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This research aimed to study the color removal efficiency of wastewater from
ethanol production from molasses by ultrasonic and Fenton processes. The ethanol
production wastewater is dark brown due to the high melanoidin content. The
conventional biological wastewater treatment system has very low color removal
efficiency. While advanced oxidation processes (AOPs) are the most used method for
decolorization studies in wastewater. The color removal efficiency of wastewater by
Fenton and Sono-Fenton processes was studied using melanoidin  synthetic
wastewater and real wastewater from ethanol production. The factors examined were
Fe?* concentration, H,O, concentration, pH condition, ultrasonic wave frequency,
ultrasonic wave distribution characteristics, and initial color intensity of the wastewater.
The optimum conditions for the Fenton process in melanoidin wastewater were a
Fe?*:H,0, concentration ratio of 0.01:0.375 at pH 7, with a color removal efficiency of
89%. While the use of ultrasonic waves in Fenton process, the color removal efficiency
was increased. Because ultrasonic waves increase the decomposition of H,O, to form
OHe radicals. The results of the study of decolorization in wastewater from ethanol
production by the Sono-Fenton process at a frequency of 40 kHz showed that the
optimum condition for decolorization was Fe?*:H,0, concentration ratio of 0.01:0.375
at pH 6 by pulse mode. Which has a color removal efficiency of 72.419%, which is in
line with the COD removal efficiency (69.44%). Meanwhile, at the end of the reaction,
the amount of TDS increased compared to the amount of TS, and TSS decreased.
Furthermore, if the color intensity of the wastewater was less than 3,500 ADMI, the
efficiency of color removal was more than 85%. Which was able to remove the color
in the wastewater to be lower than the wastewater discharge standards when the
wastewater has an initial color intensity in the wastewater less than 2,500 ADMI. And
when considering the cost of color removal in wastewater, the sono-Fenton process

(33.51 baht/L) was slightly higher when compared to the Fenton process (33.27 baht/L),



when compared to the 24.57% increase in color removal efficiency. In the study of the
decolorization kinetics using the Fenton and Sono-Fenton processes, it was found that
the Behnajady-Modirshahla-Ghanbery (BMG)'s kinetic models could explain the
decolorization better than other models (First-order model and Second-order model).
Where the sono-Fenton process at 28 kHz has the highest decolorization capacity
(0.035 min-1) compared to that at 20 kHz and 40 kHz, while the sono-Fenton process
at 40 kHz has the highest oxidation capacity of 0.628 compared to 20 kHz and 28 kHz
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(D.) AVVHTHUUYDY HoOp vevrveeeeeeeeeeeeeeeeee e eee e s e s s eeseeeeseeeeseeeenee 67
ANUFUNUSTEIIN9A1 COD f"fumwm%’uﬁﬁmﬁaag warUseansain
nsidn COD vewindassannsuanenusadionszuaunisialu-
wusiufinaud 40 kHz Tnedt (a) avuidudures Fe?* (b)) aruidudy
UBG HO g e e s s ee e s s s ees e e s e ees e ee e eeeeeeeeee 69



4.15

4.16

4.17

4.18

4.19

4.20

4.21

n.1
n.2

#15Usy3U (siv)

v
el
ANuduTUSIEnIWTnavewdimdegannsidndresundsas
INNITHAALDNIUBANIINTEUIUNT TN UAUNAIIND 40 kHz Tae?
(a.) AILVNTUVDS Fe* (D.) ANLVUTUUDL HoOo oo, 71

NAYBIENYAIZNTIUAAURINNSINSR BvenindsasiinniswanevIuea

8N TEUINISIRINUGUTANIUE B0 KHZ oo 72
ANUFUNUGTEIIN9AT COD ﬁummvﬁuﬁﬁmﬁaag wazUszansnIN

Msdn COD TesdnunzNMsTEnausensidnduesindeass
INNTRANONIUEAIENTZUINTGUNUGUTAAIUE 40 KHZ oo 73
mmé’mﬁua‘awiwﬂ‘%mmmmLLGﬁQ‘ﬁ'm%aag%ﬁwmg AsIEAAY
MNMsEREveIEsa3@InNIsNaMEYUDafensEUuNsTelw-

LNUB TIADIUR B0 KHZ oo 74
naveILdLABuduson s ddve i duasiainnisHaneuea
FrenTEUIUN ST IUNUTUTANIUA G0 KHZ oo 75
ANUFUNUGTEIIN9AT COD fTUﬁ’mJL%'uﬁﬁmﬁaagj wazUsEaNsnIN

Msidn COD vasmnududisudusionisidndvenindesse
INNSHANENIUBARIINTEUIUNS R IU-HUFUT A 40 KHZ oo 71
MsAnwIaLNamansdmTUNsanalutE s sinnsT ULy
wazlelumluduiingud 20, 28 way 40 kHz Inefl a Ao first-order

model, b Ao Second order model Wag c A® Behnajady-
Modirshahla-Ghanbery (BMG) kinetic models ... 80
NANISANINISI ALY I AR UTIAL S ANV DI TATUOER oo 98
ANUFNTUSTENINANUTNUATUATUDEAURALAINTTAANAULEL e 99



AMBSUNYAYANYAILATAED

UASB = Upflow Anaerobic Sludge Blanket
Fe?* - wianiesaleosu

H,0, = lalasiaueseonlan

OH . = Hydroxyl radical

HO,e = Hydroperoxyl radical

COD = Chemical Oxygen Demand

TS = Total Solids

TSS = Total suspended solids

TDS = Total dissolved solids

ADMI = mheunsgiulunisinend

DI = Demineral Water

rpm = ﬁﬂuauiaﬂuwﬁﬂmﬁLﬁuwﬂaaﬁuaﬂﬂmmL%’ﬂumimgu
nm = RIRITSIR

mol/L = PUIYANULIUTUYDIAITAZANY



uni 1
UNU

1.1 anudunuazanudiAgy vty
aswanesAuduansiinailasaiadudousazaaluanags watuosAuidn
1nUFATeesimauaznsnozily (Wang et al, 2011) wuannlutndeingmamnssy
Na18UTELNN LU §AAINNTIUBINIS qmﬁmmsmél’u%ﬁ’u LAERAAMNTTUNS UAT)
Tnglanglugnamnssunauas qummvmﬁmé"uqswzﬁﬁéwLﬁaﬁtﬁmmﬂﬂszmumsﬂé”u
woaneseaduseni1 tudenindr Tenvamdudihmaiifieanasuanuesiudnidudady
$ovay 2 vosUinaninind1vionn (Naik et al., 2010) gaanunssunduganlngldssuy
Fanlumstrdainded sivseans amalunistidaarsdunis waldawnsavadnd
vosuauosduld osnuauesiuiinuaut@lunssudimasipivlnvendunid
wardlanuduiivsogduvsgnateusznm (Sirianuntapiboon,2004) lenranisunUase
svuudhnm ssuuianmlneiiluaansadidnuaesivldiiiosdosas 6-7 winfu vild
fnsflaaussfuvasvioeguaziiioudesoonguvaniassurardmanegiunisfelu
WA NS IUTIRTEiunUImsensTUIUnsEnd e e (water purification) Fartu
%?Nmiﬁﬁﬂmsmmuaaﬁuaaﬂmmfwﬁqdauﬂa'aaaaﬂqjLmdqﬁwmmsmz INNITNUNIUY
AT walulagnistidaasuaiuesfuviedvesindegnaimnssusie g &
NaINNAENTEUIUNT LAUA NTEUIUNTIINIITININ (Biological process) N159 AgY
(Adsorption) n1sanAznaunleLAll (Coagulation-Flocculation) Lagnisnnaznausie i
(Electrocoagulation) vludu & luurazimaluladdadidefiuasdodounnaiafuly wuy
nsruIuNIgaduiivsEdniamnisindnuauesiulasesas 64 fauanansalunisgadu
qqqma&ﬁ' 124 mg/g (Nure et al,, 2017) Waza1NAISANYIVBY Insoongnoen et al., (2020)
e usiud i ndnanlinssdudnvungaduaiswaiussiu nuiidaauainig
Tunsgaduirindy 625 - 869.57 mg/g usfideide e 1lethundszyndldlugunuunodu
nsgaduvihliiianuannsalunisgaduanas i esaniinnnsgaduvesiagadusili
AealduTurmvesiigaduuindwanaa1lda1glunisuite n1sanagnaustgLall
Junsyuaumsiianunsarsndiliazateunlds a1nnisaneives Liang et al. (2009)
HUszdnsnimnisndndvesuatuosiuiosas 96 uallvaldy Ae darldarelunisldaisiadl
dioldlunssurunisnisannzneut ynivsinamnenouiindu wazldaiunsanian
ansiauosAufuialianasiiléd (Liakos and Lazaridis, 2014) vilUszansnmazanas
dloifudiagansth (Kilic and Hosten, 2010) 99nMmsfinu1wes gaeann Suy (2563) Any)
navtnddensdaarareildildlugnaivnssudmelagldszuunisannznoudaglil i
wansAnvmuindiussansamnisiidaduinninfesay 80 iy nszutuMIANATneL



FrelinFadumadoniuiaulalunisinunidnanswaiussiuesnaininde esan
anunsamdnldadiavarstnarliazaieunld (Phalakomkule et al, 2010) lddasld
asafilunszurunistnde dUsinamzneuditindutosniinssuiunisanaznousieLadl
Ydeneunisurdalydesinisusuanimud ouluszuuniedinaimuazaiuise
nupudufivvosansiwaiuesiuld Snieldinanlunisvitaliuiu nsuiunisanpzney
prgliinordenssuiunisvinane@d gsnnvesa1swuiuase taglinseualnivinle
Aanisavasvestuelunavarseenundulessud siussdns anvinaneaiosnin
vosounanielessudiegluivinliivszadunans wasiinnissudasudufeulvguas
ANALNBUNS Bl UALNBUADY 1NNTSANWIVBY Wang et al. (2011) WuIN@1silaIuasfu
duansAfivsgaav 1 esannnisuendavesng ulueauaznsnaisuandan fedy
nsanazneun 1ol 13edAnumutzaui vt nasiwatueesduluydey
PMNNIANYIY8Y Kobye and Gengec (2012) n15AN®IN1SA9nEU89@15IUaUDUAULAY
COD fagnsrulIunIsanaznaunelwinuuuny (batch) I@ﬂiﬁé’fﬁ%@@ﬁtﬁﬁm (Aluminum:Al)
NANISANYINUINEINITANTndvesansa 1upsfulasosay 94.8 uaznndn COD lasouay
98.4 ag19l5Am1Y DandInnsruiunisanaznaunl8lninagdused@nsSaannisadng
GU'eNmeuaaﬁu%’fﬁwamiﬁﬂmﬁ'auimgﬁmumﬁwmiﬁﬂwﬂugﬂLLUUﬂz (batch) 381
sonsuluuszgndldaidlusyivanamnssy dodfu TumsAnwafedTaiingussasdiile
N15ANEIUTEANS AINNSUIUAEISINAIUBEAUANTEUIUNTANALNDUA 28 L H LU
batch Wlananezfimunzan lnadenynisdnutasefifinanessuuanasnaulniuad
1A Armsuililin anandutuiSudu wsedulnin fh pH Budu wazsrevianviujizen
Judu wazfnun nsiludssgadldiussuunsanaznauseliiiwuulnaseLdes
(continuous) &9z AUINI1NNITNUNILLITET HuLn Tneldantazlunsiiussuud
AL 911491nn15MAaBsuuY batch i sUsglowilunsiluuszgndldlunisiida
answatuesfuluseaugnannssy liwn gnaIunssueInls qmamnssma&uﬁéwﬂu
LAYgAAMNTIUNAUGT ol

1.2 Anquszaen

121 efnwdasefimuizanlunisidnansuarvesiulagld nszuauns
Anaznaumelin feyANIINARBILUL batch

122 iednwUszAnsnmnisidnaiswaiussiulagldnszuiunisnnasnou
gl IBYANITNARBILUU continuous



1.3 U3ULUAYRINITIAY

nsfnwiadafidumsfinuidelasthnssuiumsanazneudelwiluuy batch uaz
wuv continuous wltlumsthimindeifasuauesiu fveuiunmuisedeluil

131 gan1sneasdnisanaznauneliiiuuy batch $Uu1as 600 ml lngld
47 AL 9 3x6x55 mm (M1axenaxdn) aituiiishufisevioun 192 cm?

132  dupseiansuaiusyiulng198935n1359In91u3e (Bemardo et al., 1997;
Yaylayan and Kaminsky, 1998; Liang et al., 2009)

133 szuuanaznaun 8l auuy continuous WAILI9INNISNUNIUIIUTTE
firinuan 16uA g519man By (2020) Demirer et. al. (2020) wag Benazzi et al. (2010)

134  AnwiifadeiifAsadesluganismaassuuy batch ldwn Aanisinlwii
Aty syeenaiUfiter ussiuliin uwage pH sy

135  AnwUsednainn1stiUnua ues AuUeIYAnISNAaeIwUY batch wag
LUU continuous

136  Anwuszansnmlunsihidassuaesivluiidegmamnssundua

1.4 #@uNRgIVUIY
nszuIuNsanaznaumelninlaglygen Al dussansninlunismdnansiuaiuaemy

1.5  Usglemifiandnazlésu

151 ldtouaiugiulunstmurszuuanaznoudaslifilunsvivaide
fiflanswauesiuvudou ietluussgndlflugramnssuiifansiuauesfuiudouluh
Ab 1y guanssoImns geavnssundutngu uazgeanvinssunduasn sy

152 elfifudeyalunisesnuuuszuutiimindedenssuiuntsmnagnaudig
Iihuuulvasedoufioannsailuldsuiuszuuidaidesuds iWumafivuszansam
Tunstdathide



UNN 2
USNAUITIUNTTULAZINUILNN VD

3
2.1 INEMNITUUINIG
amammimﬁﬁmaﬁaLﬂuamamnismﬁufdiiﬂmawémmamim@mﬁﬁﬁmamsuwm
lwammmﬂﬂiumﬁl‘maLUu‘d'iuwlﬁLmsmﬂiiuLLauaJmaqmsmamwaﬂﬂaamamﬂsiummau
sualmLﬂssmmﬂm{[mmmumalmlivmﬁmLLUis‘LJLUuwammsmmmaLwaiaasummmaqmi
vslaanelulseina LLazmamaaqaafm131EJléﬂmLmmﬂqmammsmwmLﬂwsaﬂma
211 nszuaunswdainma §nun Wudindn, avie uihssal, Usvana Yudy,

uaz tonngd lef, 2557)

ﬂizmumﬁwém‘fwmaﬁu@uqmmmﬁuﬁﬁmﬂ%’m?aﬁﬂwﬁ’ﬂmmﬂwma
uarldndsnuuazansnanlnadigs feusgnaudenszuiunisadmindes nisvinlathdes
s mMaies mstiusenndn lneiisoazdonsel

1) nsvUIumMsatAuIges (uice Extraction) unisatnindeslneld
wdsnumanalunisafmlaetirdeailulugngniiunans 4 yasefudsnndesiivdoninns
fuazgnasiududomdamiviniglummislothlunsudnseld

2) nsvAsaveransevinlatndos (uice Purification) Sumauil av
Alhihdesiifidanusnang eenaintirdeedddimanania wu msnses wiedsmaai
Wl NSANTOU LagNANYUYT

3) nSAL (Evaporation) Iﬂamaawmumsm’laummmmm g1
nilosu (Multiple Evaporator) delaenthesndsvanadesay 70 suagavneoonanmsiad

wldfuhdesiituilanihden (Syrup)

9) - nadea (Crystallization) Tuduneutasinindeudildidguitofen
SEUURYNINTA (Vacuum Pan) Lﬁl@l’ﬁ'i:fﬂEJEJﬂﬁ]u‘l:f’lL%@iiﬁ\‘]ﬁmauﬁ’aLLazmﬂN’ﬁﬂﬁj’M’la Tnenan
ﬁwmau,avmmnmamlmmnmammumLﬁstm UlAAIN (Massecuite)

5) nstiusenadniina (Centrifuging) LLuamwmlié’%Qﬂﬁw"LUﬂ'mﬁa
LN HEnmanenaNnINnaa (Molasses) Saaniilatas futmanuildlunssuiunns
wanimansieseld

Fannnszuiunamimanunuitvendeiliainnszuiunisie nnaznau
mﬂmiﬁﬂaﬁéwéuaas?faﬁmimmiﬁﬁﬁggqqﬁaﬁmdaulﬁwjﬁqgﬂﬁwlﬂiﬁﬁlﬂuﬂEJ duvIduay
nnma (Molasses) Falslanansannrdninaldsnadeisdeduvondedidod nssnns
okl



212 mnunaauseluana (Molasses)
dordunanaseldfiAnaannszuIunistAgiuinia @1Usuianintiaia
srduiuUsnanandnsesluurazd Tnolunszuiunisuaninaiailddes 1 du azLin
MntAaIInMsARUsEINa 45-60 Alan3u Tnennimassiidnvaswidedy Tadina
dalusn Tngmnihanaiildunauvesimalussduiidasldanunsoataduiimaldsn 3
1uﬁaqﬁumﬂﬁwmwaﬁvnawuﬁwﬁmuwnsﬁuLﬁaqmmju,s'ﬁw;LLasmimmwmmﬁmﬁqmmia
lldusslenilunsduingivlugeamnssuvaneaussnn Wy Msnangs NswanLeanagead

MINAANIYSE 9193 waznsuamenIuea (Jusu

2.2  @aniuaa (Ethanol)
enuealuneanegedutiavilslauiignsiall Ao CHsOH Falinsuou lalasiau
a o I3 Y] =2 iaA A v s a
wareanTLauluesrUsenau tngleniusalianwusiduvasualtaliiad Anlwle ludndu
waraIu1se avaretlealageniueadauansdunsdnlaainnisusinaniendunts wss
Pananaziiniswasuanniimatdukeanesedtneldeuleinsansavislunisgas anniu
a1u130vbienIueaUIavs A lunszuIuMINd ukaskenl lngenueauIarsdyakiend
78.5 ssmwaldod luday Tueniuesagniiuildlavainvany 1oy vJudaviazane
< ° a v a A MY 1 a 6 % ¢ a
YIFAVIAINUELDIALKE 13010 T1LAS 99 LLeaNaea oA Wes wa1 by T9un1sHas
W509d1979 wazliduifudomds Wusu
Tudagtuusunanisnanieniueaveslanaininazdiuuwilduiua W ulul 2561
71 105.9 NUAUENT LAYNITHANLDNIUDAYDIUTITANNUIUDL1IABLL DIV N INTIUNITHAS
enuealaniiuguniulueg S2UIUTENATUATUS U UNISHAALENIUDAN R NLINTY
Wy 5 Wududas Wesansguianivualiilonsinisuauenuealutniuuuduiudy
TngUsemalngaebainsifinusuianIninnakastinnans1eaulun1sHanLeNIUeaTIR I
<@ % 1 a o | | a a
Junsasiyaadinlaonisiluldlunegeaivngsy (nguduaiuenavnssudinim, 2561)
2.21  Uszinnuaeaniues (NTURRILINAIIUNALNNLAZ DYSNENENY, 2557)
l@n1uea (Ethanol) u3eleiaueanagad (Ethyl alcohol) tuansuseneu

un3IgNUsENRUMEAISUDY Lalaslau Layeandlau Jed1unsnavanensluliuasaIsazany
a 6

(©))]
=p

' £
a =

Bun3daug uennnldvemnsaunltduemaduguievnuealdin (Anhydrous ethanol) 7

b

fnusanigs @anududuiesay 99.5 lnsusuns) uieerdldifuieniuead i
(hydrous ethanol) msyneenuealUldifuanusaiiluldlevarenis dil

1) weanegeadfildsuusznuldlaensa (Portable Alcohol) dawlwgjas
grihluldlugnanynssugs sesdionsd uazen 1udy

2) uoaneseaa ki1t 3 uUsemulagnss (industrial Alcohol) feg1aitu
nInordingn vionsnindu naurumilannsodillddelugmavinssuemanasiad oshu
gaamnsTMNIsumS waruentinidalimaitlullugramnssudulouaslavednine



3) weaneseaafiliiudewmnds iuleaneseadninuuigvsgedosas
95 viseseuay 99.5 feTouaz 99.6% laguaanageanauusansiosar 95 aldunuyeinas
lense WU LT viseRlua dIuukeanaseadnNUIgvidsesas 99.5 fefauay 96.5 avily
nanAutntuULIuTLs N LA dlggen

222 Jnghunldlunsudnieniuea
lngdngAvdlngiildlunisudateniveassiuingfuninisinunsds
anunsauUInunguiTnmMsnensildhdu 3 ngulnege deil

1) nsndatenIuealNIngAvUTEIANEIRIa (Sugar) takA N1nUIRIa
908 lnegadaunsaldinghvussinmilliasiliosnningiumantifidlssneuveiinia
wlasa (Sucrose) tUumen

2) nsuAneNIUeadINIngAuUsENUlS (Starch) lawn dudrusnds
Turl5e wazsryity LUudu lnedenihingAuuniunssuiunisgesiieliuldugunadiues

N o - = & H a ! = N I3 Y
Wasuduimanglea dadudinnaluianaesnsulazaunsadsulueniueald lag
nsgoeLlalsenaume 2 TuRaU AY

2.1)  nsgsATInITnvson1svilivan (Liquefaction) Tutunauil
Juldnsanse teulwinguueanieziiaa (Alpha-amylase) tosulafigaugiivszuna 100-

a & a = Avy a
105 sarwaldualilaluianavuindnad wazinnunilnanadagvesaiin laasiaauys
Wng Insa (Dextrose equivalent ; DE) 88 Tua 19 10-15% 158n71 wealalang sy
(Maltodextrin)

22) N3 08AT g AN 1813 81511 I (Saccharification)
a1vazarsuinalaannisgesudsaisdanyanndlnsa (Dextrose equivalent ; DE) g9
= o § vy & ° val & o v ¢ a
Feagyiigadaunsavinuled Inetuseuilidunisldeulainglaesiiaa (Glucoamylase)
Wlgeeglilaumaluanai e lngldialunisgessening 60-72 97lus Ngaunad
60 arwaldad L odugnnisdesagliausouiavgananssuouleduase e
a ‘gll { = [ Y a 13 a goj < al I
onludeuneufiagiiinszuiunswinlagdadazildsmhmailueniueaiisagluann
1591 (M3eflonneAdnin)

