 4 o 0.2
‘/«/ \\

2 -"'"'
IR ey

0.4 4

Normalized Abs
Intensity (a.u.)

00 i . — Then 0.0 . . :
450 500 550 600 550 600 €50
Wavelength (nm) Wavelength (nm)
(n) ()

U 2.27 (n) uanafinnsganduuasuedlsaniiu 63 (Rh6G) wazlsaniiud (RhB)

(%) waRINANTSUaLAID9L5ANTY 63 (RN6G) kazlsniud (RhB)



o
UnNn 3
ad o =% Qs o
A9ATLUUNIUAY
TuuntiagaSu1efunsaalowar S UUMNITBINUINUIFY SINRIITALUIILIY tnedl
d’lj 1 [~4 v v [ (v dy
Warmuwuseamlu 5 danan A9l
1. Jagildluauidy
. gunsainleluanide

IS a

. Mewsenasazatsddenlsnniiu 63 uavarsreaaoseuAUIlULIWAN FesO,

o

2
3. szuuiaiifedestunuide
4
5. msAnwdadiidmasionisgeaduddenlsaniiu 63 she Fe;0,

%

3.1 Yanitldluauide

TuruAdeifadelfidonldarsisosuadlunguaisdunis (Organic dyes) Lilaaaind
Usgansnmlunsdwamigesisawudaiasisnign didulddawmseuasazarsainansisos
waalsanflu 63 (Rhodamine 6G: Rh6G) (3u CAS. 989-38-8 910 U3H% SIGMA-ALDRICH) dsil

lassasnanegun 3.1 uasllaudfnannsned 3.1 [39]

O.__CHs
0
HsC N ‘ CHs
« HCI
HsC™ N 0 SN
H §
CHj

5UTi 3.1 Taseadrsvesansi3eauas Rhodamine 6G [39]

A1379 3.1 auUANugILYeIaN3L39kas Rhodamine 6G

AUUR Rhodamine 6G
gasiall CogH31N,05CL
wialuana (n3u/lua) 497.02
AvlgesLsalwudnlauiudan 0.95
mmmm?iuﬁLﬁmmiamﬁuumLLazLUa'aLLm (W lumng) 527 W@y 552
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AIdslavinsfnwAvigesisaudaouiudanvesansadenioanatlsniiu 63 (Rh6G)

wanAuayN AU lULLIWAN Fes04 (CAS. 1317-61-9 91nUTEY SIGMA-ALDRICH) Sa5UT 3.2 uay

Y

TauUfnan1s1en 3.2 [40]

gﬂﬁ 3.2 aumﬂuﬂumjmﬁﬂ Fe;0,4 [40]

M99 3.2 auUANUFINTEIEUNIALITULIWMEN

Auud ayn1AUITULILWAN
Fomaad iron(ll) iron(lll) oxide
gnsiail FesO4
waluana 231.53
YUIAYDIBUNIA (WIWLAT) 50-100
ANUTLILU (NSureliadans) 4.8-5.1
AVADILIAT (DA NYALTLH) 1538

Ya o

dIdelavinninAmlgesisaudaiouiudadtuguiuuvesansavans lnuld

[

Tusideil
A v o < o =) S [ 3 A Y a [d Y
dendvhavaneluiiusanlessu viseun DI Wudviiiunisnseslessu Tdsgududinses
lnenunisuaniUasulesau (lon Exchange) Wisdunslossuuinuaglessuaveanainii 3
Tildulifleseunawndeny Juduifidamuuiansaunszluanaiivdesgeziiiieduiana

9911 H,0 Wiy femunzdmsuihunlddusviasaneluasddoulivas Rh6G [41]

3.2 aunsalnldluanuide

1 [
(Y Va v =1

TuenAetfiduladawssngunsalielddmsuwionansasavaty dseazidendiail

1) Ununes (Beaker) vliawnila dusuusIgasazaty 1INUSEN PYREX
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2) Fousinansiall dmsusnansaiiiieldlunismaass