3) n1swanenueaningavdsziandnluigaglaa (Lignocellulose)
Tmgavlunquilazifunanaseldannisinuaswazenamnssununs toun Wedn nndee
Fadnlng wazvondoananamnssudouaznszany [Wudu lnenghvlssinvaniuvaglad
Uszneusieduszneudidy 3 llnfe waglada (Cellulose) Tululunedinesvosina

I« = ao < 1% = 1 g a .
naleauazeglusundnianvausludulowiewazliazaivdr wlwaglaa (Hemicellulose)
Junedwesvenihmamulag (Pentose) vateuiin 1wy lulaa (Xylose) unulua (Mannose)
wavorsndlua (Arabinose) LUudu Felinaanthliazansiwavafiosdosnineaglaauin
wazdandu (Lignin) tYunediuesaes Phenylpropane Janusani1stouaansat1auin fauuy
lunmswanemueadnanluwaglaadausenausie Tunaunans 3 Tunau Aall



31)  tumeunsvh Pretreatment \Humsvhaneiusziwaglaady
fuansuszneudus seniielmeulusivagiaa (Cellulose) amnsadinauazeonivaglaslsdne
FlPeTaA9Yn Pretreatment Sivanedsvaismanilaun msdesdensadeans, deudense
Wy wazdosdenng Wudu uagimamenmie msszdagaeleth (Steam explosion) iy
fu vizeueSsaansaldve 2 F9ufuld deitueefurdenasingiududd

3.2)  Yumounstos (Hydrolysis) i 2 38 Ao msdeadensa uay
nsgeasaoteuled n1sgesdionsnazd 2 Tuneu lned unouLsNABN158 8Y
wiwaglaaidumamulnauazduneuiiansie nisdeswaglaaifiuiiaanglaa
drunsgesdegiouleainaluladilddagude Simultaneous Saccharification and
Fermentation (SSF) t{unissauniseesnagnismeintutamdnifeaiy

3.3) Sumoun15Ua sutmad lnidueniuea Taensndng old
Hoqduvddndauaunsoliihnaeingus 1¢

WwpAuUszLaninng WwanuUuszinmula TgAvUssianaglag
(808 NINUIAIA) udUzua duns) (W91 NINDOY LABATZATY)
\4 A 4 v
nsanaLaz gopudensausn
. ¥ ) | Pretreatment
vinhwuliila (Liquefaction)
\ 4 A 4
gosutanssgnring nsteaieLoulel
(Saccharification) (Enzyme hydrolysis)
A 4
> na <

JUT 2.1 wnudsasumswieudngAuneudinsruiunisuaneniueainningiu
MINITNYATAN (NTURAUINSINUNANULAZDUSNENEIY, 2557)



2.2.3  NSLUIUNITHANLBNIUIAINAINUIATG (NTUWAUINEIIUNALNULAE
o 'S o
BUTNYNEINY, 2557)
N3TUIUNITHANDNIUBAUTENOUMENTLUIUNIITNGN Y AB WSELIRgAU N3
SENTE NTEUIUNIIUIIN warN1SHENNEAAuleNIUeakarNTYINIUIENG
1) n1smIsNingAunaunIsvdn mmﬂui’mqﬁwizmmu"wma LU
ANNUINE NIDUD BN 89T D919A 28U NN BUSUAINULTUTUIA UL ZAUAUNITYIN9UY
Y998 @RNBUINNTEUIUNISIIN
2) MswsELRde (Inoculum) WuwIsuanundouveueqdun3dli
a I3 A A ~ o = @ o = X & a ¢
fanuwdausy uwasdvSunaniissmelunisndn Fdunsndnasdesiiinsuuleuioqdunid
duNlifBINs wazlamalusuiawasAuLlasiesnafuindaaeasludwmdnuauiy
TanAu MNNTUReITUkATAIUANANIEYRINIHIIN ML TaumensUSUnINsTienIe
(Aeration rate) 69151113074 (Agitation rate) A1A13dunsa/iua (pH) uasgamgfily
MM IningWuivinvesnisvdn sdavesdniue uazyiinvesdun3gnld lngly
5 a £% dgll 1o [ v/ = = o dgll = I3 4 . =
Jumpun1sinseuidelusndunesimninisiie¥edaduis (Dried yeast #38 Powder
yeast) untdunu lnensdndedaduisluliunandesnisnauiuingau (Winna) Tudemdn
wazthnangadludmdinliiag Fadunsunisaniesiuazivey furiiavesnsuinias ingau
d‘ % 1 ’.f ) £ I~ 1Y ) 1 dy I [~ %
Al wu mMndaanuisatlunsniduseanaseaakalnglifasyinnisaindienau Wusu
3) A15ueIN (Fermentation) Aan1suUasuwlaanedadiiinlaenis
nuvenedadlunisidsudnanglaanielianiizlieendinurielioandiaued199in
Ju weaneeed lneving lun1suinuuunsans1 (Batch fermentation) Tdanuseun
2-3 Ju welilaueanageadnianudutulssauiovay 8-12 lnaUsunasdaniunguldas
sudsuiiangleailuueanesedlisesay 51.1 uariwasueulneanled Sevay 48.9
TguMUN kagdnNUSoUAATY AIENNITN 2.1

(CeH100N + n(H,0) = n(CeH1,06) = 2n(C,HOH) + 2n(CO,) +heat  (2.1)

TunsufoRueanesediildiuazinannsdsumimadiisfosas 95 0y
woanesedwitu osendadarlithmadmiunsasaiulnvesiaiues wazasuiu
nanaegliaun lnensvinusanegediuaunsoutsoonidu 3 via lud

31)  mavdnuuuafaAs1 (Batch fermentation) i unsruunis
winlaensiauingaiu ansemns uaztatoasulufminifissnsafemanmevin

32)  nisudnuuuirawun (Fed batch fermentation) + 3w
nszuaumsvEnfiinnfuiagAvwerarsomisadluludmiinannnin 1 adeduluidiels
Heqdunisannsaldingiuuaransonslaluliingsty

33)  nasnanuuus el 89 (Continuous fermentation) L9 u
sz IR fnaduingAvkararservmadiluludminaasaiat vazfviu



Afimsuenewandadiosnuiaasananguiu vliaunsandandnduailigeaniuszeziia
wihiiu Wafteufumandnuuuadsasmuasitawun
9 mIsuenedadusiionueauarnsvinliuians Ao nsusnsdndoel

onueadi Taudutulszanadesay 812 laguiuins eonaindmsnudovidn
Tngldnszuaunisniaad ledun nszvaunisndudidudiu eanunsanenioniuea
Tildmnuudanddesay 95.6 lngUsinns Ganszuaunisndufinruduusseiniaagliaiunsa
wAmevuealiienududuganiild uwidmsunmshluldlutngussasdidodudomas
wdonhliiomueaiiamuuiansasdufiseaulddnifesas 99.5 Tasdsanes daildeiFends
lomuealdiin (Anhydrous 13e Absolute ethanol) fajusniugedldinaiadug ueuemii
sananueanesediitaududusenas 95.6 TasUiines dansmisviemaluladlunisusmi
donamenuealihiRsitenldiley 3 wuv Usznaudae

41)  nszuaIunIsTuEnaa8IFnd uadaneniuaisdai au
(Extractive distillation with the third component) {uiaaaaufildfunndunaiuudsly
HagtuAdddtiludwndudegusiinsusuasuasifianslidanusunsedesasdein
wialldansiuudu (Benzene) unldanslalaateniau (Cyclo-hexane) wnu

4.2)  N3TUIUNITUENAETDLUNLUTY (Membrane pervaporation)
Hunsliideruunanduiduin wesssmenanedulaiiousniheenainienuea

43)  nszuIuMIsuenaeISlatana1gW (Molecular sieve
separation) Inen1sliioniueaiiui (Hydrous ethanol) m'mi’mlﬁ'ﬁgwquqq LU Zeolite
dielignyuiudnietioon
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ANUIANG

(Molasses)

nswseingau

(Pre-teatment)

\4

gad (Yeast)
-
l 139914 y
+— U1
j (Dilution)
ANSHASLUNALTYD
(Yeast proliferation)
v
l > ASYUIUNITHIN
— CO

gae (Yeast)

LASDILENTER

v

(Fermentation)

A

WalwaneLa . AEUIUNIITNAL
(Fusel Oil) (Distillation)
> rnnd (Slop)
* - Task
AsTUIMSLENth e
(Dehydration)

LONIUBA 99.5 %

JUN 2.2 whudansEuIunsHanenIueadnnInd1nig
(NFURRAU NG UNALNURAL DUSNENFIY, 2557)
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224 WawaaglaaINNITHANLINIUDA (NTURAUINS I UNARNULATBUSNY
Na99Y, 2557)
wanfueifildanniswanuenanliionueadundniusindnudadauin

wAnSaTsednvans s nanda WWun fensuoulneenles Twaooed wazsuq uenani
fefiveandefieaninainnszuiunsndndas 1wy tndsainnszurunsnduniniiesnain
Fupeuniviin wazduneunnaisningiv Wudu Tagliaunsaddeslugdwandould
[esnazneliiAnuanng wasiileidunistisinundunadeuazaniuyunisman Jagdu
gdnsiaumaluladnslivsslovinnudasusisouasvondeiu 099 nsvuiunmsiidn
urnindlasnisuuszuliidudedanin omsdnt nefiedaniw nszuaunisdida
frweniveulasenladlasnsviiliuians uazuussululdlugnavnssuaiositanudy
1idnau 1hlenn dududs wosadosdefumas Wudu mufenszuiunsidnineasesd
Tnsmsudsgulldlugramnssundnudninesuauriint viotmenuiseia snsiuuas
grain oy wardue

£ 0
v o = (-]
2.3 ANYUTUILAYINNNIZTUIUNITNAULINIUD A
TaenszurunIsnyinbinadndslulsunaunAenszuiun1snaulaeu L de Nunnauy
1380917 U1n1nE1 (Vinasses, Slops, Distillery spent wash, Stillage) @sfi@Wa1attuLay
YSuaansdunidas wenanidadnisnulavenin wu lasiley newas dnifauazdensd
gandUnd IudsaiivansBunid lngdneglunhvizdmansenusedauindeay nngnuaes
asguraeIilesnInIrdINTENURoN1sATYveIdniln JedvesdndeMiinduaiunsaingn
a1sUsznauiuedn (Wwnuidy waznsadade) FalaandngAuilyd uazanswauesiunla
ANUHATE1 Maillard veIma (Wilkie, Kelly J. Riedesel, & John M. Owens, 2000) 317
= %} 6 % a 1 ’o’ a ‘:l'
nsAnwvesaignial uewya, WWsen welay, wazazgesd ynglur (2016) wuitundedn
APTUIANITITLADTHN) FILAAIRITINT 2.1
999N D9AUSENBUYBIUINNAN T AT UG aUastuNsUINN T Us e levin1eniu
Jafia3inefidesedeqdun3dndauainnsaenizdinauisadesdinindila wiouis
o % | o ¢ @ @ aa ) ) 2o A ° o &
n1sunnndnlduseleyidsliduideusndnludagtu windadnisuanlduselov
agUne 9191 nstunlduselevdluguvesledaiansiiluldlaensawagnsihlusdsgunou
Wy Useweausi@a tadiinindranldiunisugnesenuinvilidesinandniiudiu 3 i
WAL Ll iNAINNITUYD8 88N WBNIINTLNITUIUININANWALIRFUNTILTONER
o a ¢ A a & 2 2 =3 & |
Wulushuwaafen Lummﬂmaquizﬂaumaauwmwaw§ﬂimaLwaaaqmmmamﬂuLmaa
Arsuaulunisaigivlnvesdadlavateain danininisiendaneannuiuiningn
= 1 = & U 1 a 2°/ 1 2 = o L% (2% a
A1 COD wag BOD anasdafalntisanuanwvadtiningils swudanisirlunsdndiedmu
Judu Qenna TYUAT LAZAUANST d9v3nY, 2559)
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M5 2.1 msansaandRvesniining (adgnsal ugliyna uazamg., 2016)

w15 8Lnes

ey 4.3
QUM (R9ALYALTYA) 36
COD (mg/L) 135,000
BOD (mg/L) 44,500
91371871 BOD/COD 0.33
AedanvIuasy (SS) (me/L) 23,400
ABILdaLILaBYsEUY (VSS) (me/L) 18,400
nsnduvedesuierevaauds uwuiuase (VSS/SS) 0.78
Farnn (SO4”) (me/L) 2,560
Amaalsa (CL) (mg/L) 4,010
Tnuvages (K (me/L) 9,720

2.4  waueehu (Melanoidin)

nsinaluiinindninainansnevivessmensanidanunsaldlunsminld wu
Asa (Caramel) vaatiimasnag Aldlulasiawduesduszney wavaswaiuesiu
Faduasusznoviilifilulaiau nedinnnmseusduvesihniaviiame funseesiludad
dhmadusavdmaliininadididudu Fedoldinuaesiuussussneundndivli
Aeddhmadiluiining: s vasesses, 2505) Taadlodnunlassadisluananudi
aswauesAuiiUszaaudsdesaanslaonn dealiduiigmilunisvidaneuldesasg
wigetiie (5119 gnA3I38Y, 2546)

TnswatmasAuininimiauaznsnesdluiujAsefunuujiseifiaande
(Millard Reaction) %dLﬂumiﬁLﬁmmﬂﬂﬁﬁ%mizwj’m ortho-meta-para-arnino benzoic
acid futhmna (nglea, nuanlea, 91510luansolelaa) lnainufnseneans tadu 3
Funoumuaun1Ii 2.2

Aldose —" DH —* Int = Melanoidin (2.2)

Iny DH Ao 3-deoxyhexosulose Tuu A7 a5 sdwdunglaauas Int Ao
d15U52naUNTUAUTTAV0IE1TAIAU (18U 3, d-dideoxyhexosulos-3-ene) 8751A1SLANTBS
WA UREANTUILTUAUUSHINETHIRUTU K 1Ay Ky F9lAT9a519909ianunefutuasdunuy
a13990U K wenaniluaivSunamisiinumaiussauduusdunsaivaumgil wasuusuniu
U dy = ¥ 6
AUANUTUBNAIE (WIWNW UITETIEN, 2545)
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241 madedthaiavesmatuasiu (feiing 2dde, 2549)
Tuduneumsindimaannsautseendu 2 Ussam Wun msiindiinia
wuuteulwsl (enzymatic browing) A Louleiueaiaa LLa'vmsLﬁ@ﬁfwmal,muhﬂ%l,aul%ﬁ
(non-enzymatic browing) Ao Ug]ﬂsmmammﬂ'mmalam%u LAz o8N LAt UVEINTA
Loanoidn uAvIAsInIsAndnavesnseandiaduveinsaneanasinetaiiiouled
LﬂumLiqﬂQﬂssnimaﬂgﬂsmmimmmmuaa@uuul,ﬂmmﬂmsl,ﬂmammaLLUUI@MLaulem
242 msdadinawuuldldieulesi (Non-enzymatic browing)
UFAssmsiRadihmaildodeeululifniudeomsldsunuseunsd
n1sgaudeni (Dehydration) wazuenannissfinsaaesduaziinissudvemyosilufy
miﬂizﬂau‘ﬁﬁa%ﬁ%mmmqﬂﬂ’mmmLf’lumiﬂizﬂauL%a%’auﬁmmmﬁﬂﬁlﬁ@ﬁmﬁm
uiadtinma uaziimauns Seavdwaliennsiinautazsanianiziulaemsiinnauuas
iamﬁmmiﬁtﬁmmﬂﬂﬁﬁ%mL@Jam%ﬂﬁ?u%ﬁmmLLmﬁmﬁ’u%aﬁuﬁuswmmLLazqquﬁﬁ
Iasumudou wu nstuaintuluszrinsmsiadaniun viensluivesuinna Judu
nsinanldieuledihanfotosunsauddladu 2 Ussangad
1) Ufnsemsmalawdy (Caramelization reaction)

1%
a

Jumsiieduimasnianaluanaines W dimanglaaiegluaneiigamgiasauiiu

Y
|

vRenvaIRnnsgydeilneilifiasussnauresmnesiluvdelusiuiude Taod
gaunNIgINdT 100 aamlﬁzﬁaLﬁaaﬁwmaﬁawéa%ﬁmmiwLualaL%%usﬁuimaﬁﬁaLéaﬂﬁﬁ'%aw Ch)
phosphate, aLkaUs acids LLa \NABUBINTAAISUDNTARA Imaﬂalﬂaiumimmﬂgﬂsma AAY
ﬂUﬂ’]iLﬂﬂﬁu’]@]’]ﬁiuMDNU’W\’laLL@ ﬂimaumiummﬂaaumu Enolizationdehydration wag
uandld HMF fauanssiagui 2.3

H H——OH H——OH H— |
CH,0H CH,0H CH,0H CH,0H CHZ0H
D-Glucose Aldehyde OR
A /5\
AN o’ \\
HOH,C CHO

S-hydroxymethyl-2-furfuraldchyde

JUN 2.3 nsifinansdanailiesnnuisenmsnualawdu
(wsida Wby, vasd Tiwlvia, wasuzelde glu, 2557)
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2) UfAsenuaase (Maillard reaction)

Lﬁm’mmiw?{amawﬁﬁ%m&J'maqmgm%uaﬁﬂ (Carbonyl group)
LLazmgaszﬁIu%qL*fJuﬂa"Lﬂawé’n%mmuﬁmﬁﬁwmammLumuaaﬁu (Melanoidin) Tnan1siinag
venduszeranfiannsaivresiinuasnaldisudwansasiandy warddnaindina
finaanmstesaaeenimiaies videmseendinduvesnsaueaneitnuduinuiisewes
d15U3znaun1i-uetalaunizuiunissalanealnuLgdy (Aldo condensation) 139
AaugAsefungordluldnadnsiduamsdthnme TaSmamaiadimatuasiuiumsiei
Y93n15 AU AT uaa135n (Maillard precursor) @n17gWLa water activity U3u1a

20NTAU LaargunTlunIsiv
nalnamaifnufiSeninnmsiitmaiiddeisrlnauazuealnasudaiy
wyjorfiluladulnala@atediu (N-substituted glycosylamine) vinliiinuizendlawmsdu GR
FlAmdusiiu (Imine) wie Schiftbase) antuiiiinnsisesslmiddifesonin Amadori
rearrangement et unoalnaiodu (Aldoseanine) 3 pAlnalaiiu (Ketogeanine) 138n7
Anandori product wisnfuiAnUA3en Enolization 983 Amadori products warlaldulng
ofiunselaosd-luy lnenisiinufnsendlamstuneluazaiuisainliinidueywus
vosyfusu (Furan) Tnsdndumatenisaeyiusyusu Ao 5-lensenduiia-2-wlesadiled
(5-hydroxymethyl-2-furaldehyde %38 (MMF) LLamﬁ’qgﬂﬁz.a BUNUTWUTUIUNIUYY
HMF aaziianedielsded1smndaliduansdiaaddlulnsaudussddsznavnas §
anandRliazarst dsisarnmafinnnslawduiifiiniaifissediaion Fouldl
onsifithmasigde nsnesd ulusiuvieansussnevlulnsiau arsduimaiiinduil

Boniuauesiu uanssgul 2.5



THR
HC =0 <|:(H)(OH) H(I:- NR
|
HCOH H(l:OH ml:ou
! +RNI HO
HO(|:H —— HOtlzu # Ho(lm
H(I:OH Hci:on H(‘:OH
mlzon H(I:OH m|;ou
CH,0H CH,OH CH,OH
D-Glucose
He—NZ HE‘:—N:
]
=0 COH
=0 = o,
?HOH ?HOH
CHOH (I:HOH
|
CHOH CHOH
1
CH,0H CH,0H
Amadon 1,2-Encaminol
HC=0 HE=0
- G =0 HO
? 0 _-‘E’ ! -—H’—-'
CH, i
(|3HOH (I:H
OH
CHOH G
CH,OH CH,OH
3-Deoxyhexosulose

15

?"W"‘R
?— e]
— N\ HOCH
N |
HCOH
HCOH

CH.OH

N-Substituted
1-amino-1-deoxy-D-fructose

*
"(l:= N
COH +H,0
] —
(IIH
(I:HOH
(IZHOH
CH,0OH
2,3-Cnol
HOH,C 0 CHO
5-Hydroxymethyl-
2-furaldehyde

UM 2.4 nalnanmsifinddimavesuauesiu (melanoidin)

(397ind Aoy, 2549)
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Aldoes + amino acid

)

N —substituted glycosylamine

I

M substituted 1 —amino - 1 —deoxxy - 2 - ketose
Pathway | Pathway 2
Methyl dicarbonyl CH, CHO 3 Deoxyhexosones
intermediates | | intermediates
C=0 C=0
c=0 CH
| ¥

CHON CH 5 —(Hydroxymethyl) —
Reductomes ‘ |
i 2 - furaldehyde
dicarbonyls ) !
+ amines + amines
+ amines + amines

Pigments or Melanoidins
JUN 2.5 nalnamsifnduimavesansiuauesiy (39ng wdsiay, 2549)

lngnsiieduinaanlfisenuaansavuiutadevatsq Jadendaaliie
a0 A a N o &
dumnanivunaunnsetsy fuselul
W1ana Inefgamiiviesannsaiinufisenuaaiiavesarsusenay
Asuantauaziedild esndinuasiisiwazaiunsaaasdiladte lngamsniuinia
FdFanAnUizenlaisy Wy henamulsaiaufisenldaninimaeniea uazuina

nlainuisenlasnhaasiddadulaudnalsd
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nsnaziilu vinvesnsnfinadoUjizerdesiatu wyeriluly
Tuanavesladuazinufidoldisfigadmiunsmesiluifantmdusis viensnoiiluia
Towf maieuRRseaztuiuauemvssaluluanafiiiudy