3) \AT9394AIN0A (§U Pioneer :NUTEM OHAUS) Tidmiudsansazane

4) wyisudmannauans (Magnetic stirer bar) 3u1A 30 fadluns 31nUSEN Fisher
scientificlusiuiupsesniuans (Magnetic stirrer)

5) 1A3eInIuas (Magnetic Stirer) dusuniuansazans 99U Fisher scientific 14
wsesulnin 230 Taad Tonseualnin 2.7 wouwus

6) vaoalulasiguRiy (Micro centrifuge tube) dSUUIIYaNTA¥a1Y JU TUBE-200-C
IINUSIW Extregene vunn 2 fiaddns Maoususuedestumismenasnou

7) w3eatluwisanenazneu (Centrifuge) dAmsunenssgvaruiiifuvesudanonain
druiifuvesvian fu Force 1418 THussdulyiih 230 Thad Tdnszudlniih 0.6 uouuds

8) Mamvinanadin (Plastic cuvette) dwsuussgansasarglunmsinanasuunas Usung

2.5 {adans INUTE Brain
9) naoalaloniladauas (Light Emitting Diode : LED) luauideiiiifuladenlivasn

(%

Ileaasuasiliuasdyn nelaloadsuasduuinnlaleaasuasdiitugninfouneeas
Seauamaamlasuuamdsini 1.5 3nd Tauenieiulugig 430 - 630 wiluiuns wanenagy

71 3.3 WiednwUsz@nsnnnisidnadeulaglduasrndudnssufizen
5000 -
4000 - |1

30004 | |

Intensity (a.u.)

20004 | |

10004 |

T T T T T
450 500 550 600
Wavelength (nm)

6

5UT 3.3 N9 mluansaansuveLasdivINAINLES 50 AN

10) unas31lu (Power Supply) winasdnglnfiiudsuainluinssuaadulnduln

nszuansaieteudiglvan aunsamuauussiulnfiuasnszualnih e winalvsidmils 14

dusunelinszuansalyinuiaas
11) 2995077 (LEARINSNNITYIULAEAINIATIUUNA 2 WD 2.6)
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12) andfiwas (Lux meter) (3u UT380 Series) Wun3asdoinUsunamesuasiivaaiuly
& dd o i | v & A | ] & a =t
WunNMmuanaaauANaing luniiees LUX Ty 1 8nd drsiduminuainauesiuionils

WAs T TlgangimasdnsUInAINULIIULEIUDIRDA LA LD ALUAILES

v o a 14 o a o

3.3 FTUUINNLNYIVDINUIUIRY
TuhdellazeSuretisssuusineg Mldluenudde laud ssuuinnisganfunasesasazale
sruuiaMaUdiuasadansazaty Larssuunsanenawn Muivgunsaintdlunuide duans

AUt enalUll

3.3.1 STUUIANIITAANGULEIYRNETATANY

PR wa = ~ e v &
Iuﬂ’li‘l/lma@flL‘WEJﬁﬂw’]all‘uG]ﬂ’]i@@ﬂaml,awadﬁ’liazmﬂ MQﬂﬂﬁmmIm@Nu

1) wrasnillauas Tdunasnufliauasannvasaliiisanuy 99nUSEN Schott Megalight
100 TraiUnadunaslugruainue1dndy 400 a9 900 urluwns 1dusesulaia 12 Thad 14
nszualnin 0.9 wouuus

2) ulowiniwasuaiduriugudnans 0.8 Tadiuns Iddmsuiluanuvasinia
TG RGP RN

3) AIINYINAEAN 1 Macro cuvette 31NUTEN Brain lHuTTyaIsazate Tun1sin
AUNATULEN WIUTUERAILIYN TdmsugaduRntaznenuatalawuiuas

4) wdulowiniuas vuadudiugudnans 600 lulasiues Iddmsudideasainans
fhegdlumnniiunduadesadnlasiwes