RRIVEE LﬁaammﬁLﬁmﬁué’mwL%'ruawfjﬁ‘%mﬁ%%ﬁu%ummimaﬁ
anmgfiarsdanududugege wazgunndgeay mmgmmw'mam L 99310LAn
Autocatalytic mamma%mmmﬂu 5-10 wh wazazanniumniviinahniaantu Tae
punpifiastudssarionnuiduiinntuvesithng

way luannedidunsnagsliiiaaiauasiaundaalugy
pyranose hemiacetal ring LLazL:ﬁ'aﬁLasuzj;ﬂsﬁ?mf’]ma%LUﬁIEJu?JiJL{]u reactive acyclic
aldehyde dsnaliiAnuiisenseninaimauaziofuegemnd lnefiesiivanzaude
9% 3

Water activity lunsiinufasendusnduszdosiiingwgannse
AaUARTel wiftgamnigen madednavansntiosinniaufiewea fawaesilf
duAntudn Fomnitannifuazdmalisnsuiisedias iemnifansiiensvesanses
#iu (Substrate) TneUsanaufimangaslunsiinuiizevindudesay 30 TneUsvann

sandiau MsAaufzenannsnifalsluanndilifieandiau

243 dupsumainauosAY
ammmuaaﬁmﬁumﬁmﬁm%ﬁLﬁmsﬁumﬂﬂﬁﬁ%wmam%m Tnedanseasiudy
ﬁwmaﬂaiﬂawmﬂgﬂimﬂwuaumiulﬂa%u ImamammwLﬂmmuuﬂaiuLﬂmaWiauﬂmﬂaLszm
Fesuninuauesiu viearslensendufiamesinga (Hydroxymethylfurfural : HMF) R
uenanaedidthmaundadaluasnessseisunse (wsfiua shslne et al, 2557)
ImamiLﬁmJﬁﬁ‘%mLmaaﬁmmmquaaﬂL‘f]u 3 dunou Tnedunouusn Ae

aaa

mimmﬂgﬂimuﬁmu (Starting reaction) Fufudunaumssau (Condensation) i""WJ’N
vhmasidiunsnezdluldnansmsinisend Addition Compound @saz mmmiamaam
981959015291 19 Ae Schiff 's base mﬂuummmﬂgmm cyclization lnefindnTauaiidu
N-substituted glycosylamine s‘ﬁQLﬂumﬂmaﬁaﬁﬂammLﬁ@mﬂﬂ?{aut,l,ﬂawaﬂuLaqa
(Rearrangement) %Qmﬂm‘iﬁﬂﬁmﬁﬂwmmu Amadori rearrangement dawalls 1-amino-
1-deoxy-2-ketose 91n1A1a3 A2 7 1T udalng n5emIndn15eALS BIRILUY Heyns
rearrangement asnalsild 2-amino-2-deoxyaldose arnuinnaiaeidudlea 4dlududu
vesUfiiseesliifndinna viaRaaslindu laeduneudl 2 AenainUfAsemsuanaans
(Degradative reaction) 4 $9¢Linn15aa1869 2 WUy fie n1saateiald deoxyosones
(Deoxyglucosan) 2 ¥ a A ® 1, d-dideoxyrexosutose (1, 4-dideoxy-D glucosone) hag
3-deoxyhexosulose (3-deoxy-D. glucosone) %qmsﬁ”’qaaqﬁ%Lﬁmﬂﬁﬁ%ma"’amaé’auné’ﬂﬁ
a15Usznaulanidueia (Dicarbonly) luan1iediAfiievs waznsaataduuui 2 fie
Strecker degradation Tneiduujiseneendiadusenindlanuedasunsnozdlududis
1-deoxypsone lag 3-deoxyosone LA8@1U15OLAANIT retroatialization W& A A W 217
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Strecker degradation vJuansusznaunindadlenuazAlaudseraianissiudatusely
Aaduanslindusa §9luufisen Strecker degradation azvinliiAananaesldiiu
fraansueulaeanled uaztuneudl 3 FensiinufAsenedimelsiedu (Polymerization)
FailiiAnansfiddidud uuagylildansdidualuanags deanunsaianodiuesls
a1sUsznaum-elslendnlulasiau (Heterocyclic nitroger compound) UfjAisenAsnua
lawduaziinUAse1n1559uduuudanaad ounau (Retro-aldol condensation) U84
deoxyheXOsulosee ldansuszneumivedafifiansueu 2 fs 4 evmon Feflaudrdse
n19LAANA usad flaseasradueimels luadn (Heterocyclic flavor) Furfural tag 5-
hydroxyethylfurtural \un@nsfasivdniildannisaatesivesaisiulewsen Tne Dehydrot
eductone (1, 2-dicarbonyl) 7ildantaamnleaaunsainlaseadisaumiufingusy
FARUUIT 2 WAz unYIf 5 sz“fuﬁmﬂﬁnglﬁau%ﬂﬁﬂu 5 hydroxyethylfurtural lag
asUsznaviarlinaumsiasou udlilyesdusznaunedunauniosafiddey @
Dehydroteuctone ﬁlﬁmnﬁwmaLW‘ﬂmmmmLﬁmimm%’wﬁ'LﬁuNLLmuLLazqzyLﬁaﬂéﬂﬁ
Ju Furfural faduasuszneviididglunislinduaisua @nswus dugassel, 2559)
Tneduneugeinevesjisenuaarsaasilhifananfusaniefe assmonuaiuesiu
Fauansluguit 2.6

o C: v
H,C — NH;R HC — NHR HC = NHR HC=0 HC=0

| I | | |
cC=0 (('—(III C— OH C=0 C=0
| -~ | I i |

HC — OH HO— C—H .}4.0 CH *H,0 CH, .10 CH -H,0 / \
[ A | — | — Ny - .

HC — OH H— C— OH H— C—0OH Nj,RH— ti‘—m{ cH HOH,C CHO

II(I' — OH H— (l' — OH H— (I' — OH H-a li' i G H=— (|UH S-hydroxymethyl-2-furfuraldehyde

CH,OH CH,OH CH,0H CH;0H CH,OH

Amadori product 1,2<Encaminol 2.3-Enol 3-Deoxyhexosuose

JUN 2.6 nsiiinansleansendudiamesiisadlarannufitenuaanin
(Wshua 19lne et al,, 2557)

2.4.4  AuENUALAZANBMLYDINATUDLAY
a & a ¢l I I3 ) P
watuesAuluasusenaunediuasindlulaaudussrlsenaulnednwaus il
AaaliuNAntuaInn1seasueItnia naatussfuduasiilassasaidudeu waziu
@15 anti-oxidant F9A9NARADNNSERYFAININTININ F9INLAEINNILAITAIAUDEAUBDNIN
Y1 8glA (Coca, Pena, & Gonzalez, 2007: Liang, Wang, Zhou, & Liu, 2009) TAgLaUBYAU
fumiinluianags (Reno, Olmo, Palacio, Lora, & Venturini, 2014) uazuananddaaunse
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wuanswatvesiuldlundndasienmswasiadeddy (Chandra, Bharasava, & Rai, 2008) 1y
el 1014 s wasndnsuriuanes Wusu (Mohsin et al,, 2018)

Imammmmmiummzmaﬁwaammuaaﬁu%%uﬁumaiuLaqaLLazGuﬁ@
‘UEN%’JTJ%’Q %Q%amaqmmmuaaﬁmz%uﬁ’uﬂ&jmﬁuaﬂ%%ﬂimamimeuaaauwiﬁawﬂu
Fvanedlaifidn wu aliphatic wag aromatic hydrocarbons (T. Obretenov & G. Verninb,
1998) W%’am‘?aé’qwm'mmauﬂ’ﬁmqLﬂ‘ﬁsuaqLumuaaﬁmfuﬂé’wﬁummﬁuﬁﬂiuﬁu (Kim,
Hayase, & Kato, 2014) uaﬂmﬂﬁamumuaaﬁutﬁumﬁﬁﬁﬂizqaﬂmuLﬁmmﬂﬂ’mwﬂsmaa
nsnASuUendan wavananauilludn wasdaduasneanoediiogluthmndiifannsdunsa
(T \Gruseusng, 2549)

25  waluladnstndadludideaaamingsu Gl yénws, 2555)
waluladfildlunsmidndluindegnamnssuivaisds Taun 3venenm 1ad
wazdann lneusias isfesidedtnfiunndaiu Tnensdonmaluladfimnzautudide
YosgRANTIILsar ST Isdosilsisdnuurinide YT UssAviam oy
Aldane Wudu
2.5.1  walulagnienieanw (Physical technology)

nsgadulagldauiudug (Activated carbon)

AaauTRvesn Ui usTus Aedaniifisnguguariiansagasuaisuszney
Sunideneg Megluvenvar wied1wenldldlulsuings 1 esarndauinién
(Microporosity) Taga1ufu-fuddaulngjyuiainiiagwanarssunididmsvewdu
aadUsenay wu Il diufin Tlnsidey neatugnd1y Wienduudnuds uazninaudes Ju
#u Tnenhrianunwsoanufeulunluanizizdueinia uazinissiieamaigadeliin
AN (Porosity) LLaaammaﬂlauﬂiausqmwammuﬂiumm 200-1,600 a3 LsaLTUa
Lwaqu‘wwmﬂumim%ﬂwmﬂma@ Imsmmmmwswmwumauwamama (Surface area
per mass ratio) 5¥7319 500-1,600 AM519ATHNSY Favdinvesnuiutudansouwus 16
mmmmﬁumu@usﬂlé’ﬁ'ﬁ: aunusTusetiniie (Granular activated carbon) FUIALEURTY
AUENA19 0.1-2 Tadiuns druduiuudvilang (Powered activated carbon) HuunaLdux1u
Audnansyszanas 10-50 luaseu lunisidaddenldauiududviiage

nsnseseiBausu (Membrane)

N3rUIUNINTRIIEd sukuatunsauUald 335 ldun esaludadoundu
(Reverse osmosis) 8ans1faiastu (Ultrafiltration) wazuilufaumsdy (Nanofiltration) &4
Fsdansfunstuliluidonlunsidng esngvendeoliamnsanseseynirveads
ponntudeld daunssurunmanseswuveealudadounduamsaldridaafiuanalng
Wy Au Fedediunsnsesiuenainaisuriuase wievewdsavanetldlaeldusadudu
wssduiedoudililuaiusnsurundn wWudeatunsnsesuunluflunstuilévdnn s
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Fenfuusnsliidounluyiliivszavsamunnnii Wesngwsuiivunadnniwinliwendls
AN
2.5.2  walulagnisadnaniaadl (Chemical Technology)

ASE319NZNDULAZSIUAZNDUY (Coagulation-flocculation)

nMssamazneusasiaiidoiunisidaduiuazdusngludide deae
funssufunsusuaaudunsesns lnsansiitedldduasadrmenau (Coagulant)
Ao @15du (Aluminum Sulfate; Alum) Yuw13 (Calcium oxide) uazwanluguinassadains
(FeSOy) 3ainlassanaslsd (FeCly) Fomnluanavesdaraeiildfvsdsdanisifanenon
1998 FenvlinengnouldIsdosiinsusvusaimsnungneulasniaifuarstisliiinnig
sdvenrnay 1 Inasaninslad (Polyelectrolyte) lngnisas1aunazsiungnawdunis
yhlsimznawniearsuriuaosvuinidn (Colloid) Tusiudungneurualng@uuazaiinsn
AnAznaual lnenszurunisasimznawdunisviaielssguatauniansevilioyniaidu
nane Tnensiuansiaiiadnanznoudendn nsvuInnsasanzney (Coagulation) dsniu
AANTZUIUNITINAULAEAIINIUNENAUBE19T Y (Flocculation) #3e1atinsiANaNSIATITIN
ngney (Flocculants) lilutedaniedulvinguazneuinaudmiuduniudungunznou
Tneidu F95en31 nden (Floo) Lijamﬂaunduiwmj%uﬁﬁﬁwwﬁama%mazmmiamﬂmﬂau
ponuniAsle

n1seandaduniaiail (Chemical Oxidation)

nsldanseiidutadeddylunseandladansussnounig ludide Tng
aswadl Ideuldduseoniuaudogiaunsvanalinn ansafiugiu (Fenton’s reagent) wae
Tolau (O3)

n38UUNITHUAY (Fenton process) Ao N15tinUfN5e188nd
wiuvesanslelasauaseenlast (H,0,) MUz Tumesalossu (Fe”) Waidulansen
Fawshmea (OH) lnaunsoandladaisdunidle lnedilossuuinveunandudiissfiizen
Tnsoduouyadaselonsenda (OH:) fAad usewinsufAsenduiinarsddny deouya
dastlansendailrrdndluifieondiadugs wansismuaiansalunislunsiudidnnseulae
UfAseTiinduausaeendladansdunidgesdionszuiunismsdanmldoanls
Wasuduaiveuladeanleduaziils
nszurun1slelouaandindu (Ozone oxidation) Aa n13vinlH

fiusyeslutanaiilsiand (Chromophores) wnneeniduluanavuimdnuazvinlvdmely
Tngannsodalianavesdfiinnuenunlifvuaduasirlidveniidsanas dalelewdy
foondladiguusiiuszaviamgdlunisianedludildvszanm 20 wirveseendiaud
avagluih Tnsmnuanunsolunsidndiuuldugdudlefusssnatlunsdudatulelsy
Trunulunerdvesthanaunniigadesunifiadrssuudunm 60 un
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2.5.3  walulagn1e¥ann (Biological technology)

weluladmemennuasaiidumsidaseilunmsming fuhlvauddes
Aldsuazfnngnouadiingaunndon fufumaluladnisdnmiadunadoniivhaula
WU N5 AT Udn18a113 18 (Algae absorption), N3¢ opaansdlaneLd 051 (Fungi
decomposition) Lagn1sgauaaudn18LUATILIY (Bacteria decomposition) watnalulad
mMetinmndditedeisevde anuazainlunisldau nsinushwsiuienisouds uagnis
muauiladeiifinadenisgaduuazdesaasliun anududuvedizudiu, Aanudunse-
A9, asenstunis Wigiulavesgansd [Wusu

2.6 nszmumiaan%m‘ﬁ"u%guqa (Advance Oxidation Processes) (e1inwal

inesni, 2561)

fofunszusumsmaningendvansesndlad (Oxidizing agent) AdAdngeendiatugs
Tnglutiagtugniunlslunishinasdunisviomsedunisivuiouluh deenansld
s1nn3elaiaiunsagesaaisls (Recaldtrant) daon15U1dan1edanim nieiad 4 alu
mzmumiaaﬂ%L@%busi‘?uqdﬁj%gqLﬁuﬂﬁa'%’wﬁamaﬂ%al,tjaﬂaa (Hydroxyl Radical, OHs)
fagU 2.7 il eviutindi g o3 elUd sugUansuaiuniewUd sulassasnavesansdunid
Tnvansuafiviiogluindsargneondladifufrwasvoulnoonleduazi Fsliifufivde
danden winnnsiineendladlianualansuaivazgniddsuguiiuguiiife vie
a¥uanmzuafivaniu fouandlusy 2.8

Wet
oxidation

Fenton)

photo-Fenton

Ultrasound/
microwave/

y-rays

Ul 2.7 mainlensendalsinea (endnwal Ainesmi, 2561)
41 : http://www.chemeng.upatras.gr/en/content/
%E2%80%9Cadvanced-oxidation-pr
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‘l'
o, .

Ozone

T s
Oxidation Process -\J‘ Organic Substances
R > T

F \
Hyd 1 2 .
TEAAOE e

Case example - Advanced Oxidation Process with Hydrogen Peroxide

U7l 2.8 maiAnuFAseweslelnuauesoonlus (H,0,) Auansuadiy
(@1dnwal Anesail, 2561) w7 : http://www.sbmce.or.jp/

english/ozonation_technology.html

TnoWaluresnszuiuniseondiadud ugazdeouldlalasiauedoanled
Juanseandladudnsaudvaisissunien wu indevedans leleu $9ded wie anuseu
Judu Sezannsndieisinmainlensendaisirealdiitu lneddnsamlunisoondladi
suusannluilagtunssuiunseenddusugeinslfnuivarsssnn wu wiududienus
(Fenton’s reagent) wasg3saudulnndeulaeanled (UV/TIO,) uasgisiuleleu (UV/Os)
Jusiu

2.7  nszuaUNSWUAUY (Fenton process)

gndunUlul a.a. 1894 Tng HJ.H Fenton daduufiAsendiiinlnemessalossy
(Fe?) wazlalasiouoseonlas (H,0,) waziinnadnsidulonsondaisinoa (OHs) Fady
feondladiizuuss Tnofladnieandintu (Oxidation potential) 4sada1nWgeeTuLiTy
Faandlunsned 2.1 fuisniunduiieendledassuniduazuafivluddeldidesont
Usedninimas (ugua Usehivgias, 2556)


http://www.sbmc.or.jp/
http://www.sbmc.or.jp/english/ozonation_technology.html
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M131497 2.2 AndeanTnduveseyyadaszyianieg lnai3euiisuivansoandiauiidu
Lanauni (ugua Usehugias, 2556)

Oxidant Potential (Volts)
Fo + 26 = 2F 2.87
HO™ + H" + e — H20 2.33
Os + 2H" + 2" = O, + H,0O 2.07
H,Op + 2H + 2" — 2H,0 1.77
MNnQOg + 4H" + 2" = MnO, + 2H,0 1.68
Cly, + 26" = 2CU 1.39
ClOy(g) + e = ClOy 0.95
ClOy + 2H,O + 2" = Cl + 20H 0.90

UfAseludududfisenldesin lneviuiiilslasiaudeoseanladuazivdnueaniu
eiinUfizen deazldlansondasinea (OH.) , Fe?" uaz O, lnunalnaiinduaiunsauans
lansaunish 2.3

Fe®* + H,0, = Fe** + OH + OHs (2.3)

uenanauNsi 2.2 SsansndaufAsendug Jusndediluaunis 2.4 fv 2.8 ud
ﬂgmmauiw,ﬂmumﬂgﬂim Imjmﬁmmﬂ;]ﬂsmmsuuaaﬂwimmﬁuauwgmlaaauuau
lelnsiauesoanlos Jailefuiaiessalessuy (Fe?) inniAulvasiliiAaujisends
aunsil 2.3 uay 2.4 wimniluinalelasiauieseanles (H,0,) inniAululuanngiidu
ﬂsm%Lﬁmmﬂﬁﬁ%mmmmmiﬁ 2.3,2.5 uay 2.6

Fe” + OHe = Fe’* + OH (2.4)
OH + H,0, = H,0 + HO,» (2.5)
Fe**+ HO,» = H,0 + HO, (2.6)
Fe* + HO»» = Fe®* + H' + O, (2.7)

(2.8)

Fe®" + H,0, = Fe?" + H'+ HO,e



24

wazmnUfizeuuFuAnfuansUszneudunid fwranmnsodeldanalauuugnld
(Chain) uazlalldgnls (Non-chain) fsasnis 2.9 f 2.14 uarlunsdifiliaujiseidonaln
wuugnle azdwalviniseendladansduvisdviomsetunidiinldenaanugal Tanansiaeid
IWasduthuay msuoulasonled dsaunsil 2.15 (wssdl vdedsaiesh, 2554)

Fe’* + H,0, = Fe* + OH + HO- (2.9)

RH + OHe = Re + H,O (2.10)

Re + H,O = R - OH + HOe (2.11)

Fe?* + OHe = Fe’* + OH (2.12)

Re + OHe > R - OH (2.13)

2Re = Products (2.14)

Organic compound + HOs = H,0 + CO; (2.15)

271 tadefidenanszuaumsludiu (wssdl viaesisuiosh, 2554)

1) Wy sfeviimnzanlunsiiaufzeuiudumseylutasiies
3 {esannAfiesiiiivduasvinlinisoen@nduanas

2 amugf gaunndigeduauis 40-50 osaneaidoa avdna
Wlelasiudeseenlarunniiuiuazesnduuivilidussansameias

3) dadouvaslalasauladoanloduazmaniivuncay dnaiunes

lelasiaueseanlefuazindniii uiudsmaliusednsai gt uuslurmsfioady
Ragvilidunugeduludeuasfosdinismunulilddndniimsaud oliausondn
lensenTainfnealaliissnesoniseandlagaisdunse

a) Aududuvaslalasiauilaseanlan wnndunniuludanal
AdloR A uas e WEeuttsonavilriAaseneuassaneendauioonaviinilalasauneseanls
AnA1SbA

5) amududuveanadalonsy dsmarerweudaranti Anslaih
Lasiingnoulfiudy

a o a . a P

2.8 aaudansaleiln (Ultrasonic wave) (gvSean 818n, 2560)

= A~ A PR | = = o N oAl P’ ¢

Aond uduefdiAnudfews 20 kHz Yuld Fedaud ganind¥aef yuuwe
Tnenllaglagu wansdsgun 2.9 Tnendnnisvitnuvesndudansilelln duAen1sdenay
Anudgeasluasaratedvihliluanaveananinnisfudauasueediduimnegyilingn
Wo391n1AgYuINIAAN Y FIurULInlUTeRMadT 13831 N138AYaNMal (Cavitation)
Tngvasorniafiind uluasdndsuudsag uazaiuisoitnfannynian g talesain
Wosonmanintulilynisiinanisieniasssuan witinainaduaudasdannldaud
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ﬁqa%’uﬁﬁqmaiﬁtﬁmxlaqmmmﬂﬂ%u wazindaaaundTudnmeitesanedudanslatady

AaUNIANTsausadrdudssluilmneldlaenigasdsiianie adudnslugluuy
Prove Wy Water bath 3aanunsaussendldaulavalsodig

Ultrasonics Range Diagram

low bass animals & medical & diagnostic
notes chemistry destructive & NDE
20Hz 20kHz 2MHz 200MHz
4__)! J “>
Infrasonics Acoustic Ultrasonics

from Wikipedia article on Ultrasound

5U# 2.9 drsmuindusansiledin 7 : https://acoustiblok.com.mx/alguna-vez-

escuchado-la-palabra-infrasonido-o-ultrasonido/

281 Uszmvaaazasdansladn (Ultrasonic reactor)

Tulaguei esdansladndanuunnsiadunsadt unasindaluilag
uwrasrudia pduuazduai s awadildsanduunasiuiandy amnsouaduriaciieg
fail