5) indesaiUnlnsimed Ju ULS2048XL-EVO 91nu3em AvaSpec ldmiuinaiunasy
wata TuguauenInay 200 A 1100 wiluwng

6) e UsB Tdwisuihdsteyaiildannisindngiedesaeuiinnes

7) wiesmauimes Iddmsuussinanadin1sganauwas melusunsy Avasoft 8.1

AeladnsruUMTIaNTIseANAuULaIRagUR 3.4 uasilswavidundail
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S e R

4. Fulaudiues

2. dulouiatinues
@ = 0.8 mm @ =600 um 6. @18 USB J\r
-1
1. LASINIALLES 3. ARINNUTIYAT 5. @ unlnsiimas 7. Yszunama

()
5UN 3.4 szuuinnisganaulasvesasazany (n) AT (1) unuamszuuin

NNUHUANITUUNSIRaNTAnsgAnduLasrasansazans U 3.4 wasonuvaadiin
wasfsatnuaziiunsiaelowiduamuiaduiiugudnats 0.8 fadung Wewuaain
uwdsiuilauasndsansmogisiegluinmi wasazannsznufuasiesauazdosiuoonin
fauasiiueenintuasgnieiesanlasfimeitemeglouiiuasuaduriiugudnans 600
lulasims wasiiduedssaunlnsiinesazgnilaszidutnginiesnonfiunefiiruae USB way

MNTIRTERANNSeANauLANUBaTaraemelUsinTy Avasoft 8.1 lagauns

i
A=-log— (3.1)
g]

0

e 4 fB AINNIRANGULENTDIENTAYANY
7 A9 USUNUWEINEIUBNAINAIINT

I,  #o Ysaasiiiwdnluludmm
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3.3.2 sUUIANSUaEIURa1Taane

Tunmsvaseadiefnuauifinisiudsuamesmsavans Tgunsalfléwsd

1) uvasindawas [unasindauwasainiaiges 9nuTem Thorlabs GmbH dauLdy
LasgagTiANENIAAY 520 uilumns Wuasdiler TunsnseduasBosuadsniiy 63

2) Avavvinanadin (Brain-Macro cuvette) Uaguviudugaaimg

3) anglowiniuas vunaduruaudnats 600 lulasiuns

1) \3esaiUnlnsiines

5) @1g USB

6) \n3BnDLALADS

7) n30eTasailiiniy (ATAGO - Pocket refractometer) Tad@1nsusasaidsiniuyesans
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3.4 A1SMsENETTATany
iAfeldTaniouasiedrafielflunsngey Teedineandoadil
3.4.1 mswseud1sazaladdaun Rh6G
SumBUNLASEY
1) Feansadon Rh6G U3unas 0.0049 n$u wazmnvinazateiuin DI Usinas 10 fadns
fiowReuansavanesaduiiiauduty 1x10° Tuand Ginsduauanslunianuan)
2) BevsansnaduiitewnIonansazans Rh6G inududusiie q fams1edt 3.3 Usums
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anududuasansazate | Rh6G fiamandudu 1399196078
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1x10° 0.1 49.9
2x10°® 0.2 49.8
3x10° 0.3 49.7
4x10°° 0.4 49.6
5x10° 0.5 49.5
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4.1 wanrsanwdunaiunisganfundeuazaiunaiunisiUaudavag

drsasarelsnndiu 63

PNHANTIRAUNATUNIRANAULAYRIANsAdou Rh6G TugUuvesansazane Tugiemin
dudu 107 fis 10? Tuan$ Tne3Bnsfindniunudslusiade 3.3.1 lénauansdisgud 4.1 nan1sia
wansliiliiudl a1sazans Rh6G ganduuadlalurisaimeniadu 400 - 600 wilulung fiAns
aANAuuAsENERTinLENIAdY 525 uiluwasuagamagandunanistudefiunnududures