1) ewdansledn (Ultrasonic baths) duuuazdnisldiduaiuiu
Tnslanzlusiosufianisidesnndsialiunslasanudildaudiulng egiiuszunn
40 kHz Bmdssuguaniiaiilsazegnssinusyivgermimasamudnvesens

s SRR J
: $
: §
£ §

$

e

contains either:
: aqueous detergent i _
stainless __ H for the immersion of reaction vessels {i=]| _ optional
steel tank { heater

{ or processing mixture under study
AR A A A A A

AR

transducers
bonded to base

U7l 2.10 ersdansileiin (gvSan 8180, 2560)


https://acoustiblok.com.mx/alguna-vez-escuchado-la-palabra-infrasonido-o-ultrasonido/
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2) gans ladnuuulnsu (Ultrasonic probe) Tagsialuagiinisee
nsudingefindeiusesu (Mohsin et al) Insdnuazussgosuazunnsinaiu faguil 2.11

[
=

Tnoueundyafiadeduasiufuguindnuusvessesu Tnsunasindandsouduasiuiy
@mauumammqﬂ%’lumimammmamLenaiLLawwummUaaaﬂau (Emitting surface)

Uniform Cylinder Linear Taper or Cone
- \ nodal point
Exponential Taper Stepped
R » \\ s
"y nodal pomnt \
odal point

JUN 2.11 dnwnizvessasuviindneg (avsan e1dn, 2560)

2.9  9UILNNEITDY

a o Cﬂd

2.9.1 uiTEMAgNUnsTUIUNSIIUAY

nmsAnsaddeildnszuiunisuiulunisidavendesiag and
miﬁﬂmmzmumiaaﬂ%Lﬂ%bu%’juqﬂumiﬂaaaawmaﬂw@uw%sﬁuﬁ%ﬁs Ineltnsnddon
A& (Azo dye acid Orange7:A07) uansiaths Inenuinnszuiunis MW-APO i 800 W
a1ansaand AOT Analldudy 1500 me/L ldeesanysalaielu 5-7 undi uaziiledinaslse
0.5 mol/L Agaanunsnidndldogeauysal 100% wildiaaniindu 1-2 il wandeld
A1UANTUALITINAY MW-APO WU31dY89 AO7 500 me/l anas 100% n1elu 3 uiilag
MW-APO wazldfdufuiug 1.0 o/L Tuvauzdilild persulfate nuindussdnsnnnisges
aanodandoy i 50% fisveziiaUszana 5 uli waznuIIN1IANeA COD gl Uszann
83-95% @msuANLTNTY AO7 500 mg/L Tag SO-d« @unsaan AO7 aslauazdianudnAsy
fan1smdaduinnia (Yang et al, 2009) uanaInd gan13@nmInsU1vadsueainug
AMIudugalugag 1,000-3,000 me/L seufAsenaiouwnuiuainnisldninglumin
YU eund1 38, 38-45, 75-90 luAsau wazAazauIallTeueunuuN3enusy
e iesadamn Ingfnue pH g 2.0-3.0, AU ure wNENTIINEaY LavAne
dnanulnsluaveandnselalasaueseonleafivnzay Jdldsvazanisvidn 3 Falus
Tnawani1sAnwinuinugasenuduiidadlaisiniiufasenadownuduuin wian
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UsyAvsamlassamaglndifesiu (99.4-99.8%) wimniidliinufisenesereidosauda 35
Hlus wuimanglumdnaazauinanansamdndldlndidestul fiseuusdu dadunsiag
azlumanunldnaunuesadainazrisusudaailtdarslunsirdndlauin @Snssu
WON513Y WALANSA B85, 2562) ilesannnszurunislala-iudy waslelu-mududy
nszuluNseenddudugs Ssanunsndosanisarsdunisiitesaarsenldinln iudy
waglalu-muduazliSedyIuazad udansendvieinuszand amnisdevaansliu
nszurumswiuiulaealy wasidesanmswendniulunszuiuniswandenseaud il
Antdeiiidihmatien Sddnszuiumsmusulagldmessadamnuasiusiuasioulngld
wuni g, tneslng, §urlnd. wnanessneondlansenlasd wavleseouluduinn
dusseuisenierududusududniu 200 me/L Ainsrurumanuiddieuiusui 3
aududusudusmessalessu 80 me/l uarspdnumdnmedalossusolalasaueaseonlus
1:2. 5 eanansarsnaniu @ wasdlenlasosas 81.13, 96. 65, uay 94. 80 MuAIFU dulu
nszvumsadeuudunuinfielfinaniesneandlansenledSuiis s fAseniu
§Uszansamsamdigalaonielu 30 witanansaidndniu d wazdledlsosas 90. 32,
91. 66 way 71.5696 aruaisy L oldarnuid s i uveunesalosau 59l
wazlalasiauuasnonlen 100 me/L LLaSEqJJQWU’iWLﬁEJﬁLEJ%L?NGTuQQﬂ’i? 3 Uszdnsan
Tun1sidnaniu @ wasdlefavanas widaunsaiidnaniu @ wasdledld sniuileld
loseuludumaduiausajizer udaniulfiannedivnzauussgndldiudidense
NnenavnIIIdenszay wuirstavsnmitldlunmsundndniu # uardlelndiAsafudy
Ussansamiildilonnasusuindedansish (nssdl vaesisaiiosh, 2558) Wuieatuns
MnAnwIAsSeTithindsnnnssuiunsnanidenszay SedesAussneuseaniiug il
el COD ungarududgslneiian COD uay AududiZudulszana 2,000 mg/L uag
3,000 ADMI anuignsiu Falddnwanefimnzauvosnszuiunsinlalusy §eil fuue
AAnutnasiildlunisiAaufAten 0-500 dnd warsreznanlumsansuasdansillolan
0-80 Wt drumstidagenszurunsiglu-musiuiy leFnwssesnanlunsiinduanud
wiloidedlunsiinfATen 0-40 wail @ slunisveassazldaranududuresalesou
0.03 Tua aududulalasiaueseonled 0.06 lua wazfiior 3 §aan1TNAABINUT
UszAnsawlumstrvn COD uazdqeiigaid oliaranuidunasildlunsiAinfisen
200 & uazszaznansaneuasIldlunmsiAaufAsen 10 und Tunszusumsinla-usy
drunszvaunislelu-mlududufiusedns smnisvidagefian Weldszezinainisl
aduaudwdodeddunafiaufiten 30 uif @1 COD wazdanasuinnin 90 Wedldud
slethinieTilamiugy way 97 Wesidus Wothdaseleluniusy Worhluldiuindess
wuanseUIunsinla-uduianuaiuisalun1siita COD wazdlaninninnsguIunig
TaTu-wud eamnsatndn COD wazdls 95.07 uag 91.77 wWodldus muddy (@amyn
lyesny uaz g Wainy, 2560) warlunis@nuitadedidnarenszuiunisirusy
Tunsthdadidesnansiuazlsyansawlunisiitn annanisane wuindnwarvewin



28

Foanesroudneids dndumiugu Felleduddyiinasonszurumaiuiulunisinda
drideenamnsiiivhnmsane loun oH 7 2, 3 uaz 4 svevaduda 71 90, 120 way 150 W7
Lz R UTABNIATENIN HO, 6O FepSOa7H,0 7 5:1 10:1 uaz 15:1 MNanISAN®
wui1 Uszdnsamnismdnandlediiqeiian (83.47+6.38%) Aofl pH 3 Snsndaulavina
559379 Hy05 Fe,S0sTH,0 71 5:1 LLawivva'Jmé’m‘J’a 90 U miﬂflﬁ’mma’mwuuaaa
Uiuammwwwam (51.30+8.26%) 7i pH 2 dns1dulaLIaTZIINg H202 FeZSOMHZO i
15:1 wazszezatduda 90 uiit drumsiidausinamedavaretmuindaniiuiy
(1o wardyey, Aeafeshi NI, Ugunid Sansui, ey suadssas ugdim, 2562)
LazuennLsslafinnsAnensiiiainiannlsindu deldvinismeasdagnsyuiuniseen
Biatudugenineg 1wy iuiuuaslolsufonisuanssnineszuu UV uag H0, tagldfnwn
NAUBIAUTLTUYRY H,0,, pH 3udy, Anududunes Fe?" luszuu Fenton Tun1sindnd
wazdleod lnenuinszuu Ozone-photo-Fenton @mnsanidnduazdlenla seuag 100
dlaisutunszuiuduiidnulngldszazinnaitivn ¢ $91us TnadomurnuSunaluiaaly
WUI158UU Ozone-photo-Fenton Mndsaufitasniuszuias 0.01kWh/m® dnsunis
Manawardlan (Asaithambi, Saravanathamizhan, & Matheswaran, 2014)
292 Muideiiiisatuadudansilein

Tunsfnwenadeiilindusanslainfiiuwuinlutlagtuldihadusans
Tafinnusggndldlunansdnu 017 msldedusanslednuasloluulunssodnaninesfinn
finuluddeanniniina Fswansinwmuinmsthdeselelauiliusunadledanas
el Teansaidndlonunnds 38% fisvezinan 5 dalus wenanidamuindanas
athanfissezinan 20 U uazdieldndusansileinlunisnaassuusaiiomuin @wnse
wAnTmuligeanvindy 441.6 LCHy/KeVS wazanunsaindndlodlaidefnnsldndudans
leinaumignisgeswuulildeandiau (Mischopoulou, Naidis, Kalamaras, Kotsopoulos,
& Samaras, 2016) LLa3%’1ﬂﬂﬂiﬁﬂmmﬂ%’ﬂﬁué’amﬂ%ﬁﬂLLaxU;’jﬁ%aﬂﬂimmﬂa%ﬂﬁmug
snalaglsvinsinuinisldssded, msldrdudansledn, nsl#sedyTuasaausansiludn,
nslallnmzng ladauuvannugnie waznsidinlnagesladailvuaniuzanesiunusansily
in FewamsAnwInuinszuy HP + US vhldanunsardslnaiiusalasesas 68%, dlof S0
av70 wasd Sovaz 48 Tuvazfisesasnie HP Fsaunsaran walluealsdosas 62, Flof
Spuay 58% Wwarzn15n1dndsevay 40 (Poblete, Cortes, Salihoglu, & Salihoglu, 2020)
yonandidaldiinmsiiiuuszans amnnstidavessyuuiitainde s ssuunanineianm
nddelssuainisiulady 3aldvinsanenszuaumsiidaidedududieisniemn
uwAUFanslsdnieunsiitagieismsdinm dsanunsardalatuasisiuluinde s
¥ouaz 50.39 InnansnAaoInui g inunseuaunstTaduiurilvnandndimy
diudufenas 29.7 WeFeudisusugafiliiiunsidatusuieniudansleln venaint
wuImsiidatuduslesansladninavinliinnnasadluindefiuiuidesay 76 @y
UsgAvsamnsrdnasdunidiflodieuiuyadliinunstiaduduluguresdlediian
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Wadu fepay 22. 29 wavUszAns nmnismendlend AR ududesay 30.5 dm3u
Uszansamnisidnvesduriuasy waznisidndlumie ADMI fidufintudesay 10.5
way 10.79 suady dmsuarsdunislusudug udsiuniswiinuuulfonia nuininded
WrunsUrtaTugudiensanaunusTsunisaniusansileiinaunsafdaansuseneud
uea, Walaueed, wewlnlsenily, Andu wazansdalia IdAutuSesas 10.5, 10.2, 14.4, 21.1
uay 21.5 mudduidledieutugamua fufudsansavenldinisida dududendusa
pslaiindmanodszansnmnsiidnduasansdunisiiuiu Fudedngnstdaludu
soluresszuutiin fe ssuuteuiuiaiios wiomedaiuuiliuiineshlsmhluveansedend
Laza1sduNnIdanately (@nSan e18a, 2560) yenand Faflnnsthad usansTednun
Uszgndldlunisitnaivine wunsldaduiitnamieivlilasdanaluwmisih Tagld
Anwinisldadudieninud 29, 43, 108, 200 wag 1,000 Alaldsnd 7iAMENIUTELAT B
mesudndana 3 508 Samuivsinesiildinseidulatevdniitnaeusyansnm
vesUfzendansiladn luvagiimnududuvousad Microcystis liifinadenisiidniindusa
aslafinfiaud 200 waz 108 Alawdsnd lnsaunsardnwad Microcystis ldunni 98%
waz 95% meluiian 30 3unil 1ilesanndansilednilvamsegadonisased a1n
MsAndendesgansIiluudeRty wuininrdudssiinnud 200 Aladsad Tagldnan
260 Fuit aunsovhlddleniivuwadaaisly venintusmuiinalnavesdansileiinand
wdwilifeudifAauazidevueadgnvinansly Tnglddansladnfianud 200 Alaidsnd
ansardnlselusuaiidelsie 2 4la us M. aeruginosa faalisandn M. wesenbergi
warannsnanansivlilastaiuldiosay 80.8 drundulrauanlduinnindesas 60 Tuiian
10 U INNSAnwIAITEMITWALATSTEIIN M. aeruginosa Tivianilaedasdansledn
wanenaf fiannud 200 Aladsnd nudnandilaniesdansileindnasonisiudsuwyas
asemns WesnnoyyadasyiiAnaneausanlsdmhlidevumwaduisdvesvadloen
TunuailiFeidens (U alquaunsd, 2555) iesainnsuszgndldadusansleing1u
#ananedi i uvesivarazyilfiAnadmduainnisiudavesnd uniuiiqe denals
asuvruastlufinanilassadrndnaisldimsveaounist osaaneret nduiudae
pAusanladneudfuaudou laeliismsfuIouiieuiunsgosaanssdnadusy
Fendusansleinfissesiaien uasmsgesamenisiitudusenufousnnisiunas
msiaigaet1aien nan1sdnwmuIinisUsegndldad usansiledng funisdusinle
Tassafrsvewhadnivnadnauasiinumsuiistuiodesiendonansseididnason
WUUADINTIA (FE-SEM) waswazidleldndudansiledniinnud 37 uag 102 kHz uazanuseu
Fremsud 10 war 20 wnit Tunisgesaastudu wuineiiwaglaasivualiufiazanasuas
wfiuszdns nmmiinanniy Wevnsdevaanetududendusansilefingaufunsiy uay
annsaunldlunsdesametudunnednldmiieunlunaaeufnenmnisndnutadimy
wuinmsuszgndldadusansleindmiuanudeulngismsduilidnenmnsudauia
furewhadnaty (@38 Uuednas, 2556)
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293 uiTefieafunisidauauesiu

PnmsAnwedseiidurmuiinstmeluladane uldlunssdave
AUBLAY 917 N1SITNTEUIUAIT AOP MIAAUDIUAIURLAY LU N1SANYINTAANYR IV
ansounsdlulnsauiiazaneiuazd Taensldnszuiunts AOP Tngld was UV uazlslasiou
WesoonlaslunmsvinliiAneuyalensendalunislueondled FawanisAnuinudn nsoen
Fituanunsardng ansdunidadueuaratein waranssunidlulasiauaranstnlddosas
99 fawaz 50 wazdewaz 25 audnu Haudutulalasiaudesesnles aiu 3,300
me/L Fanmsfinwanansaventéiiesndladuesdliaunsavenisnnuausalunisiide
a1sounsglulasiauls (Dwyer, Kavanagh & Lant, 2008) wagnniin1slddaLsaufisen
TiO, agaU1san1dnaILay COD suaqmmﬂawammmma@ﬁlmaaammaaau 79 Taadle
COD 500 ppm @sldUSanaudasalfAzenn 0.1¢/L uazamidauves lolasiaueseenlad
0.3 M luanizi pH WU 6 (Vineetha, Matheswaran, & Sheeba, 2013) spmadatinngin
AszUIUNNT Electro-Fenton wnldlunisidadaesinnings delddnwmisimesq wu
wssulniidld, Usinailenseniauedoonlas wazsreviiainisiinufAten Jaman1side
wuiiiszansnlunsiidndiigeiedonay 88.50 lnelduseiulii 2.86 Thad Snsndu
serislelasiuilesoeniladrotnideniniuiosay 15.8 Telszovailunis vinufAse 90.7
119 (Thanapimmetha, Srinophakun, Amat, & Saisriyoot, 2017) uaﬂﬁ]’mﬁjﬁﬂﬁmﬂs{’fmﬂﬁﬂ
il LLau‘V\IaalmL%mﬂ,@mmaqLmaqﬂgﬂmwmaLaﬂimmmmmwuwaa Wion3es 3 i
UINMIAETUAIUBEAY FIF1NNITIATILRNNT T mes I UpeRureIInIng) wuindian COD
W1AU 10,9165 mg/L, BOD M1AU 23,738 mg/L, TS tM1AU 102,495 me/L, TSS M1AU
4,425 mg/L waz TDS Wiy 98,070 me/L TngldFnwiensyuiunsuuunsuasuuusiaiion
Fanansvaasanuinaneiiunzay fe 1asi@nTnsadunnslid Inodanududures
prafidoudaianviiiu 4 ¢/L, Anudutuveslginounaalsd 10 ¢/L wagA1uLdy
ﬂsuLLal‘V\I‘ﬂw 10 wouuus mmmsamﬂoﬂmaaauaméuaqmsammsuaqa COD, BOD ua
TSS WU 98 35 54 waz 08 AINAIRU wazilevin1sVAaBILUUABL] 8INU31dAIZT
ngauAnd Ui ensnslve 0.5 anseedalag lnelvis egazgagaveenisand, COD, BOD
way TSS Wiy 80 26 30 way 98 mwa Ry dnduvesnisteudounduiimunzaude 9 fe 1
anunsnandldiosay 88 (adin iBauserying, 2549) uenadddléfinisldnszuaunisga
FulaznIzUIUNIINAzNoUiofs A vesRUEnMIE WU nsAnwInIsanaeuseesn
aaslsedenudn fuszansnmnistidnduay COD 7i Savay 96 waz 86 mug1diu (Liang et
al., 2009) FasloSsudiauiunsld AICL wag PAC Gsanunsariian COD lasosay 60 uax
72 daudszdnsnnnisidanulinanuisanidnlasesay 86 way 92 (Chaudhari, Mishra, &
Chand, 2007) wagludiuvesnsminuaussiiulaenseuiumsnadu wudimsldauiudus
Y AT (powdered activated charcoal: PAC) lun1sgaduliaiuesfunuinnisgadu
aenAdoady isotherm WUUNTUAY (Freundlich isotherm) uazidun1sgaduil pseudo-
second order s?faﬁmmmmmﬁlumﬁﬂﬂ%’uﬁ 10-12 /L UBNINGSEInsaLeNLAIBEAY
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28NNAUNLITUA YRR LA LAEN1SHAN sodium oleate kazupnINUGITNSIdaNsAuIINAU

& =

wodwesitunislunisnnagneu wasfnwinisgadusiieaiuiudud danudinisidansdy
Saunedweslasldusmmansdud 4 L ifiley 10 uagldwedimosuszgaudisim
1.2 /L wuinUsganiamlunisiidn COD Sevaz 32.23 uazidndsesas 56.12 wazidleld
sufusfusTssausafinysEansamnismda COD fidnSeuaz 58. 11 uaz Ussansnm
nsidnaiiangesay 83.45 (LRuANA N1YIUYAT, 2560) uenniidadinsldlelauunrida
aswatuesRudnie 1unuideiildnis ozonolysis Ssaunsardndlasosas 84 fian
10 wifl wazdoway 97 fivaan 90 wnil W%fauﬁdﬂé’ammmamimaqamaqLumuaaﬁumﬂ 7000
Ju 3000 leEndendan ozonolysis iwaan 40 udt (Kim et al., 2014) uazidlafinnsld
Taueasieslss (Core,0,) Wuinssuiitenluuiitelolou nuindleinsldfussufisen
ransoandlaginiinsiinufiselaglufisaise (Oliveira, Salla, Kuhn, Jahn, & Foletto,
2018)
29.4 ayleuideiinendes

nnsunULATeRHuu Il nsUssgndldeandindutuga 1w
ASLUIUNITHUAU,NTEUIUNTLEL DU NUA Y kaznszuun stilaudulunisurdnd
Tudndenioaswaivesiu laeldin1sfnetadenne fdwmasonszuIunig 1y
Arrundunsa-ang, anududureandniimanzay, Audutuveslslasauleseanles,
dadruvaanansalalasiauaseanlamlunssulunsinudy warn1sAnwIINAYUAaN
UszLneingg n3eauaunsavesiussu isenuiing 199 Avanldnszuiunmaadeumiudy
uiadEnwIHavesszerIalunTaglasgIlunszuIunslamiuiy uwilunenduiunud
miAdeiifimsuszgndldadudansledndmiunszuaunamusilumsmiadaniidedd
sarUsznavves waussdudsliiduiiaulaunidn
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ASAIUUIRY

UITeTdunsAneUsE AN nmnnsMTRave1LE 891N NSAALENILEAIN
nMnuimadierausansiledauaznszurumiuiy Tnensvnassfinis AeniswmIsutdy
Fuaseiiidnwazvedlilndifssiuidoessainnisuaneniuea 4dlunisanuadlaly
nMsduaseiundeiitdulsenevanaswauesiulunsanuuaylunisneassdiuiiaes
Ao MsAnwnsisndvenindelneldindeduaseiiuaiuesiudionssurunisiiusu
warlelu-usy @ dumsmdndeesindedaonssuiunsmiusutiuasdnvdadefidawa
AoUszans Amlunssdnd leun annensa-mg, anudutusudureananesaloou uaz
aruutusuduedlalnsauesennlys uaglunismdndvesindedonssurunislalu-
Wit Anvinavesnuivesedusanslededild Tunsmeassludiuitany AonsAne
nsidnagenszuaunslelu-musulagldvhidessannlssundneniuea dsunsneass
HladnuiadeiidsmanoUssaninmnsmdnd dail navoseuaveindusansilailn, naves
Snwazein1sinunausanslie waskavesududsuduesindease Inglunisvmeass
aeldn5Tnddeia5 0 e Tndlumiae ADMI (ADMI model UVAVIS spectrophotometer) wae
\A309 UV-vis spectrophotometer warlumsenuasaillaimsanmerldanelumsiiussun
mamfﬂmaiuu%amﬁqmaamamwamwlmmﬂmﬁmaamman (NSEUIUNISINUAY
waglalu- L‘W‘LJG]‘L! Tnnsmeaesianuniing it unsunisiduanuisouass unauns
vnas fail



e

o o o

2. nMsanwIN1sNdngleeldundedansiziuaiussiu

L) 2.1 NNSANEINIINTALNTZUIUNITWUAY

2.1.1 NAYRENILNIA-AIABUSTANSNINAISAINE

v

| 2.1.2 navesnnuduturasasalesuraust@nsnnnsmind

v a

| 2.1.3 navasnnudutuvadlalnsnulaseanlunsausyAnsnwnnsidng

[ 2.2 n1sAnwINISAIINEAWNTEUIUNISIYU-LNUAY

3. N15ANWINT5N1ARE Lee lFude 591599 UeNIUDa

1Y

|—> 3.1 N15ANWINIAAEAENTZUIUNS YT U-tNUAY

3.1.1 #AYDIANUDVDIAALD AN W LARBUTTANSNINNNSAINE

a

3.1.2 NAYRIANEUTUDINISINYAAUB AN W RARDUSTANSTNINAITAINE

3.1.3 HAYIANUINFSUAUVDIULEYRUTEENS NINASANIAE

o £

Snddeirsesindlumise ADMI (ADMI model UVAVIS spectrophotometer)
ey LATDY UV-vis spectrophotometer

¥

Anwanlganglunisidndnienssurunisiludularnssuiunisielu-usu

JUT 3.1 Junoun1snnaes
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31 asadl isesile uazaunsal
3.1.1  asafifildlunsise

arswaiildlunsduasesitndowaiuesiu ldun A-nalaa (CH,,04)
(Carlo Erba, AR grade), lnad 1 (C,HsNO) (LOBA, AR grade), wae leifauluais uoiun
(NaHCO,) (Uni Lab, AR grade). Imamsﬁmdnwgﬂmamﬁ’mﬁﬁ DI water %in type Il (A1A1S
il < 1 ps/em, Argn A U Ul > 1 MQ.cm, wag total organic < 50 ppb) wag
Tudauvesansad il lunszurunisiiuduldun wén ferrous sulfate heptahydrate
(FeSO47TH,0, LOBA) Lay lalasiautueseeonlam (hydrogen peroxide) 30% (QREC, AR
grade). g luns@nuldnsadafilasn (sulfuric acid) 96% (RCI Labscan, AR grade) e
loihsulansanlad (Sodium hydroxide)99% (Micropearl) (RCI Labscan, AR grade) Tunas
YSuanmanudunsa-ang

3.1.2  in3esilauazgunsalitldlunnside

w3ediondniildlunismaaes loun wneu wdesiaranudunsasg wilik
Audeu (Hotplate) 13 osdanefion 4 fumys Lﬂ%'aaﬂiaqqaujzyﬂmﬂ (Vacuum pump)
N5zAIENIBIVUA Nylon Membrane Circle,vunngnguy 0.45 um LLazLﬂ%mLﬁaﬁmﬂ uaﬂmm‘i
Tudneadusansledalding sstnerdudansilafiafinnud 20, 28 uaz 40 kHz Aif&dlui
100 ¥a WU self-made ultrasonic processor wanwisgUf 3.2 uaziadesindlumtiag ADMI
iq'u ADMI model UV/VIS spectrophotometer, with a 1.8 nm spectral bandwidth (Spec-
troquant® Prove 600, Merck KGaA, Darmstadt Germany) LLazLﬁ%"aﬂ spectrophotometer
':;'u UV-Vis Spectrophotometer, PG Instruments fianueipdy 480 nm ﬁﬂLLﬁﬂﬂIuEUﬁ 3.3



AIA 40 kHz,

JUN 3.2 1aseedngadudanslaliaLuy self-made ultrasonic processor

\A30eInd ADMI A3 spectrophotometer
sq'u ADMI model UV/VIS spectrophotometer 'i;u UV-Vis Spectrophotometer

E‘Uﬁ 3.3 1A39YiAd ADMI Lazla3e9 spectrophotometer

35
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32 mawdeuindeildlunsine

TuuAseilavinnsAneusransamlunismsidndvesindedienssuunismy
i wavTalu-wlusiu TngldvihnsAneidduindedunseiuaiuesiu wavindse3winns
wamenuea TnefiseaziBondeil

321 nsduansiideuaiuseiiu

wisuanswauesAulaen1saratenalaa 4.5 ¢, lnadu 1.88 g uwaslaifey

Tumsueiun 0.42 ¢ luth DI 100 mL wazwanlFd FuanTuthd ey Tasaui
95 erwaldua Wunan 7 $alug auuis ntaidnneseenuuasyinliifuly desiccator
NTULAELL DI 100 mL Tngagldansiuauesfiu fimnududu 25.5 g/L (Kotsiopoulou,
Liakos, & Lazaridis, 2016) LLamﬁﬁgﬂﬁ' 3.4

waunglaa 4.5 o, lnadu 1.88 ¢ wag luwdsulumisueiun 0.42 ¢ lut DI Usuas 100

y

a

Wleusmemeunigaumadll 95 ssrnwadua Wunan 7 Falus

U

A 4

yldulu desiccator 91AMWLANLN DI 100 mL waznunadlmaniu

JUN 3.4 TBnsduasizviuide (WaruesAu) (Kotsiopoulou et al., 2016)

322 mswlsuideasennisuaneniuea

Tunisnaaesarldvudensiinlssnundneniuoauranis Taeddnde
Alasuanlsanudesdiuie dauiiviuiideannsnaneniueaiitunsyuiunistivngae
syuv UASB Tngihidsiidnuaisnsmeninfe Sduiaaudutus waziindumiy uaziide
druiidesio udefiniunszuiunstidadiessuy AS Tnsundefidnwaenianenimie
favdonduivdtimaseu lifindu lnewloimidednanluinnsinuauiinuiniide
faouandd dwsedt 3.1 dddunmsfnundsednsamlunsidnduesindeaianmsade
enusatiuazAneulagtdsdsanssuy UASE way AS unaufuauldadd 5,000 ADMI
Fauhdeflgduiiginady Tnonauiulusnsidiusewing didean UASE : AS 7t 1:4 Tag
hidednandaudnuaueimnd 3.2
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AN 3.1 SNWULVIIUNEYITINTANIUTEUU UASB Lazit@s1aanainssuu AS
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w15dnes ﬁ"lﬁ\‘i"\]']ﬂi%UU AS 5’1L?1$J17;aanmnizuu UASB
a (ADMI) 500-900 33,000-43,000
oy 6.7-7.75 7-7.82
COD (mg/L) 300-400 25,000-30,000
TS (mg/L) 5,000-7,000 15,000-25,000
TSS (mg/L) 600-1,700 1,000-2,000
TDS (mg/L) 4,000-5,500 14,000-20,000

a ) S o a o
MN957197 3.2 ANWULVRIULAYASIN U IUNITNAADY

W15 ALA0s Ydeasefildlunismaans
& (ADMI) 5,000-5,300
oY 6.9-7.2
COD (me/L) 4,500-6,000
TS (me/L) 8,000-12,000
TSS (me/L) 500-2,000
TDS (mg/L) 1,500-4,500
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33 pisAnwranszuaunswiudulunsiisadvesindewatussiudanszi
3.3.1  msAneravasrtnnudutuveslalasuaseanlunnanszuiunisiluauy

TunnsidnavesindematussAudaunsizi

Tuns@nwnavesaranututuveslalasiauiuaseanlennanssuiunisinu
futfuazvinnsinwlagazudsiuanududuveslslasouodosnledit 0.06, 0.125, 0.25,
0375, 0.5 wag 0.75 mol/L Inefisazidunnisnnasasiss

inasazansaussiuduasizrliuims 1 L ldludninesvuin 2 L Usu
Anfitendu 3 anduivaisazarswdnledalesoufinududud 0.05 mol/L wasidy
ansazanglalasiauodeanlesinanududy 0.06 molL s ntuniutilonauansialisae
WV AE NAIuE15T Ar1aE 58U 150 rpm 1 waan 1wl wazufusaega 10 mL
UNNTDIIYATLATYNTDIUIA 0.45 um ﬁmﬁ?uﬁ’]ﬁauﬁsimﬂsmwﬂiaﬂﬂi’mmmi@mﬂﬁuL.Laa
Tneldias 049 spectrophotometer 7iAME19AA 14 480 nm lagldszaziianlun1sdne
90 wit WiepsunanAutiFegslunAn COD #reiauuy Close Reflux wazAdlngina
#1838 ADMI Method anntunisnaassfianududulalnsioueseanlas 0.125, 0.25,
0.375, 0.5 wag 0.75 mol/L (Asaithambi, Saravanathamizhan, & Matheswaran, 2014; VUYUN
lve3n uazarnyan Wesny, 2560) uanafsgui 3.5

PransazangllatuesAudwAsIziUsues 1 L laludnnasauis 2 L
Usuitaaidu 3 Wuansavaremanwasalosaumnududuin 0.05 mol/L

wavasazanglalasiaulaseanlannauduty 0.06 mol/L

\4

NIUKENANL558U 150 rpm Wuszezaan 1w andwAudiedns 10 mL

1UINTDIMIYNTEATYNTOWUIN 0.45 pm

!

WduiiunszaunsasiuinAnsganiuwadlagly

LATDY spectrophotometer NANLIAGU 480 nm

WaAsuLIal 90 Wil LAutdied1elUInA1 COD wagAIAMUWLE Anntuiin1snaass
Aenuutulalasiauaseanlen 0.125, 0.25, 0.375, 0.5 waz 0.75 mol/L

JUN 3.5 nsfnwwavesdimudutuvedlalasiaueseanlys
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3.3.2  AsAnwINavasAInNUiuduvaanasdlessuranszuaunnsiiuau
Tunsisnivesindeatussiudunsizi
Tuns@nwinavesrmnudutuvearanasalonsunanszuIuns Ly
Huaznisinulagazudsiuanududuvesmdninealosoudt 0.00075, 0.005, 0.01,
0.025, 0.05 uaz 0.075 mol/L lneiiswaziduanisnaaossal

iasaranuauesAudLasziusing 1 L ldludninesunn 2 L Ysuan
Mewdu 3 mnduiuaisazargmdniedalosouiinnududud 0.05 mol/L uasiiy
ansazanelelasiauedoanlesfinududy 0.375 mol/L antuniutiienauansiaisns
WA NNILASAANEI5EU 150 rpm wuaan 1 i wasifiuiiegis 10 mL W
NBIAILATEATENTOIVUIA 0.45 um mﬂﬂguﬁﬁdauﬁr;humzmwmm"l,ﬂi’mmmi@mﬂﬁuuaq
Tneld1A3 09 spectrophotometer 7 A11ue13A8 1 480 nm Lagldszaziralunisdnw
90 uit Wioasunaiuihfedisluiad COD #eiauuu Close Reflux wazAalneTaddne
58 ADMI Method 91niusinnisnaassiimududuimdninedealossu 0.00075, 0.0005,
0.01, 0.025 wag 0.075 mol/L (wuyyun lveiny wazainan 1Wesny, 2560) (Asaithambi et
al., 2014) meé’fﬂgﬂﬁ 3.6

PansazangilanussfudwAsIziUsues 1 L laludnnasouis 2 L
Ysuditondu 3 Wuansazanswanmasalonsuauvudun 0.05 mol/L

warasazarvlalasiauaseonladaiududy 0.375 mol/L

l

MUKANTIAA5258Y 150 rpm Wusyezian 1 undl anntduiudiegng 10 mL

UN11NT89IINTEANENTOIIUIN 0.45 pm

'

o ! dl 1 U U =
‘UWﬁ’J‘N‘VIN’]Uﬂi%@?%ﬂi@ﬂlﬂ’l@ﬂ?ﬂ’]i@(ﬂﬂa‘uuﬁﬂiﬂﬂ

14AT89 spectrophotometer fiAu81IAAY 480 nm

WaAsuan 90 Wi viutsieg1slUinal COD waveAuduE
NTUTINITNRaRINAUTLTUIaNWeS Ao a U
0.0005, 0.00075, 0.01, 0.025 wag 0.075 mol/L

JUT 3.6 nMsfinwravesAinnduduveananlesalossu
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3.3.3  AISANYINAYIIENIITNLDY fanssulun1stnuaulunIsAIIngvasuLde
WATURYAUFWATIZH
Tun1sANYINATDIAT WHDY A BNTLTUIUNITNUA UL UILVINSANYI LAY
UUINUAAN1IE WY Nan17% pH 2, pH 3, pH 4, pH 5, pH 6, pH 7 Laz pH 8 Taadl
UALLDYANITNAADINIL
YransaragluauagfudwAsIziusung 1 L tdludnnesauin 2 L Ysuan
= [~ og.; a @ [ QA' 1% v d' a
NavdU 2 MNUULANAITATANUMANNBTAL0BUNAINWLIUTURA 0.01 mol/L kazLiy
miavm&Jiaimmuwa%aaﬂisaﬁﬁmmvﬁ’m%’u 0.375 mol/L 3NNTUNIULNBNANE5LATIALY
WL nnuasiauEaseu 150 rpm Wua 1 Wil wazkAudlae1e 10 mL ¥un
NI99AILNTLAIENTDIVUIN 0.45 pm mﬂuummummumumwmaﬂmmmmimﬂauuaa
Tneldim3 a9 spectrophotometer finMue1Ad L 480 nm Ima‘[ﬂjiuaunaﬂumiﬁﬂm 90
a dl' @ %,’ LY} 1 [y 1 £ aa e v a Y aa
Y7 Wamsunaniuuiseag1eluine COD medsuuu Close Reflux wazAdlneindsieis
ADMI Method a1ntiuvinn1snaaesianig ey 3, 4, 5, 6, 7 Uay 8 wandnagui 3.7

PransazanganussAudunsiziusungs 1 L ldludnmnasauin 2 L
USU Mew W 2 Winaisazatemanesalessuanududui 0.01 mol/L

wazarsaranglalasiauaseanlonminuiruty 0.375 mol/L

A 4

MIUKENTIANA558U 150 rpm Wusyezian 1wl anntiuiudieeng 10 mL

UUINTDIRIUNTLAENTBIVUIA 0.45 pm

A 4

Wi unszaunsasluinAnsaniusadlag

THA304 spectrophotometer NANNBIAAY 480 Nnm

\ 4

Wamsuial 90 Wil LAuldied1slUinA1 COD wasAAMUTLE

PINUUYINNITNARDINEN1ITNLDY 2,3,4,5 6,7 kay 8

UM 3.7 MsfAnwnavesaniziiiey
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3.4  N1SANYINAVBINITEENTEUAUNIS I lu-wuauTun1sANIndvasu i aNa v iy

SRGERE ]
3.4.1 NISANWINAYEIAINDVRIAAUDANTILYNATUNISNIANF VB LHBIIATUDY
Audaaszi

Tunsanwnaveseuavesnausansladasonssurumsislu-ududuas
Wn15AnwlngazuUsiunI N v0ana ufi 20 kHz, 28 kHz way 40 kHz Inedlsiuazison
Msneapasisl

ansazarsluauegiuduaszrusung 1 L ldludninesauwin 2 L YSuen
fewdu 7 mntuiiivasazarewmdniosalosouiinanududud 0.005 molL waziiy
arsavarglalasioudeseanladinnududy 0.188 mol/L 9nBuniuLi onaansLad
Freuraimdnniuansiinnusaseu 150 rpm uiian 1wl wardnendusansileda
Arndaliin 100 Tad Tagvinnnsdneaduduna 5 undl wasvgatgadu 5 udt (pulse
mode) aduiiu Ingldndudansilefafimnud 20 kHz Feinsfuiiegne 10 mL dannses
FIBNTEAENTRIIUIN 0.45 um fmﬂﬁ?uﬁwﬁ’auﬁmumzmwmaﬂﬂi’@mmi@@ﬂﬁuuaﬂmﬂ%
\A3 84 spectrophotometer iA11u813AA Y 480 nm lagldszeziianlunisfinen 90 wnd
densuanfuiifeddluadn COD #a838uuu Close Reflux wavAdlnesnddaeis
ADMI Method 9101 uviinnsnaaeslagldnd usansledafiaaiud 20, 28 way 40 kHz
uamafaguil 3.8



a2

PJransazanglanussiudunsizilsungs 1 L laludnmnesouin 2 L
YSuiiey Wy 7 anntuiuaisazanswdninesalessuainududui 0.005 mol/L

wavasaranglalnsiauaseanlanainuduty 0.188 mol/L

A 4

= < & = & ' A [y a
NIUNENNAULIITOU 150 rpm Wuszegian 1w antuldngaaudansilela

finud 20 kHz fir&slalih 100 a6 wuu pulse mode

'

Tngyimsiiumedns 10 mL dansesenIzn1ensesuin 0.45 um
dniunszaunsasluinAMIganiuadlagliinias spectrophotometer

PANUYIAAY 480 nm

|

Wansuan 90 wil LAvLfeg1elUine COD wazAaNuLTLE

PMNUUTNINAaadnglEPaNsan I lalaNANLD 28 way 40 kHz

JUN 3.8 Nsfnwmavesnudresrduganslelialuiidowaiussiudunsey
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3.5 N1SANEINANTEUAUNS LY TU-LNUAUTUNISNID AR VBIUILE 8RS 991NNISHAR

BNIUDA
3.5.1 NISANEINAVBIAINNAVIIAAUDANSIYUATIUNITNIAAFVIIUNFYS9
ANNISNANLDNIUDA

TunsAnwnavesaudvesnausansladasensyurumsislu-wuduluih
Aoasaiuasyinnsinuilaeazuysiuanuiveand uil 20 kHz, 28 kHz wag 40 kHz 1ned
SNwazBEAnITInaBIRI

Yindeeseiiflanudud 5000 ADMI Usinas 1000 mL ldludninesauin
2000 mL Y§uArienidu 7 anduifivaisazanomd ninedalosoudinnuidudud
0.01 moUL uasiinansazanelslasauadoenlesiianududy 0.375 mol/L aanduniu
enauasiAdsourswimanniuasfinugaseu 150 rom Wuan 1 uadl andudie
rausansladaimdsludia 100 ¥ad lagyinisdieadudunan 5 uii wazngadgaiy
517l (pulse mode) aduiiu Tneldpdudansilafiafinnnud 20 kHz Fanisifiuiaegig
10 mL 1uNseeRIensEAEnssuuIn 0.45 um ntuiiduiiiiunseaensedldinana
873 ADMI Teldszazinalunsdne 90 udl Wersunanfuidedslutaa cop, Ts,
TSS uay TDS Intiurhmsveaedlnglirdudansilafiafinud 28 uay 40 kHz wansdfsguil 3.9

P1unde959LALINE 5000 ADMI Ususs 1000 mL Taludninesvunn 2,000 mL
Ysuiitay W 7 huansazaewmanmesalonaunnududuin 0.01 mol/L

warasazanglalnsauileseanlanainuiduty 0.375 mol/L

l

~ & & ~ g g
AFUNEANNAIULIITOU 150 rom Wuszesan 1 419 nUUNNUY

erausanslgdanaud 20 kHz Anadlviia 100 394 LUy pulse mode

'

198y US89 10 mL 1111N589918n5EANYNTBIVUIN 0.45 um

PIAIUNNIUNTEA1ENTBIUIRAEA8LASDIINE lWnIg ADMI

daasusian 90 wi ivindiegneldinan COD, TS, TSS wag TDS a1niuinnis

NaandlngldndudanstleiaNANud 28 way 40 kHz

JUN 3.9 Mfinwmavesnszuunslalu-mudulagldundsass



aq

352  A15ANEINAYDIEN1IZ TR 28nsTUINNsTYTu-wuRufiAaMuE 40 kHz

Tunsmdndvsstindesseannsudaeniuea

TuNSANINATDIENIE ey fonsyuiunislelu-uduiinaud 40 kHz
Turdeasafuasiinisdnulneazudsduan1iz fMew §i pH 3 pH 6 way pH 7 Tnedl
SNwazBEAnITIRaBIRI

Ynideeseiiienudud 5,000 ADMI Usinns 1,000 mL ldlutnnesuunn
2,000 mL Tnglunisnaassiiazldmnuivespdusansilaiad 40 kHz fiidaliia 100 Sad
wazUSuiterwesindedy 3 mnduiivaisasaramanmesalossuiinnududuil 0.01
moU/L wazlelasiaulodosnlasininududy 0.375 mol/L antuniuliiewayasiaiaae
WWIWENNINANSTIAIEI5U 150 rom Wuan 1 undl Mniugrerdusansledalagin
mMsseedudung 5 Wil uazmgadtena 5 Uil (pulse mode) aduiu dahnsifufioeis
10 mL ¥1971n589938ATEANENTDIVUIN 0.45 um ntuthaufiniunseaensesluiana
§1633 ADMI Tneldsvavinailunising 90 uiit demsunanfuinghegislusadn cop, T,
TSS way TDS 9ntuvnsvaassinansnadilneusudn ey vesindadu fitew 6 uay 7
MUAIFU wanafagu 3.10

1 nFeasaninnutud 5,000 ADMI USues 1,000 mL laludnnasuunm 2,000 mL
Usu Mev Wu 3 Wnaisazarewmanmasalessuanuudu 0.01 mol/Luazalsazans

lalasautlaseanlanmnuiduduy 0.375 mol/L

A 4

P < < ~ g &
AFUNFUNAIMULIATBU 150 rom Wusyeziian 1 Ui 3nUUINNUU

eaausansleiafinug 40 kHz Anasivi 100 36 Wuu pulse mode

!