a1savane Wasuulaslugae 0.006 - 2.571

= Rh6G IE-3 M
= Rh6G SE-4 M
= Rh6G 1E-4 M
Rh6G SE-5 M
s Rh6G 1E-5 M
e RWOG SE-6 M
— Rh6G 1E-6 M
= Rh6G 5E-7M
= Rh6G 1E-7TM
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Feadransmanuduiusseninmnududuiuiiansgandunasgeanvosansazans
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WeasnansvanuduiussenineanudutuiuAIN1TaA NAUKRAIYDIATAZAY Rh6G
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vy a X a v & o % ' 7 sa % ]
wwdlduindudunuudady Fedunalaaindn R? Masieglaainnivlvesnisnaaes lagan
R? ¥89ATa 1 Winfiu 0.999 A1 R? v83ATad 2 Wi 0.996 wazdln R? va9 ASIN 3 Wiy 0.997
o u Yy o N s a ¢ a " =
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SUN 4.4 (n) 89 (A) kARIAMUFURUSTENINNANUTUNTUAUVAINITAANAULAIFIFAVD

a5 Rh6G fimnudadulutag 1x10° fe 5x10° Tuans
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H1adiu TneFsmsmeaedduinge 3.5 wansfeguil 4.5 wanisinuandliiifiuinansazats Rh6G
anunsawasuastilugisanuenadu 500 fs 700 wilumng flnisaasgeaadimuenady
Usvana 552 wiluians wagannsmdmuiidnsduadiuualinistumadudures
ansagans Suwldunsdsuudaseglutag 857.16 fis 4904.23 failifosnansazansdidinig
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In this work, the use of Fe;0, magnetic nanoparticles in the adsorption of rhodamine 6G solution was evaluated via absorbance
and fluorescence spectroscopy using the UV-Vis spectrometer. The adsorption mechanism of rhodamine 6G on Fe;O, was
determined with respect to the adsorbent dosage (2.5-10 mg/L) and treatment time (0-150 min). The experimental data revealed
that the fluorescence quantum yield of rhodamine 6G was inversely proportional to the percentage of dye removal. The highest
efficiency of dye removal was obtained at 10 mg/L Fe;O,, and the adsorption capacity was about 150 mg/g, together with a reduced
treatment time of 30 min, owing to active adsorption of Fe;O,. We believe that our study makes a significant contribution to the
literature because Fe;0, magnetic nanoparticles were found to be able to quench rhodamine 6G dye molecules, which will aid in
eliminating toxic and hazardous pollutants from dye wastewater, which are otherwise detrimental to the environment and

human health.

1. Introduction

Nowadays, the textile industry, being the highest user of dyes
for fiber coloration, is faced with the challenge of disposal of
dye wastewater worldwide. Effluents derived from many
manufacturing units are sometimes discharged into water
resources without any treatment, partly due to economic and
technical restrictions. Because most dyes are stable against
oxidizing agents and sunlight, nonremoval of color from dye
wastewater is becoming one of the main water pollutants.
They cause severe environmental hazards, not only affecting
the aesthetic merit but also decreasing the penetration of
light, and it can even prove to be carcinogenic for humans.
As a result, various physical, chemical, and biological
techniques have been developed to eliminate dissolved in-
organic/organic compounds by converting them into

harmless end products. Among these treatment approaches,
physical adsorption on activated carbon is a very practical
one to produce effluents composing low level of these
compounds [1-3]. However, the use of alternative sub-
stitutes to eliminate such dyes from other materials like
nanomaterials has emerged as they are able to treat a large
amount of dye wastewater and are not time-consuming and
produce a low amount of contaminants. In recent years,
magnetic nanoparticles have gained considerable interest
with regard to environmental concerns. Among them, Fe;0,
is considered as a good candidate capable of removal of
original dyes [4]; however, there is no empirical study on the
relationship between the adsorption process of dyes and
fluorescence quantum vyield. Fe;O, nanoparticles have been
proved to be biocompatible with low-toxicity and are ap-
plicable for a variety of biomedical researches. For instance,
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they are commonly used as a contract agent, therapeutic
agent, and sensing probe for magnetic resonance imaging,
hyperthermia therapy, and targeted-drug delivery, re-
spectively [5]. However, although there are many common
cationic rhodamine family dyes used in the textile industry,
only a few studies have been focused on adsorption be-
haviors of rhodamine 6G. Therefore, in this study, we select
rhodamine 6G as a dye model to elucidate the interaction
mechanism between Fe;O, magnetic nanoparticles and
rhodamine 6G dye. Based on dosages of Fe;0, magnetic
nanoparticles, it is possible to observe both amplification
and quenching of fluorescence of dye molecules.