IngyinnsNUAiegne 10 mL 1131ns89miensEA1wnIesua 0.45 um

PraIuNHIUNTEAENsadlUInA@neLAsaeindlunile ADMI

A 4

dlensuan 90 uil ueddluTadn COD, TS, TSS uay TDS

) ‘:l' a
ANUUNINIINAADINFN1ILWLDY 6 e 7

JUN 3.10 Msfnuravesanziitessiensyuiunsiglu-inuiunad 40 kHzlgltindeas
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353 N15ANWINAYDY Fenton reagents Aa8nszulun1sialu-nudufiniud

40 kHz Tunsmdndusstindeaseannisudneniuea

Tun1sfnwInaves Fenton reagents Manszulunistalu-iudud aanud
40 kHz luthideassuasyinmsanelagavudsiunnududureundniesalosoud 0.005
war 0.01 mol/L wasudsiuamudutuvaslalasiaulesoonlesii 0.1, 0.2 Waz0.375 mol/L
Tnefiseasidonnisvaassdsl

YA sa3 R AET 5,000 ADMI Usu1es 1,000 mL ldludninedauin
2,000 mL Yduaditendu 6 Tnslunsnnassiazldmnuivesnausansiledaii 40 kHz. 7
Adalaiila 100 Y06 §dlunismeassazynisfinernudutuvesaisazatomaninesa
Tosaufiarududuil 0.005 waz0.01 molL Tneldaududuradlalasiauleosoanles
AT 0.375 mol/L 91ntumuiionauansiadifiouisusimdnniuansiianuga
79U 150 rpm Wunan 1 w1 LLﬂxdﬂ&ﬂ%é’Wﬁﬂ%ﬁﬂI@aﬁwmsaﬁwmé‘lulﬂunm 599 uay
mmmaﬂau 5 U1 (pulse mode) aaUﬂu §avinisfiudaegng 10 mL dhuinseadae
N5EA¥NTOIUIA 0.45 pm NS uIEILTiiIunsEansaslUTnAdRa835 ADMI Tneld
szoznalunsinen 90 unit easuiafutfeddlusaen COD, TS, TSS wag TDS
ndurinimeasssanansnassineldmnududuvesasazaismdninledalensunsi
fAdudud 0.01 mol/L wazlduusiad supanududuveslalasiaudesoonled
fAnududu 0.1, 0.2 Wa¥0.375 mol/L LLaméﬁ’quﬁ 3.11
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Pdeasenisianudud 5000 ADMI Usinas 1000 mL laludnmnesaun 2000 mL

USuiiey Wu 6 Wwuansazatewmanmesalossu wazarsazaglalasiaulaseanlas

\ 4

NIUKENTIAIEITEU 150 rpm Wuszeziaan 1 udl

NnUuIEAaUsansleinfinud 40 kHz nasivii 100 10 wuu pulse mode

!

ImgyinnsnuAIeg1e 10 mL ¥1d1n589938n5EAI¥NTRIUIA 0.45 um

PaIUNKIUNTEAENTBILlUIRAEA8LATBInE lLe ADMI

\ 4

dlensuian 90 uni uegsluIadn COD, TS, TSS uay TDS

JUN 3.11 M3AnyNaves Fenton reagents sianszuiun1slalu-inudunaiug 40 kHz
Ingldundeas

3.5.4 NISANYINAVDIANEAZNITINYARUDANINYUAIUNITNIANTVRIUNFLDIS
a b o/ d' z:l'
AINNISHANBNIUBANYNTZUIUNS LY IU-NUAUTIAIND 40 kHz
TunsAnwINaveIaNEUENISINYAAUTANSIINARDNTEUIUNIT I I U-tNURY
r-:l' r-:l' 961 a a :j o = C% % 1 -d' %
NA1UD 40 kHz Tud L E89590UILINNSAN Y AL LU THU A NWULUDINITINYAFULUUATU
(pulse mode) LazLUUAN (constant mode)laeiisiazidunn1svnasdnil
PJ1UNFeaSai dand9 5,000 ADMI USa195 1,000 mL laludninasvune
2,000 mL Usue1iewstdu 6 andutfuansazaistvaninesalosauiainuid udun
0.01 mol/L wagtinaisazarelalnsiautuasaanlani mnuslutu 0.375 mol/L a1niuniu
I ONENETTLAN A ELYINMAUANNIUE1SAA3L5250U 150 rpm tuwaan 1 undl uazane
a (Y] a Ao w [ I3 ) 1 o [~ al 1 &
paudanstadaniadniln 100 T06 lagvinsanerduduiat 5 il wasngndngaiu
5 1l (pulse mode) aduiu lngldnaudansloiafianud 40 kHz Fevinisiiudaegng
10 mL 4101N599A78ATEA19ATIUUIA 0.45 pm nduIdIunRIUnsEaensesluInad
s835 ADMI Tagldszazinanlunis@ned 90 ui Weasunatiuinsegialuiaal COD, TS,
TSS way TDS 3nUurinn1snaasslasldndudansleidanmIud 40 kHz F9318AaUAID
(Constant mode) naaAszezlIa 90 W LanRagUR 3.12



a7

11U Fga3aNTANLLNE 5,000 ADMI Usums 1,000 mL laludnmnesauin 2,000 mL
Usu Mev Wu 6 Wuaisazarewmanmesalessuanudutudl 0.01 mol/L was

arsavarslalasiauasoantunauduty 0.375 mol/L

A 4

NUNELTIAMLLE58U 150 rpm WWusyezian 1 il

PNUUeAaUsansledafinud 40 kHz Anasivin 100 06 wWuU pulse mode

l

TngyinsHusiegne 10 mL 1u1nsesienseA1¥nseua 0.45 um

P1AIUNHIUNTEAENTBILUInANER8LATBIInE lWTIe ADMI

!

dleasuan 90 und iutfegsluTaAl COD, TS, TSS way TDS

NUUTIINTNARBILALINYAAULUUAIN (Constant mode)

JUN 3.12 MsAnwNavesaneznsIngaausenseuIunslelu-tudiunaud 40 kHz

ERIGDRIE RN
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355 nsAnwnavesrnududvestindelnenszurunislalu-nuiuiinaud

40 kHz Tunsmdndvsstindesseannsudneniuea

TumsAnwnavesnududesindosensyurunislelu-iuiuiiniud
40 kHz TutiideassiuagyinisdneilaeazuusdumnududS ududl 500, 1,500, 2,500,
3,500 uay 5,000 ADMI Tnefisneaziennisnnasasiol

Y FeaSeafinAdT 500 ADMI Usunms 1,000 mL ldludninesauin 2,000
mlL Ysuafitendu 6 nduivansavarsmaniedalossufinnududui 0.01 molL
Laviduansazatelalasiauileseanladinaruidudy 0375 molL annduniu
Wi onauasAfl R s sl md nnauansiiauEasou 150 rom wunan 1 wad antu
Pepdusansiladaiimdslidin 100 Tad lagyinnsseaauduna 5 ui uasvgasnenau
51l (pulse mode) aduiiu Ineldpdudansiafafinnnud 40 kHz Funsifiuiiegng
10 mL ¥111n999718N5EAI¥NTBIYUIA 0.45 um MntuEuREunsEaensedll g
#1038 ADMI Tneldszazatlunsine 90 undt dieasunaiuindednsldsas cop, Ts,
TSS waw TDS antuvnnisnaasdaglddndefifla@idudud 1500, 2500, 3500 uaz 5000
ADMI uansstaguil 3.13



a9

1111 Fga390TAnuud 500 ADMI USums 1,000 mL laludnnasuunm 2,000 mL
Usuiitew Wu 6 Wnaisazatewmanesalosaunnududuil 0.01 mol/L way

a1sazarelalasiaulaseantonauduty 0.375 mol/L

A 4

NUNALTIAUL5I58U 150 rpm uszezian 1 Wil

PnUueAaUsansleiafinud 40 kHz Anasiui 100 398 wuu pulse mode

l

Tagvinisiiusaedns 10 mL 1u1nsesmensya1enIasuunn 0.45 um

ParuflIuNszaensadlUinAdmeInsesingluniie ADMI

\4

1%
< o w ]

dlensuinan 90 wni uieghsluTaa COD, TS, TSS wag TDS

I

INUUYINNTNAaBILALlTUNFLNTANESUAUN 1500, 2,500, 3,500 waz 5,000 ADMI

JUN 3.13 M3sAnwINATaeAUdaEsHAuTasdIdsianszuIunslalu-inuRunaud
40 kHz aglthindease

36  mylwsesiszansamlunsidadveninde

Tunnasuaududvesindedieind ssiadlumios ADMIu ADMI model UVAVIS
spectrophotometer, with a 1.8 nm spectral bandwidth (Spec-troquant® Prove 600, Merck
KGaA, Darmstadt Germany) LATLAS By spectrophotometer iq' W UV-Vis Spectrophotometer,
PG Instrumentsifupdosdiofldlunmansiaiausnameuas uazemduaslurissedyiouds
Pauasem MiAnanTsnIEaEIL MIdesku uagmsazieuveiosng laeflusazenue
AaunaentanTInasilanuduius fusludsUsuna wavaiinvesans tnglunisvaaedls
wisnansaranewanuesAufinadudy 10 9 15,000 fadniudedns Weomanueadui
WA wavadunTmaesg Ssandutheududvesindervussansnmnatiag
Faaun1si 3.1
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a a CO - Ct
Usgansnw (Efficiency) = —x100 (3.1)

Co AD ANMUINFVDIULFSUAY
C: A ANUINATDIUNESUAINTITUIUR 2 13875199

3.7  msanealga1elunisnandnaenssuIunsiuAULasnsZUUNS L Tu-lWUAY

Tuadsedazfunisanualddelumsiiussuudnsunsisndvoninde 939
Fenszurumsiuiy waglelu-nszurumsiu Tngasfinnsanaindadesine sl dansied
Pdlunszuaunisiiudy Aranseiifldlunisusvanimarudunsa-as wazailudiy
MANSAusEUY Tasavihan1ieii TUseans amaefigrandnildane Tagagfiansan

ShwazBendel
3.7.1  algarganmsldnszuaunissuaulunisndng
1) wanmesadaa
2) lalsiaudosoanlan 30%
3) a15U5u ey (nsadaiiasn vse laiReulansanlen)
3.7.2  algangannisitnszuaunisigluuaulunisining
1) wanesadaLnea
2 lalsiauasoanlan 30%

)
3) a15Usu Mav (nseganasn vise lanuulansanlen)
) AlnAdnsunIsIeRaudans el



unil 4
NaN1sANEILAZN1SBAUNYNAaNISANEN

N5ANEIUSEANS AINNISANTAGURIULEBIINNSHAALNIUAIINAINLIATA
faendusansleda Saufunszurunslusiy §efnudetadedidananauszansan
Tumsidndvosinge Tnsanunsauusls 2 dauvdng feil dail 1 Jededidmanisnisindnd
Tuddswauesiuduaseyt ldun aududuveslalnsiudeseonlas anududumdn
wodalosau anzfies wazauivesndusansilefln diwd 2 Jedefidwanissnd
Tudideassainnswanenieua laud auivesnaudansiluda sasidiuvesans Fenton
reagents @nnziloy dnvarmsitvrausansiledn waraudidvesindSudy s
AnldanglunsiiussuuindndvesiidelnefisiasiBonnanisinu daolui

4.1  d7ui 1 JadeNdanasnian1sniana U aeualuss AUaLASIZ
Tun1s@nurdlavinnisAnulaeldulds UldsiuaiussdudwasIehd 4991015

14
A

é’qmswﬁﬁg’]L%&Jﬁwmiﬂizﬂamqha Tnadu waglaiosluauoiun wuinddeiidiiaa
a1 fagu 4.18adidnElute 20,000-25,000 ADMI COD aglutiag 23,000-28,000 me/L ua
Moy 6-7 adnuwazvedsdaunsziiladalndidssiunuiseves (Kotsiopoulou,
Liakos, & Lazaridis, 2016) Fsduaziindeaussiudsarsuszneu nglea Inadu way
Toeulupisusiun Sl COD wifu 25, 500 me/L Tnglumsanunilainindeduasg
Fanamuvinisidendliiiand 5,000 ADMI dieldlunisAnuitadesieg fauanwiely Felu
nsAneInsisedvetndedisasazaremdnmlosalessuiisegafsifinnududu
0.005 moU/L ffuiluszansawlunsidnadiaun Gewas 11) ilefieusunisidadiagld
a15lalasauileseanles it 1afienfiAnandudu 0.375 mol/L wu31uszansnm
Tumsidaainiududosay 33 luvaeiidleldnsyuunmsmusulumsidnaduiiuszans am
wifu¥ea 38 faguil 4.2
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JUN 4.1 dnwasindemanuesiudunsien

90 - - &-- Only ferrous ion (0.005 mol/L)

(e}
(=]
|

---@--- Only hydrogen peroxide (0.375 mol/L)

—a—— Fenton process

-
(=}
|

60

50

40

Color removal efficiency (%)

30

20

10

0 10 20 30 40 50 60 70 80 90 100
Time (minutes)

d' o ! o v A g =) a (% 6
E“U‘VI 4.2 NAYRINTTUIUNTAUAUADNITNIAFVBIULFLLUATUD YA UAWLATIEH

4.1.1 wan1sAnwANududuveslalasiaudaseanlanflrenssuiunisinudu
dansidadluindemaiussiudansizi
mMsAnmsmdadvesidowaesiudunszilaeldindswauesiu

Fuaszifinnududisudulszann 5,000 ADMI Tngvhnismeassludninesaun 2,000 mL
THUSnasindswauesfudaunsieyt 1,000 mL laglun1sfinuyanismanasenisindndnie
nszuaumslusuldtvuan it ureundninesalossuiildfe 0.05 mol/L wazaniiy
Moy vosndswiiy 3 Fsmnududuvesansialasiauledosnlusidnuazudsiy K
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0.06, 0.125, 0.25, 0.375, 0.5 wag 0.75 mol/L Inefiszaziiavesmaiiaufizend 90 und
TINANIANYINARIRIFUT 4.3

100

90

80

50

40

30

Color removal efficiency (%)

10

0 T T T T T T

0.06 0.125 0.25 0.375 0.5 0.75
Concentration of hydrogen peroxide (mol/l)

E‘U 7 4.3 navesanututuveslalasiaudosoanlonnignssuiun s umy
mamsmwa%amLaﬂLmaﬂuaaﬁummew

magﬂﬁ 4.3 wuideldnszuunsmudulunsidndvesiiduwaussiu
Fuasigiidu fussavsamlunisiidndludnds waiuesiuduaseiogdisiosay 38-97
Tnefinnududuveslelasiauesoanlend 0.06, 0.125 uas 0.25 fiuszansnmlunsiidnd
ﬁuaqﬁ%ﬁmﬁmﬁuaaﬁﬂ%ﬂ ($puay 38, $98ay 49 wazsouay 51 AUEIRU) el oy
Anudutuvadlalaseuiaseantamdy 0.375, 0.5 kag 0.75 mol/L wuinuseansainlu
mdadiiugad uninninfosay 90 tnefiusedns nwlunisidndqeqaiifosas 97
Arnududuvesislasiauedeanladil 0.5 uay 0.75 mol/L iilesn1nmisiinufazen
szuiamdnuiesalessurulslnsiauesoonledavanunsandnoyyadase OHe fsaunnsd
2.2 Tnveuyadase OH- MiAnduazeandladiuauesfu (a15Usznaudunis) vilv
Arrnudualudidefidianas daaunisi 2.14 Taodlofuanududuresanslelasiau-
Weseonleslunszurunisiiuduazdsnaliuszans amlunisisad i vundy
1 es9rnanududuveslalasiauedeonlud i ud ussauisondn OHe IuInu
ImsﬂumsmmﬂgﬂisnLWumuuuamwmumaqms Fenton reagent (8M31@1UIZWI19
Fe?*:H,0,) uummamamsm@auuaaai%uﬂgmmsm vasnanaUssdnsnmlunismdnd
Imaiumsmmﬂgﬂimuumawamﬂmumaq Fe?t mamsmmﬂgﬂimmqwamwmu 1:10-50
WiofiagnszulmAnUAsewarlinansusinufideants (sunga wsvames, 2552) lned
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AT H,0, 7 0.375 Juildnsaiuwes Fe?:H,0, Wiy 1:7.5 Gsaenadadiiu
ATEYes (U1a 92dKN, LedN 130935080, & waraum laTugdAs, 2555) Fanuin
UFATewluRutuIsAnedsmnsauiednsdiuves Fe?:H,0, Wiy 1:5 qufsasdau
1:10 Tuvaiiiloldanslalasiauledeonladifissogaisafvszans anlunisidnd
Uszanudosay 33 Tasdiendimdesy 3330 ADMI Fedveaindedaidinaity wesn
AuEunsaluniseendladanssunisuesanslalasiauosoanles (E%= 1.763 V) tuil
ANaInsateenitAuaINnsaluniseandladansdunidveteyyadass OHs (%= 2.8 V)
wiluwaizieafumnlunszuarunsuiudutiui amnududuveslelasaudedoonladfiunn
Aulvagdamanonuunisuida (Raji, Mirbagheri, Ye, & Dutta, 2021) faiugaldvinnns
Fadonanuiduveslalasauodoonlasii 0.375 mol/L dmdunsanwadsiely
4.1.2 wWan1sAnwIAMUTuTuvaunaniiasalasaufenszulunIsuUAY

dansisndluindewarvesiudaunsisi

nsanedaseanududureundnlesalessulunisisndveinde
e udATzAN A uEiSudulszaia 5,000 ADMI Tnevhnisneaesludnnes
au1m 2,000 mL 1FUsumsidsmatussiudauasiey 1,000 mL Inslun1sdnun
YANIINARDINTATAF 18nszvIuMsNudAUld Mvuaaudutuvesasialasiau-
Wodoonlad@ldAe 0.375 mol/L wazanmeiiey vesidswindy 3 F99gyinsAnyinaes
muduturesndniledaleseu il 0.00075, 0.005, 0.01, 0.025, 0.05 waz 0.075 mol/L
%amamaﬁnmuamﬁqgﬂﬁ 4.4

100

80

70

60

50 A

40 A

Color removal efficiency (%)

0 T T T T T T

0.00075 0.005 0.01 0.025 0.05 0.075
Concentration of ferrous sulfate (mol/I)

U7 4.4 navespnudutuvesanwlesalessumenssuiunsiiudu
Aon1sMAndAvasduaueeAuduATIEN
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13U 4.4 nudsgdnsainlunsmdadludidewauesiudauasey
Frenszurunsududusansliidiuinidsmududuresedalessufiviuain 0.00075
Hu 0.01 mol/L dewaluszansnmlunismendludidodunsiesiiiudu Tnoi
anududumaniedalessuy 0.00075 mol/L fuszansamindudesas 86 fimnududu
wanwledalosoudt 0.005 mol/L Usvansamiiudududesay 93 laefinnnududu
yoamdninesalessudl 0.01 mol/L fiuszdnsamlunsidndiesar 97 dadArgeqn
Tunsvnaes witlernududureandnedalessuiniundunuindseavsamlunisida
aflAnansas Tnefimududuresndnmlesalossudi 0.025 mol/L Uszansnmanasnde
favaz 94 Adudu 0.05 mol/L Uszansnmanaswiedeas 80 uazfimnududy
0.075 mol/L Uszdndananasvdesosas 74 §adusz@nSamefiaaidny lnoi
anudutwurd nilesaloseudl 0.01 mol/L fimuaiusalunisanadiniesgvindu
140 ADMI Turvauziiiloldindnuesalessuiipsetaiorduiiuseavisnmlunisidndfides
av 11 §aiednliauisamdidvesindedunsiziwaiuosiuld 1l eiousunisld
nszuunsudUlumsidad wazminlunssurumswuiuiuivsnamsneSalesaui
maLﬁulﬂawa'qwaiﬁmﬁﬂLWa%Jaiaaauﬁwﬂﬁﬁ%mﬁ’uawaﬁaﬁz OHs (Lucas & Peres, 2006)
FaEunsT 4.1 Fsdmasioruaunsaluniseondladanssunidluings (wauesiu) ve9
oyyadasy OHs viliUszAvSnimsas (Li et al, 2009) fuiulunsfinwduseluadents
audutuveamdnedaloosud 0.01 mol/L TunsAnundusioly

OH « + Fe”" — Fe** + HO- (4.1)

v A

4.1.3 WANISANYIFNIISNLBYVIULALAYNTLUIUNISINUAUADNITAIINE
Tuddeuarussiudansizi
ASANEIUTEENIIENLOVUBIUNA ULUATUBYA UAILASIEA IUNISATANE

YIUNAULUANUD YA UAILASITRALAULT LA LS UAUUSZU 5000 ADMI F9hUNISANEN
1A AP UAANUTUTUVDIE5 b FLASAULUDS DN teA N LGAD 0.375 mol/L wazANududy

I3 [ = P ) = =l [ ‘:24’

Yaamaniesalonauda 0.01 mol/L F9lunN15NAanIaEyinnISANYINAYIEN1IL ALY HIU
~ P ~ ~ ~ ~ P ¢ ] P
WLDY 3 WL 4 WLRY 5 WLaY 6 NLDY 7 LaZWLaY 8 mmammﬂw’nmmmgﬂm a5
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100

90

Color removal efficiency (%)