2. Materials and Methods

Iron-(ILIII) oxide or Fe;O, with particle sizes in the range of
50-100 nm and cationic dye rhodamine 6G were purchased
from Sigma-Aldrich, USA. The dye powder was first dis-
solved in deionized water for use as a stock solution. The
stock solution was, then, diluted in two proportions. The first
portion was used to acquire a calibration curve as
y="79289x-0.0032, where y and x represent the absorbance
peak and rhodamine 6G concentration, respectively, as
shown in Figure 1.

The second portion was used further as adsorbate. Next,
the adsorption experiments were performed by mixing
1 mL dye solution of fixed concentration (3 yM rhodamine
6G) and 1 mL adsorbent of known quantity (2.5-10 mg/L
Fe;0,) under a sonicator at the room temperature of 26°C
and pH 7.0. The treatment time was varied from 0 to
150 min. At every 30 min time interval, the mix solution
was studied under the UV-Vis spectrometer by measuring
the absorbance at wavelength of 525 nm and fluorescence at
wavelength 555 nm. More details of the optical setup were

initial concentration of dye — equilibrium concentration of dye “
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FiGure 1: Calibration curve of rhodamine 6G dye concentration
determination.

explained in [6]. Fluorescence quantum yield, efficient
removal of dye, and amount of dye adsorbed on adsorbent
were calculated using the following equations:
Fluorescence quantum yield (Q) was calculated by [6]
I Apge

—— (1)

— R
A Ipgr Nigp

Q = Qggr -

where I and A are the integrated fluorescence intensity and
absorbance peak, respectively; # is the refractive index of the
solvent; and subscript REF is the reference fluorophore. The
dye concentration was calculated from the calibration curve.

Efficiency of dye concentration removal was calculated
as follows:

% dye removal =

Amount of dye adsorbed on the adsorbent at equilibrium
state was calculated as follows:

initial concentration of dye — equilibrium concentration of dye

100. (2)

initial concentration of dye

x volume of solution. (3)

adsorption capacity =

3. Results and Discussion

Adsorbent dosage is an imperative factor in the de-
termination of its adsorption capacity on an adsorbate. To
verify the effect of the adsorbent dosage on rhodamine 6G
adsorption, adsorption experiments were performed by
mixing the Fe;0, dosage (2.5, 5.0, 7.5, and 10.0mg/L) in a
solution form, for certain amount of rhodamine 6G of
3.0uM at a room temperature of 26°C and pH 7.0 and for
time intervals from 0 to 150 min. The absorption and
fluorescence intensities of the mixed solution are displayed

mass of adsorbent

in Figures 2 and 3, respectively, and the absorbance peak and
integrated fluorescence intensity of the solution are shown in
Figures 4 and 5, respectively. The absorption and fluores-
cence intensities of Fe;0, mixed with rhodamine 6G are
found to be remarkably lower than those of rhodamine 6G
alone. They all tend to decrease as dosages of Fe;O, magnetic
nanoparticles increase, owing to the following reasons. Since
a surface-to-volume ratio of Fe;O, is high, it intensely ad-
sorbs rhodamine 6G. A reduction in the fluorescence in-
tensity will thus occur due to the inner filter effect [7]. The
fluorescence intensity reduces not only due to the strong
adsorption capacity of Fe;O,4 but also due to the fluorescence
energy resonance transfer of rhodamine 6G by the Fe;O,
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FIGURE 2: Absorbance spectra of 3.0 uM rhodamine 6G mixed with
four different dosages of Fe;O, magnetic nanoparticles. The
treatment time is 0 min, as a representative sample. a, b, ¢, and d
represent Fe;O, magnetic nanoparticles dosages of 2.5, 5.0, 7.5, and