85

80 T T T T T

a = i o v o Y A a o ¢
EU‘W 4.5 NaYDIFNIENLRYMNDNITAIVAFVDIUNAULUANUDYAUAILATIE]

mﬂgﬂﬁ 4.5 lugruvesmsAnuiadeannyievvesindss udy wuin
UszansamlunisidndananioannefevSuduresiniivunniy Inefians ey 3
ansandedlaaean (Sevay 94) 5990UA Moy 4 uay Wiley 5 duseansanwindude
Yoz 93 Sesawfe e 6 (Zoves 92) uwiloany fitey Wudwdu Moy 7 uay fitew 8
ndunuIUsEANS Annsidaalutdeanasausinindesar 90 (UssAnsnmnisindea
Tudidewiiu 89 uag 86 AuaFy) Fedanadssiuauiseves (Ertugay & Acar, 2017)
fiFnwIn1sianavesddon DB71 Menszurumsuiudwanisinwuanslidiuiianig
Fneaulunsiidnd fe ansfitews Faiuseansnmnisiianfifosas 94 Ssanmsey
Fuiisnsnaneaiuaisalunisesndinduarswaiussfuluide §san1e feviy
duwalaemswiogUrasasasaremaniutjiten Taslunszurumsmuduiudeaniandn
wesalooau (Fe?) Lﬁuawsﬁy’ﬂﬁuﬁlumﬂﬁﬂﬂﬁﬁ%mé’w’qamms 2.2 FevnninmauAeuulasay
dutuveandniesaleseusrdmariesnininineyyadass OHe Jeaxildvdnasiousyans
nsmeadlusnde (Bouasla, Samar, & IsmaiL 2010) 1N91UTYV89 (Maezono,
Tokumura, Sekine, & Kawase, 2011) wm'mam';v pH 3 Tuivsinaumududuves «OH
lmanﬂmamiuma 50 Wi LLavwmmﬂuummmemvamaq way Lummﬂiumimmauma
ddsy «OH uummmﬂﬂgﬂimi w3ie Fe?* uag H,0, Jeflaniig pH Mdunsaduazny
wianlugUves Fe?" (Pogliani, Ameta, & Haghi, 2020)
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M31 4.1 A1ANULNENIERRENAIINYTIUGNTM 90 Wl Aan1dziiesingg

anazieviEudy | anizievdulfisen anududivideay (ADMI)
3 2.64 283.83
4 2.98 343.17
5 2.98 371.17
6 2.96 3ra.17
7 3.12 518.17
8 3.01 715.67

defansandemimnududiimdoogvdsainiaan 90 undt anes1edt 4.1
WUITian1az Mev 3 @au1saanA@an 5,000 ADMI auwnde 283 ADMI Fsfidrsninnaei
wasgiuthii Tusaieflannigiios 4-6 fieuanunsolumsandiiveadlvisindt 400 ADMI
uAATmAeeg dliriunasi Wudeaduiuiiang fev7 Jeaansnanardasaumie
518 ADMI a&mlsﬁmmamﬂmimaaﬂﬂfl,ﬁaéjuqmwmmﬂﬁﬁ%m 90 W WuIANEN
erresindsanasodluaniiznin Inedaftoveglutag 2-3 udainmsdaaseiudema
weAunuIflAmangieveyluyianaid (pH 6-7) wavanuanisanwiussdnianlung
Mdndveindsiianiieiies 7 fusvansamussanadosas 90 duulunisinuniadld
Bonl¥annzfitey 7 lunsanundusiely

4.1.4 wamsAneINsANSaERenszUrunsTalu-wusuludndewatuesiu

GEIGEREY

MsAnwnsideavesinde waiussfudunssilagldnssurunsinuiy
Sufundusansileiin wieMiSnin nszurunslalu-udy (sono-Fenton) Jadnwlngld
vudswaiuesfudunasendifianududis ududsrania 5000 ADMI Inglunisnaass
vnsnaassludninesauin 2,000 mL 19USunstdsdaunsneyt 1,000 mL fvun
audutuvesasislasiaueseanlenfildfe 0.1875 mol/L mutuduresndniesa
lovoufte 0.005 molL uaranmzfierrenindewintu 7 lnsfsernamesnsinufazen
7 90 Wl FeazRnwmavesnudvesrausansleiarenszuiunstalu-musiy Tnsasfnw
Wavun 3 AUALELA 20 kHz 28 kHz way 40 kHz Afndslii 100 Yadfvindu Tnednuay
YoPAUT T892 18R ULUUIMNAESU (Pulse mode) F9azvinissnendu 5 uft aduiu
lsis1eadu 5 Uil JuAsURANUFFE1 FamanisAnwuansssui 4.6
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100
-
90 A - o
I a . -
80 L e e -
ST et
~ T T e T T e
S L R
,§ 60 - /,I"_.
D50 o I,-’
= P/t
240 - B Fenton
=] &
= 3 4 02 e sono-Fenton 20 kHz.
E 3
8 20 4 0 e sono-Fenton 28 kHz.
10 sono-Fenton 40 kHz.
O T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Time (minutes)

a A LY a ! o w A ioj ) a o/ 6
E“LJ‘V] 4.6 #avIAAUDARIIERARBNITANINEVDIULELLUA T UDYAUFLATIEN

31n3U7N 4.6 TudriureanisandnlignszuiunsuiuLiieeed1uAgInu I
Usgdninmlunismdndainge nedussaniamlunismindsoesas 80 waziilodune
aNEAENINNENINYRNLEsIAWREAUTBATIEIa BT B AU ATe UL Eu IR
fnduena Fellanududvaesyl 840 ADMI f9an5197 4.2 uaziileldadudansiludle
FAUAUNTEUIUNSINUAUNUIN UsEanSanluni1snanaduasdhads llaiuasfuduasieity
FUSLANS A LT U 1 9991nAA WD ARSI LU R AL UAINITLS IN1SWANAIVRILaLlATLIU-
Weseanlusiieasnsouyalansenda (OH.) (Basturk & Karatas, 2014) Asaunisi 4.2 lag
ot 20 Wiiksnvean1siAnUfAsemuIUszaninmlundnduesis 3 audtu
a v ) v = o | ) 1 a a o o o
JalndAgeny (Soway 52-59) 4 wilavatulundunuinuszans anwlunisnang
YBINTLUIUNIT I LU NUAUN AU 20 kHZ Juudldune1nINAAud 28 way 40 kHz
WeoAuanszuziaInsial)isen denszuiunisialu-ndunainug 20 28 uag 40 kHz &
Use@nSn1nlun1snandnsesay 86.06 91.85 way 94.51 AIUA1IAU WATAINNAITINN 4.2 11D
fFunadnwauzvonindsvaulnseimuin ddndeldiinaiisouaninindasuau
AU NAYNNIUNTEUIUN TN UAUN DS 1AL ILATIAILFNIUNINNTLUIUNT b Lu-b W LR Y
dl dl dj 1 dd‘ = L% 1 1 96’ le 1 U %
#1108 28 wag 40 kHz FeAdTmdoog FansgendtAuInsgIuifng wilumenduiu
UsganSnnlun1snanavasddsannnseuIunIsalu-tludunaAun 28 way 40 kHz Tudl
AlnalAgaiuAe Sauay 91.85 warsosay 94.51 ANUAIRU LAUANYALYDIAVDIU LA TINIY
Ufsesainantunuindndeiidnesninuduvaes Ineninssuiunsinudunaud 40 kHz
AL aa oA Y ~ a1 A | ¢ Y & Ao YA
fpdnmaesgvindu 366.73 ADMI Badlarfiunnninnueiuinsgiuuiifaimvualiang
999U AgNNIUNsUIIARAealuAY 300 ADMI TuvueAnszuiunsalu-tNuAURAIIUD
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28 kHz Huflendvesindomdeayd 247 ADMIFsinniunasiuiasgiu delunisiia
DULADEATY OHs ﬁ?mﬁmmﬂﬂsfmgmﬁaiﬂﬁm%’u (cavitation phenomenon) AnINN15aE
adusansledadnlUluvearal (Ammar, 2016) §9A1UA VeIAE UL U AR DANTLAR
Usingmsaimindu uazdsdamasoniaiineyyadasy OH. TuufAzerdnse (Mason,
Cobley, Graves, & Morgan, 2011; Pokhrel, Vabbina, & Pala, 2016)

H,O, + Ultrasonic wave —> OHs + He (4.2)

a

a o Y a o ¢ ' Y aa a W ° aaa
M13199 4.2 SnyagroIdndedunsied azAAuludniniosynasanvinuisen
90 W VBINTTUIUNSENUAULAL LG LU WA UNAMUD 20 28 way 40 kHz

I% Y- s 24 T

\ =

g

¥ ?{ ﬁ ¢ AITUIUNIT AITUIUNIT AITUIUNIT
UNFYAILAINE W AITUIUNIT o o o
. Y Talu-nugu Taslu-tnugu Tl u-tnusiu
LSUAY LNUEIU
20 kHz 28 kHz 40 kHz
ALETIMAD 861 ADMI 627.42 ADMI 247 ADMI 366.73 ADMI

4.2  dquf 2 Jasndananan1snang luULag25991NN1SHANLINIUDE
4.2.1 WANISANWINISNIANTNLNTZUIUNT IS TU-LNUAY
MsANEINISANIREYeNEssdleeltnsruIumMBuAus A UPAUSans ol

'
a 1

PI0MIUNIN NSTUIUNITILU-LUFAY (sono-Fenton) sdnwilagldddsasanianuud

a v

BuAudszana 5,000 ADMI Taglunisnaassianisneasaludninesyuia 2,000 mL
THUSu1nsuasa3e 1,000 mL wazlun1sdnwldmuunainududurosaislelnsiou-
Woesesnleafildae 0.375 mol/L Amududuresndniesalosauds 0.01 mol/L way
anmziievenindenhiu 7 lneflszornaivesnsiniisend 90 unit Fusfnumaves
AuBveInd usans Tadasonsyurumslalu-tiusy Tnoasdnwnioun 3 mnudlaun
20 kHz 28 kHz uag 40 kHz #ifdslui 100 Yadwit Tnodnvazvesnauiisnsazdienauy
wuulvunady Feasiinissneadu 5 uid adudulidieedu 5 unil auasunaFasen
%amamsﬁﬂmmmﬁqgﬂﬁ 4.7
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(e}
(=
1

~
(=)
1

(=)
(=)
1

W
(=
1

Color removal effciency (%

40 A ___I___J__,___.—-—;—f;’:f'» =5 T
/L I — Fenton

30 =~ L

B /I' L sono-Fenton 20 kHz.
20 s
o rES T sono-Fenton 28 kHz.

sono-Fenton 40 kHz.
0 T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Time (minute)

JUN 4.7 navesndudanslellamenszuiunisielu-iudusanisidndveniideats
NNTHENLONIUDA

n3U7 4.7 wudilumng 10 wiisneesnsinfisendunsmiianadusin
wansdenndrlunisiinfasen Ussansamlunismdaddienssuiunsiiuiuty
fanfuunnnianisiidnddenszuaumslalu-udu Weonunarufasend 15 und
Uszavsnmlumsidndiiinduegnedng wasdssavisnmmismsndienssutumslelu-musy

a

1 40 kHz fUszdAnSaInganianneg @013y il oaa1unsendn 90 urfl ndunuin

a

UsgAnSnnluni1snInavesldefnienssuIunISIUALTUN A T08NIINISNTEUIUNT I L U-

'
Y =

WWURY @
TnAAeIUNTEUIUNISIINUA LN 9D 19LAE7 FIA VNN USo8as 50.06 way Sovay 48.72

INUINIANUDVDIRAUDARSIIRATN 20 kHz TusiUszanSanlun1smindueauids

ANUAPU TUVUENAINNDVBIRAUN 28 hay 40 kHz Hudiussansnnlun1smanavasided
TnawPesanu Feadianniusseay 59.24 waysauay 62.69 fua1AU
v o ¢ ! \ ) Y oA & ' a a
bagAMUFgUNUTIENINNAT COD NUAINNLTNEN LR DDY bagUszansnn
N15A19" COD 1aonszu un1stlua uwaslolu-LWUA UM BNISAITAA UDIUILE 8939
IINMINEADNIUBAITALEAILAAITUN 4.8 Lafiarsandelseaninmlunisidnaled
' Y a ' = o w T av vy ~
PUI NTTUIUNISINUAULRB99E19LR 87@1U150N1TA AT LaR kA5 o8ay 40.90 Tuvmeh
Woldnszuiunsialu-mudu wuinusgansainlunismandlemuuiulduldlunadednu
lngduwildulunismindledlage@umuanud Nty lnennszuiunisielu-iudiy
7AiM 20 kHz HUszansnvindusesay 43.12 nszuiunsialu-tnuguinaug 28 kHz
AUsEANSNINAUSaY 59.09 kaznszuIUNSIElu-luduNAINUD 40 kHz JUssanSnn
Windusesay 63.63 Fakunluulunisimindwazadlenvesindsduilaluludaniameniy
(1fiagadn)
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6000 100
[EEE55] COD mg/L

[ ADMI remaining

------ COD removal efficency

|

1
o
(=)

5000

|

1
e}
(=]

~
S

4000

(o]
(=]

3000

W
[}
COD removal efficiency %

2000

1000

Concentration of COD (mg/L), Color (ADMI)

Initial Fenton sono-Fenton 20 sono-Fenton 28 sono-Fenton 40

wastewater kHz. kHz. kHz.

a

E‘U 4 8 AINAUNUSTEIN9AT COD ﬂUﬂ’J’WﬂJL*‘ZJlIﬁVlma@@EJ wazlszansninnisnnan COD
Iﬁ]EJﬂiw‘U’JUﬂ’liLWUWULLﬁuIGUIu—LWNGMG]aﬂ’]iﬂ’]ﬂ]@]ﬁ‘ﬂﬁ]ﬂﬂ’]LﬂEJﬁ]i\‘i"i]']ﬂﬂ’ﬁNﬁﬁ]Lamuaﬁ

NFUA 4.9 wansdemnudiussyvineBinaeaudsiudesgainnsidng
Y99 LE89399 NN SWANeMUBalagn UG uLay YL -udulud e sUT
yoaudaramuandaanaunssuaunsiudutaslslu-mudy wuiiuunltuanasdedieuiu
Usunawesudeiomma Taefinssusunslalu-miufuiinnud 40 kHz fusinamewdatmun
amaqqqﬁ'q@ wavilof9nsand Usunavewd swvivasetenun wuialunisiidaddae
a5y mumsLWuﬁ’uLﬁmadNLﬁmLLa“ﬂivmumiisﬂu wlusufi aud 20 kHz U3una
GUENLLS{NLLmuaawmmmeawumﬂu%amimu 665 mg/L 1w 895 me/L WAy 925 mg/L
muasy Tuvasiinge mumsiezﬂu uRufiAIud 28 wew 40 kHz BundunuinUsunm
yo3udsuvruasstanundusinafianas wasiflesannsiAnusngnisaiandinduain
nsdnendusansilsdinaslureunaidsilirunoyniavestesudeedduilfiudsuain
sUrasveveudaiivunluoglusuvesveaudaararsn (nadns auide, 2558) Fadawali
U'%mmsuaqLLéﬁaazmﬂﬁwﬁmmLﬁuqﬁmﬁmﬁwﬁw%mmmmLL%aazaWIuﬁfﬂﬁaL?ué}’u
Feludrureinszuunmsmiufuiisseghafortundunuinsiname i asaioinfidandias
dofsuiuusunamewdavarsludndosudy TneUsunamewdvimuniting undeay
UfAsefiganiviinameuddudndetuiuiuUinamewdsiifuuinannaiy Fe?
Windu 560 me/L Taelunszurumsiiusiuuazlelu-wusuiinnud 20 kHz Tuiiusunn
Yol LAnd uannte Fe? Mduadlussuunarainaissunss luvasiinszuiunis
Toluniuiuiienud 28 way 40 kHz TuUSinameud it uRnanmsiiy Fe? iseenaien
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7000

[ Initial wastewater

~
6000 Fenton

[E] sono-Fenton 20 kHz.
5000 [£] sono-Fenton 28 kHz.
[Z] sono-Fenton 40 kHz.

4000

3000

Concentration of solid (mg/L)

2000

1000

TS (mg/L) TSS (mg/L) TDS (mg/L)

d' (v} v 6 1 a < d' = ] o w %,’ a a
JUN 4.9 AnuduiusseniuTinauvewlivdesgainnismdndveniideas
INNTHAMBNIUBALMENTEUIUN TN UAULAL Y TU- L UAY

s

4.2.2 WANISANWIENIITNLOYADNITAIIAEN2NTEUIUNTT IS IU- N UAUA 28
AAUDANILUNANAIND 40 kHz
WID991NANIENLBYVDIU LA UUL BN NaR8ANUAINITOIUNTEBNTLATU

faUUILPANWINTANTREVRIUEY 9399 INNSHAMBNILEE Laeldnseurunisialu-tnudu
(sono-Fenton) §4@nunlagltundeassndadauud s uauuseunas 5,000 ADMI Tag
Tun1sneaseiinisnaasatudninesauin 2,000 mL g USu1nsuds 1,000 mL way
Tun1s@nula AruaANU T YUY talasauLUas oantad i t5Ae 0.375 mol/L
v v (-3 % = U dl dl U a

AT U UYD B A NNBSaleoauAs 0.01 mol/L Tagldminud veind usans1lane
AONTEUIUNITILU-LNUAUNA 40 kHz maslnidn 100 Taawnty InednuwuzysIndunaneg
LIYAFULUUIMUAFAU F998911N153718AAU 5 WU asunuluarendu 5 wi WATULIA
Ugﬂsm Immvﬁﬂmam:}vwLaézjt,ﬁmuiuml,aamu 0w 3 MY 6 way Mo 7 1o n
wamav o 3 uumm’iawamaumaaas” OHe lmaaam (Neyens & Baeyens, 2003) way
\esannanne e maau%ﬁmsmuagsluma MDY 6-7 FILALADNANIISAINAIIUIA N
4:! = U d'

TINANTANYIUARAIAITUN 4.10
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100

Color removal effciency (%)

[\e] (9% B w [*N) ~ o) el

(=] (=] =] (=] (=] (= (=] (=]
1

—_
=]

S

0 10 20 30 40 50 60 70 80 90 100
Time (minute)

JUN 4.10 Havedan1iiiey Aen1sfidndvesdideasaannnisuaneniuea
menszUIUlEluWLAUTAINA 40 kHz

9n3U7 4.10 Tugaasgezinan 10 i wsnvesmsiAndAserwudn
Useansnwlunisidndvesitaniie ket 3 Lﬁ%ﬂ%@&hﬁﬁL%’;Lﬁmﬁauﬁuamwﬁuﬂ %9
Mnaunsil 4.3 nuilunsfaufasendudnduded 1 Wetelunsdesaaisfives
H,O, (Neyens & Baeyens, 2003) %ﬂl,ﬁaﬂiunmﬂﬁﬁ%mﬁamw ey 3 Useandainlunng
fdndgeaniisosas 77.07 sesadfeanz v 6 szansamlunsidaddosas 73.31
uazdufugavnefeaniziiiey 7 dslluszansnmiesay 62.18 FailosuufAsemuing
anmefiey 3 tutidefiafiey eglutsaniiznin (pH 2) Ssannefenantuilviinded
rrunsvandlianunsndesasgunasinsssundld sudusesdinnsusvanngliey
Tudranunasgudiieneuddes uiluvneiiloruufaseriianioe Moy 6 uay o 7
ndunuimiidedan few eglugamnanide 6.5 uaz 7.8 mudiu Feiernlaiduiudesus
anmefilervesindeieuldosasgurasisssund lnedlofasaiivssdnsamluiidng
Sadetumauadinaundeiu Jaldidonanz et 6 lunsAnudusely Tagly
mnﬁ@‘dgjﬁ%mLWuﬁuﬁ?m3Lﬁﬂmﬂm§ﬂiugﬂmaa Fe?* fiu H,0, luaniiy pH Fifunsn (pH
3-4) (Malakootian & Nastaran Asadzadeh, 2020) %'!wm pH mamwmzmmﬁu%u%ﬁma
Thndniudsuzuidu Fe* SuviufAtendu 0, Ifduieiuudsnsinmaiaufazen
wiAnldd1nin TngdgAseniiind uazifondn UfAseramdounludu (Fenton like)
(Pignatello, Oliveros, & MacKay, 2006)

2Fe?* + H,0, + 2H" — 2Fe®* + 2H,0 (4.3)
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AwdUS ST COD Aummudiuddimdoet uazUszansamaisidn
COD wetdn e pH Aensidndvesingeass annswanenusadonssulalumiudud
AR 40 kHz uanafaguil 4.11 wuinuszavsnmlunsidnduaralonduualdululufirma
Fenfu Aevsvdvinmlumstdafistudeanmefiondrlndarudunin Tasnuindianne
fiioy 3 Tusvavsamlunsidedloffisosas 72.51 ulmnuannsngian lefidledmdoot
733 me/L \lawfiaufufianney fev 6 way ey 7 JsiluszdnSanlunismindlenfisesay
70 uaz 60.02 mudU uaziladlefmdoag 800 uay 1,066 me/L amandy FedalndlAes
fuuszansnmlunisidndvesiianizsneg uiillenasunaindimnududimaoeg
n¥auUisedusiuldiaafndesy dudsasdiaifunasguluynane fey laod
anmeiey 3 fermmndudvesindomdengiiian feldvinfu 1,198.33 ADMI fianmy
flley 6 SendivAendil 1,395 ADMI uaziianie files 7 Serdimdesdil 1976.67 ADMI

6000 100
2222 COD mg/L [ ADMI remaining
---©---- COD removal efficency —&— Color removal efficiency 90
5000 77.07 73.31 L

~
(=)

4000

D
(=3

3000

W
S

N
S
COD removal efficiency %

2000

W
S

[y}
(=)

1000

Concentration of COD (mg/L), Color (ADMI)

—_
(=)

(=]

Initial wastewater pH3 pH 6 pH7

4.11 AudiussEndne1 COD fuanuudnviesy uazUszdvsnimnisinda COD
Y8901 NLeYaN1sIIndvesLdgaT1IINNTHENENIUBaRIENTE ULl
WU 40 kHz

CaN
c
=p

v a

mmé’mﬁuﬁ‘iwdwﬂ%mmmmLLG‘ﬁQﬁmﬁa@@aaam'gsﬁLmj 1NN E

99U WFYIZTINNNISHANLDNIUBANIENTEUIUNT LU NUAUNAIIUD 40 kHZ hEAIAISUT

Y
I

4.12 mwduiusseninaunavesudeivdesg vosanneiovlnsfuiinavesvesuds
LLmuaaaﬂyuﬁLLmIﬁ’quﬂﬁammLﬁ'wé’amﬂwﬂﬁﬁ?m Fawurldulunisanasie
Luaam’;vmamwmumﬂaﬂnvﬂﬁmLUuﬂaN (pH 3 10U pH 7) Turauefidefiansaniiusunm
vosufaimunuazvosudsazarsiindunuimnannefievidnvinduiiuunauvesuds
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azaneannniiidesuduiliihuufase nefiannefios 3 SuifuSinuvesudeivun
LLazﬁuaqLm‘hazmau%'n,ﬁ'uqqn'hﬁ'amwﬁLaﬂzj 7 4ag WY 6 Aua1au aeuiuau
maﬂLLﬁﬁﬂﬁwmﬁLﬁmsﬁyuwé’wuﬂﬁﬁ%wﬁqqm'wﬂéﬁl,ﬁaL?mé’ufuﬂ'%mmﬁumLvﬁﬂﬁ'l,ﬁ'uﬁu
Annmsiin Fe?! winiu 560 me/L Tneanne pH 3 way 7 JuiuSunameuddiing