10.0 mg/L, respectively. Absorbance peak exists at 525 nm.
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F1GUre 3: Fluorescence spectra of 3.0uM rhodamine 6G mixed
with four different dosages of Fe;O, magnetic nanoparticles. The
treatment time is 0 min as a representative sample. a, b, ¢, and d
represent Fe;O, magnetic nanoparticles dosages of 2.5, 5.0, 7.5, and
10.0 mg/L, respectively. Peak fluorescence exists at 555 nm.

nanoparticles. It is a nonradiative energy transfer from an
excited donor fluorophore to an acceptor though non-
radiative dipole-dipole coupling [8-10]. Hence, it is possible
to quench the rhodamine 6G dye molecule by Fe;0,.

A reduction of both absorption and fluorescence in-
tensities further results in a significant decrease in the
fluorescence quantum yield, calculated using equation (1)
and as shown in Figure 6. The fluorescence quantum yield is
in the range of 0.81-0.88. In Figure 7, the fluorescence
quantum yield is plotted with respect to the dye removal
calculated using equation (2). The fluorescence quantum
yield is inversely proportional to dye removal. That is, with
the increase in dye removal, the fluorescence quantum yield
gradually decreases. The relationship is linear, which further

0.25
i i i i i i
£ £ < £ £ s
020 + Bare rhodamine 6G
3
=
=4
2
o 0.15 4
.
g
g a
—
2
0
z T T -
< 010 $
d
0.05 T T T T T T T T T T T
0 30 60 90 120 150

Treatment time (min)

FIGURE 4: Absorbance peak of 3.0 uM rhodamine 6G mixed with
four different dosages of Fe;O, nanoparticles under six different
treatment times. a, b, ¢, and d represent Fe;O, magnetic nano-
particles dosages of 2.5, 5.0, 7.5, and 10.0 mg/L, respectively.
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FIGURE 5: Integrated fluorescence intensity of 3.0 uM rhodamine
6G mixed with four different dosages of Fe;O, magnetic nano-
particles under six different treatment times. a, b, ¢, and d rep-
resent Fe;O, magnetic nanoparticles dosages of 2.5, 5.0, 7.5, and
10.0 mg/L, respectively.

confirms that Fe;0, magnetic nanoparticles are an efficient
fluorescence quencher for rhodamine 6G. The observed
fluorescence mechanism of rhodamine 6G under the in-
fluence of Fe;0, magnetic nanoparticles possibly involves
fluorescence resonance energy transfer between the dye
molecule and Fe;0, magnetic nanoparticles.

The effect of Fe;O, dosage on rhodamine 6G concen-
tration removal shows a small change, as displayed in
Figure 8; however, the adsorption capacity of Fe;O, cal-
culated using equation (3) shows a considerable change, as
exhibited in Figure 9. The adsorption capacity is in the range
of 150-600 mg/g. It is seen that the treatment time profile of
rhodamine 6G uptake is a smooth and continuous curve
leading to a saturation stage, indicating the available



—
(=3
(=)

=]

Nel

(92
Il

e

)

S
1

> on
4> on

Fluorescence quantum yield
j=}
@
w
1

0'70 T T T T T T
0 30 60 90 120 150
Treatment time (min)

FIGURE 6: Percentage of fluorescence quantum yield of 3.0 uM
rhodamine 6G mixed with four different dosages of Fe;O, magnetic
nanoparticles under six different treatment times. a, b, ¢, and d
represent Fe;O, magnetic nanoparticles dosages of 2.5, 5.0, 7.5, and
10.0 mg/L, respectively. Dashed lines are for guide to the eyes.
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FIGURE 7: Relationship between fluorescence quantum yield and
dye removal of 3.0uM rhodamine 6G mixed with four different
dosages of Fe;O, magnetic nanoparticles under six different
treatment times. a, b, ¢, and d represent Fe;O, magnetic nano-
particles dosages of 2.5, 5.0, 7.5, and 10.0mg/L, respectively.
Dashed lines are for guide to the eyes.

monolayer coverage of rhodamine 6G on the surface of
Fe304.

In all cases, it is clearly seen that the adsorption of
rhodamine 6G is rapid at the first treatment time of 30 min
because the mass transfer driving force is large. Adsorption
of rhodamine 6G remains constant after reaching an
equilibrium state because rhodamine 6G reaches a boundary
layer and then possibly diffuses into the tiny pores of Fe;O,.
Furthermore, the equilibrium time is shorter at a higher
Fe;0, dosage. This is because, as the Fe;0, dosage increases,
the surface area of Fe;O, will increase, leading to higher
availability of active adsorbent sites to adsorb rhodamine 6G
from aqueous solution. Furthermore, at each equilibrium
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FiGure 8: Percentage of dye removal of 3.0 M rhodamine 6G
mixed with four different dosages of Fe;O, magnetic nanoparticles
under six different treatment times. a, b, ¢, and d represent Fe;O,
magnetic nanoparticles dosages of 2.5, 5.0, 7.5, and 10.0 mg/L,
respectively.
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FIGURE 9: Adsorption capacity of 3.0 yM rhodamine 6G mixed with
four different dosages of Fe;O, magnetic nanoparticles under six
different treatment times. a, b, ¢, and d represent Fe;0, magnetic
nanoparticles dosages of 2.5, 5.0, 7.5, and 10.0 mg/L, respectively.

time, it is found that the percentage of rhodamine 6G
concentration removal tends to increase from 52 to 57%
when the Fe;0, dosage is increased from 2.5 to 10.0 mg/L,
respectively. It is believed that the removal percentage would
not go beyond 60% even when more than 10 mg/L of Fe;O0,
is added. These results are in good agreement with those in
[4]. Thus, the highest efficiency of dye removal is achieved at
10 mg/L Fe;0,4, whereas the corresponding adsorption ca-
pacity is about 150 mg/g in this study. This value is still
higher in comparison with the results reported over the last
ten years [11, 12] in other studies on the adsorption of
different dyes on different adsorbents, except for [13]. The
best treatment time in our adsorption process is 30 min,
involving low operation cost that is very important for
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industry-scale application of an adsorbent. Since rhodamine
6G concentration removal cannot reach 100% similar to [4],
partly due to the aggregation of Fe;0, surface area available
to rhodamine 6G and consequently a reduction in the
diffusion path length, application of UV light irradiation is
suggested to be added in the present process in order to
further improve the adsorption capacity. It is expected that
the dye removal might go beyond 60% in that case and a
comparative study will be presented in the future.

4. Conclusions

The effectiveness of Fe;O, magnetic nanoparticles as an
adsorbent for the elimination of rhodamine 6G dye solution
was investigated in this study, by using a UV-Vis spec-
trometer. Further, amplification and quenching of fluores-
cence of dye molecules were observed with respect to the
dosage of Fe;0, nanoparticles. Upon the addition of Fe;O,
in rhodamine 6G solution, the absorption and fluorescence
intensities were significantly reduced due to the adsorption
of rhodamine 6G molecules on the surface of Fe;O,4 and the
quenching of rhodamine 6G as a fluorophore. The fluo-
rescence quantum yield of rhodamine 6G was therefore
decreased, conforming to an increase in dye removal. The
highest efficiency of dye removal was achieved at 10 mg/L
Fe;O,4, whereas the corresponding adsorption capacity was
approximately 150 mg/g at a shortened treatment time of
30 min. It is expected that Fe;O,4 magnetic nanoparticles will
be applied as an adsorbent for elimination of a variety of
toxic and hazardous pollutants from dye wastewater because
the magnetic nanoparticles have a high surface-to-volume
ratio and appropriate pore size for adsorption of dye
molecules.
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