9109 Fe? Aduasiussuuiazainansdounss Tuvazaniiy pH 6 JuuSunuvesudeniiudu
AAANASLAN Fe?" Iiengnahen

7000

Initial wastewater [JpH3 [JpH6 []pH7

6000 -

5000 -

4000 -

3000 -

Concentration of solid (mg/L)

2000 -

1000 -

BC

TSS (mg/L) TDS (mg/L)

JUN 4.12 audniusseninaSinamendaiiviieegveswn1iy pH anmsiindvesindeass
PINMINEADMUBAMENTEUIULElWLAUTAINA 40 kHz
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4.23 WANSANHIONIIEIUVDY Fenton reagents AINTZUIUNSLYLU-INUAY
frundusansileiiafinanud 40 kHz
WoNaINAINEaNTIE pH vetdeiidsnsnasenuamsaluniseandindy
wEpnududufiinganuesans Fenton reagents Adruddnuiuioinuiunmues
Tudanalnensisonansusivesnseuiumslalu-wududsasindui wazeendiou Gaim
wazdayay, Aoafesi NI, Ugunie Tensuii, & suadssal lavydim, 2562) Farutady
v uduYesdns Fenton reagents Muunzay dsdnwilagldvndoaseidanudya
Suduuszuna 5,000 ADMI Tnglunisneassinisnaaesdudninesauin 2,000 mL 149
Usumsude 1,000 mL wazlunis@nwnlainunaniiefievuesuLdsfifies 6 wag
Idudsiunududureandniedalesoussi 0.005 way 0.01 moVL Tneldnnududuves
lelasiauoseonlas 0.375 mol/L udsandulgudsduaududuvesanslalnsiou-
Wesoanladildsdad 0.1, 0.2 uay 0.375 mol/L Ineldanududuveandnmealosoy
7 0.01 mol/L Tneldarnudvesnd usansledanonszuiunislalu-tnuduil 40 kHz
Sl 100 Sadwindu TnednvazvenauiisnsarseaaunuuTnunady Ssavinissne
AU 5wl aduiulddneadu 5 unil auasunaIUGATeN
T
Tuguil 4.13a wanslifiuimavesmududureandnimesalesuseussavsnmlunsidn

a

91n3UN 4.13 LARIRINAT8Y Fenton reagents siausyaninmnsingn

'
a

8 Tnonuinfinnududumdnesaleosuit 0.01 mol/L Juiluszansawlunisisndd
wnninsndudumdninesalooouil 0.005 mol/L waza1nguil 4.13b uanslifiuissaves
auuduredlelasaueseonlonrelssansannisiidnd wazlunseassildvnnass
dudulnenisldadudansledasnsiunisldlalasiaudeseenlemiuioufivusunislsd
lalasiauaseanlemfissoduiednay nani1sfnuinuiniledierdusansledasauiu
nsldlelasiauodoanlesluiideusvansnmlunisisnaiutuannisldlalnsoudes
sonladifiesediaden Tnauiuduainiesas 21.72 Wudosay 30.52 osanadusansiluin
dWhludeliiAnnisuaniavestalasiauileseanledlminueuyadass OHe (Tokumura,
Ohta, Znad, & Kawase, 2006) FaEunsi 4.4 Jaflefinnfuvdninesadloseunazlslasay
Weseanlussrufuadusanslodaaznuinuszansanlunismdnddudiuduniuaany
Fuduveslelasiouleseenlesiniiutuge deiimududulalnsaudedoonlesdt 0.375
mol/L Hufiuseansninlunsindndldasgn dsdunsinvideluiadenlddnsdiusening
wianuesaloseulglnsaudedeenlad 7 0.01:0.375 mol/L \eswnilussansamlunis
dndlaasan

H,O, + Ultrasonic wave —> 2¢OH (a.q)
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100

--------- SF-Fe2+=0.005 mol/L
— SF-Fe2+=0.01 mol/L

(a.) Concentration of Fe
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100
SF-H202=0.1 mol/L
0 | === _
SF-H202=0.2 mol/L (b.) Concentration of H,0,

. 80 4 ————— SF-H202=0.375 mol/L
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U7 4.13 Wave3 Fenton reagents fon15M4navedldgTINNTHANLBVUDA
A8z UIUMTILTUHUAUNANED 40 kHz Taedl (a.) ANNITUTUYDY Fe?
(b.) AULTNTUYIDS Ho0,

ANUFUNUGTZIN9AT COD ﬁ’ummﬁmﬁﬁmﬁaaeﬂj LAz UsEENENINAITAI9N
COD ¥p3dB93991nNSHANEVIUBARIEN ST UIUNS Tl U-uduTinuE 40 kHz wanss
SUT .14 §9lugy 4.14 a uansienavesnutuduveuslosalosousrsusunauaz
Uszansnnlunisindedlen Tnefinnududumdnmesalesoud 0.01 molL tuannsoan
Adlafannundesudulduinniandmisain 2,400 me/L awwmde 733.33 me/L § il
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UszAnsamnismanwinduesay 69.44 lusasfinududundnimesalessud 0.005
me/L tuflmnuainisalunismdaddlens (Fesar 30.55)lneduulvuioafuiv
Uszansnnlunisidnddsiieududumdnmesalessutiuirnuanunsalunisidndain
Fiflaududuil 5,141.64 ADMI aunds 1,395 ADMI Faiuszandamioas 73.31 uwasd
aududumanedalosy 0.005 dunuiniiussansnnlunisindndfisevas 47.67 dail
ﬂ’nm%’uﬁmé‘aaeﬁ 2,735 ADMI

N3UT 4.14 b Fauansdsmuduiusszrinssavesnnududuvedlelasiou
WosoanlesreuSinamazUszaniamlunsmindled Fanuanunsalunisidnduazdlen
vadlalnsaudeadeanlefifissagaieniuivseavsnmeaun Woieutunisldlelasau-
WeseonlamiissataisrtuadusansiledaaznuinUszaninnlunisianduazdledn
dntunidnios Lﬁaﬂfmﬂﬂ?{ué’amﬂ%ﬁﬂﬂdummamhaLﬁma%aﬁaiz OHe faamn1sil 4.4
Seanunsatevinlranssuradluiideiivumdnas vidediseninnszuiunislelaslada dsas
Frefinlonalunstosaansvesasdunss (@sad Urueinag, 2556) Feaenadadtuanuiae
¥94 (Nasser, Zahedi, mohammadi aghdam, & Azadeh, 2011) A lavn1sA e
nsldndudansledaludunou pretreatment Aoudrgszuutiauvudanm iflosan
raudanledatodesamemsdunidlitinnundeusogdunidlunisdos duilefnmiiia
wanesalessusiudulalasiaulaseanluduazad usansiladanus Uszdnsam
Tumsisaduazdlemtuiaiunuanududuveslelasiauoseanles Ussansamn
Tumsidnduardlonfianudutulslasiauwesoonlesd 0.375 mol/L tuiiuszansam
asan ($ovaz 69.44 uazforay 72.41 mudiv) sesaundeiirududulalasaules
sanlaad 0.2 uaz 0.1 mol/L Fsilussansnnmsindnauazalonil Sovas 55.01 wavsovay
50 (H,0, 1 0.2 mol/L) uazsesay 49.84 uazseway 22.22 (H,0, 71 0.1 mol/L) Inefidled
uazdindeayiuvadlolasauaseanladi 0.1 mol/L S wi1iy 1,866.67 me/L uas
2,536.67 ADMI wazdilalnsiaueasoanlasii 0.2 mol/L fidwvinfu 1,200 me/L waz 2,275
ADMI wagiilalasiaumasoanledl 0.375 mol/L SAnvindu 733.33 me/L uag 1,395 ADMI
Fsfivsinadlefuardivanganiilefuiinnnandududug
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6000 100
bz COD mg/L (a.) Concentration of Fe'
L - 90
fg 5000 [ ADMI remaining
9): ==42~-- COD removal efficency 7331 - 80 i
N . 2
5 —<&— Color removal efficiency 70 §
S 4000 =
=
~ [
el “ 3
g g
8 3000 50 8
=
5)
% 40 S
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g 2000 50 E
g a
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S 20 ©
g 1000
@)
10
0 0
Initial wastewater SF-Fe2+=0.005 mol/L SF-Fe2+=0.01 mol/L
6000 100
22227 COD mg/L .
r (b.) Concentration of H,0,
[ ADMI remaining T 9
E 5000 —+ ==«9--- COD removal efficency <0 i
<QC —&— Color removal efficiency 72.41 %
5 A 70 2
S 4000 3
A =
3 60 3z
E) 5
£ 3000 50 &
a S
o )
O 40 ©
% £
<
52 30 2
5 @]
k=] O
=
3 20
= 1000
(o}
O 10
0 0
Initial wastewater ~ SF-H202=0.1  SF-H202=0.2  SF-H202=0.375 Only H202=0.375 US+H202=0375
mol/L mol/L mol/L mol/L mol/L

JUN 4.14 anudusiugseningen COD Auanududnmiesy wagUseansn1mn1smadn COD
YDIUNFYTINNITHANLBNIUDANIENTLUIUN T TU-LNUAUNANUD 40 kHz 1ae
7 (@) AMNULTUTUIDY Fe?t (b.) ANUILTUVRT H,0,
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NNV 4.15 wansmnuduiudseninsUnameudiimdoogainnisida
3 Tnefidoruuisevesdaimmnuazvesudiazaeilunsinuvmavoanineialooou
(U 4.15a) uaglelasiaudosoonlas (Uil 4.15b) dufivsinanfinduanusnaludide
Gududsiunliudofiunnenududuiidon lneviinaveudsimuafifietundiay
Ug‘jﬁ%mﬁqaﬂ'j']ﬁwLﬁal,%'uéfu%w%mmsuauﬁaﬁLﬁwﬁmﬁ@mﬂmi@u Fe** wihfu 560 mg/L
(i Fe?" = 0.01 mol/L) way 279.1 me/L (i Fe?" = 0.005 mol/L) Taednsidn Fe?*:H,0, 7
0.01:0.1 ua 0.01:0.2 mol/L tufiuTinavesudefifintuanits Fe?* fiuaduszuuuagan
ansdun3s lvaizidnstdru Fe?H,0, 1 0.005:0.375 ua 0.01:0.375 mol/L Huuiuna
voudeflifutuAnanmaiiu Fe? Wesogaien deitmnuidutuveandnil 0.01 mol/L
warlelnsiauioseanledil 0.375 dunuirdiviinavsudiasaeiduivinaiuiutos
fandafsuiuiinmudududuiidny Tuasiviinuesudwrusssianuatundud
Usinmanaad aiisuiudnidoiiudu daaingudl 4.15b dunandiiiuinianmdudy
lelasauosoonledil 0.375 mol/L Humwanusalunisidaesudeuviuassianund
1niign
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[ Only H202 =0.375 mol/L
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a o v 6 U a < = | o v a % = a
?J“U‘Vl 4.15 ﬂ’]']iJﬁllW“lJﬁiS‘Vi’]Wﬂﬂim’]mﬂ@ﬂLL‘Uﬂ‘VlL‘ViﬁE]E’]quJﬁ]’]ﬂﬂ?iﬂ’]ﬁ]@ﬁﬂ]@ﬂﬂ%ﬁﬂf\]ﬁfl

AINANSHANLDNIUDANIBNTEUIUNST LU NUAUNAIMUD 40 kHz 1aeh (a.) Anu
WUTUYRe Fe? (b.) ANUNTuYee H,0,

424 wansAnwdnEENMIIIAdUdanIsAIddRaenszuIunsTeTu LG
Aausans lefinfinanud 40 kHz
nsanwmsidadvesindesss Ingldnszurunislelu-wudu Fednuilng

19dndelas i daududisududszana 5,000 ADMI Tnglunisnaassiinisnaass
Tufaneduun 2,000 mL I4Usinastds 1,000 mL waglunsdnenldmmunanadudy
vosarslalasauleseenladildfe 0.375 mol/L anududuresndninedaloseu
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'
aaa )

f9 0.01 mol/L uazannzfiorvesindeuiitu 6 lasfiszesnarvasnaiinfasend
90 Wit wardneadudansiledelunszurunislelu-luduiininud 40 kHz Ardalvih
100 Sadwiniu Tneasulsiudnuazvosnaudisnedessenduuuulnunadu (oulse mode)
Feagyhnisinendu 5 il aduiulidnendu 5 il auasuanUfiten uarazinerduuuy
AsTinaemszaziAaNUfA3e1 (constant mode) amanisAnwlansdssui 4.16

100
—--—- pulse mode
90 .
--------- continue mode

80 9 — . H202+US pulse mode
70 A ceeeenn Only ultrasonic at 40 kHz _/'I_"'—“_“_”—“_'I
> .-
Q -
560 - E
L2 - | L
g I
— 50 S 1 B | e
2 Al | A | A
) Y D e
§ 40 A ._/ _________ T
SR R 2R F---""
N = B I
O ’__;----I----I' -

20 —%’.f o —— T

-4
10 1= =
0 o fuly - -HI-.- h‘g......‘...u. 9 -Id[- | r d.ra
0 10 20 30 40 50 60 70 80 90 100
Time (minute)

JUN 4.16 navewinwuznIsIYATUABNIIATAEY0IL T8 ITIINNINEALNIUER
MIENTEUIUNTT LN UAUNAINE 40 kHz

mﬂgﬂﬁl 4.16 wanaliiiud1Usednsanlunismdadnuiinisane
adusansledniesesuioildausardadludndeld wazddednnsldlelnsiou-
Wodeanludfuadunuinlseans pmluidaaludufsduvindudosay 30 wazainmsly
Aszurumstalu-mlugulunisided Tnefifiansani 10 wifiwsnasnuiinisseadudansily
JAuuuASH (Constant mode) Yuiluszans awlun1sidafiunnniinissnenduwuuadu
(Pulse mode) W&t 10 uft TundunuitUsyansamlumsidnalnenisinendunuy
afuiunduiiugedaiunniesas 26.19 Wudosay 4653 lurngiimsdieaduuuuasiingy
fuszansnmlunisidndifutuoenetng FadloruufAzenasnuiinisingrdunuuady
fiuszans amlunsmdadunnninissneeaunuund delaninduiesas 72.41 uas
¥ouaz 56.06 MuaU tasanlunsinwinuinlunissneadunuy constant mode u
a'qmalﬁqmmﬁmaqmﬁazmmﬁlwﬁuLﬁaLﬁauﬁ’uqmmﬁtﬁ'mﬁu %aaﬁmmﬁﬁtﬂm%uﬂ?udma
Giamiquﬁwaﬂwmmmﬂﬁamaa %qﬁqwaﬁiamslﬁma%aaaw -OH Tuszuuianas (Savun-
Hekimoglu, 2020) uenanigamgiifigaiuly (40-50 ssrawadea) asdwmald H,0, tu
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wandndu H,0 waz O, (Babuponnusami & Muthukumar, 2014) Faaenpdesfiunuideves
(Findik & Gunduz, 2007) fifnwIn1sgesaalssie sonolysis v8ensaezdnnluasazansi
Juhlngldmnuavesrausansiledai 40 kHz Insulsiumdsluinuesnissnendud 70,
84 uag 90 W s‘ﬁqwaﬂ'ﬁﬁﬂmwudflqmmﬁmaqmiazmmﬁlufﬁu 6 parwaLlaa 270 40 1Ju
46 psrwala Tiszevina 1 Hlug

AdUS ST COD Aumnuitudiindesy uazuszansnwnsidn
COD 848N YaIEN15I18AAURBNSTREY A T349I NNSHAAENILUEARIENTEUILNNS
Tolu-1lusudinaud 40 kHz wandlusy 4.17 Fepududuresdlutidondeinay
nsEUIUMII 2 nszuaunts (elu-uduuuusienduadu waslslu-usunuudionau
As) 5uﬂé’uwud’whmmLsﬁuﬁé’qmLﬁummmgmﬁﬂﬁaagj wazUszansnmlunisindndlen
Tunuinnszurunslelu-wudunuuinsmduaduduanunsardndlonlauinniinissienay
aaf TnsuualiuwesUseans anlunismdndlefdulngdidssiuussans nmlunisidnd
Turarfin1sanemaunuuasitundunuissans nwlunsidadlentusininssansam
Tun1siandunn Tneduseansnmlunisidndleniisesas 12

6000 100
[Z22757] COD mg/L
- 90
[ ADMI remainin,
5000 -+ :
---{--- COD removal efficency [~ 80

—<&— Color removal efficiency
4000 -

3000

2000
- 30

T
W
S

COD and Color removal efficiency %

- 20
1000 ~

Concentration of COD (mg/L), Color (ADMI)

""""" ‘ - 10

Initial wastewater pulse mode constant mode ~ H202+US pulse

mode

JUN 4.17 Anuduiusseninedn COD fuanududnvieny wavUseansn1mn1smadn COD
YDIANWULNITINYAR UABNITANTAFVDIUNEHISIINNITHNENLDNIUDAN Y
ATEUIUN SN UAUNANND 40 kHz
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mmﬁ’mﬂ’uéiwdwﬂ‘%mmmLLS‘ﬁﬂﬁmﬁaagjmmé’ﬂwmzﬂfmhaﬂ?{umﬂmi
fandveindsasiannmsnanemusasenszuaunslglu-nuduiinnud 40 kHz wanads
gﬂd 4.18 §391nWan1sAnyINUINUS I ave T s avuaLarvesudsazaneTuiiusunai
meqwumflmmLimumaawgﬂsm Imwsmmaummmmwmmumamuﬂgmmwgq
nMdssududsUSunamewddfilintuinannnsiiy Fe?* igsognafion dadAminfy

e

A

560 me/L TnedlaUSeuiieuiuszninanszuiunsialu-iuiuuuudnerduaduiuiuuasd
wuiSaed s oauufaseluite 2 Snvagnisdieaduuiinisiiudud
Tn&iAesiuanUsinamewdsludideSud 5,055 mg/L Ju 5482.5 me/L (wuuadu) uay
5515 mg/L (qumw) IusumvmﬂimmsuaaLLsuaavmstuuﬂauwmwmimaﬂauLmuaauuum
Vinameadsazansiifiuiudesninnissisraunuuadi Wesmnmsseaauuuuadiiey
mﬂmﬁaumﬂuu%aagmﬂaaugﬂLﬂumiaumwazmauﬂm (ns9ns anddy, 2558) lng
wuIiUSinuvesudsavanetifiuauain 2,800 mg/L vJu 3,886.67 me/L lunsguiunsle
Tu-usunuutneaduadu Jsdunssnerduwuy mﬁﬁumé’uﬁﬂ%mmaaLLsﬁqazm&J{fwLﬁuqq
f9 5,002.5 mg/L Fadutuiisesay 44.02 TnefivsinmeuiuriuassfiilorufAsendu
UsinaifianassinninUsunamwewdweataeslutidos gy §imssnenaunvvaduiud
Uszﬁw%mwiumiﬁﬁmmLLG‘?NLLmuaa8@&ﬂd1ﬂﬂiﬁiﬂ8ﬂ§uLLUUﬂﬂﬁ

6000

Initial wastewater

Ise mode
5000 - Epu
[2] constant mode

[E H202+US pulse mode
4000

3000 o

2000

Concentration of solid (mg/L)

1000

sIRlY

TS (mg/L) TSS (mg/L) TDS (mg/L)

=

JUT 4.18 AnuduiusseninUsinamewdeiimieegresdnuan1siienduainnsidng
YauldeasannnswinieniueamenszuIunsialu-mudunaiug 40 kHz
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425 manmsAnwanududvesindosudy
nsAnEINsMTadvesindsase Tneldnsyurunislelu-wludui nanud
40 kHz fifds 100 Sns Tnsdrerdunuuadu dslunismeassyinismeasslud ninesauin
2,000 mL M4U3umstide 1,000 mL waglunsanwldrmunanududuresanslslasiou-
Weseanlenfildde 0.375 mol/L aududuvesndnmesalessudio 0.01 mol/L uaz
anmefevvesindeiiiu 6 Tneflsveznaivesnainufasend 90 wit delunisfnw

[ Y
o a A

ldudeNoananNsEUU UASB waztinfieniaanssuy AS dNuautinandlilannuduadisu@y
ANUNFBINIT LAY WUSAUANULIUASUAUVDIULEST 500-5,000 ADMI FINANITANYILER
AIFUN 4.19

)
S

O
(=}

TR T ST e T ST M e e D e s e e s e _..--—.-.-g::

] ;,u—.fn-

>®©
(=}

~
(=}

60

50

Color removal effciency (%)

77777 500 ADMI  ——-—- 1500 ADMI
0 ¥ 2500 ADMI =+ = - = 3500 ADMI
10 5000 ADMI
0 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Time (minute)

JUN 4.19 Havesanududisudusiensiindvesiidyafannsanienuea
mensruIunslalunuiunaud 40 kHz

mﬂgﬂﬁ 4.19 Wud%ﬁammLéﬁ’uéﬁ’umaqﬁﬁméfﬂuﬁwLﬁaﬁagﬂumq 500-3,500
ADMI uiiusansamlunsidadiiutuegrssimsalugae 10 uinsnuesUjizen B
wuniluszansnmunnnindesas 80 wazlenatiulundunuinuszansamlunisidng
Tudiutudntos Tnefiaudududisuduiinnududusingi 3,500 ADMI fieauszaviaan
UAATe17 90 udl fuszAnsamlunsmindfiuinninfesas 85 luvaziidenrudududi
5,000 ADMI Junduiluszansameinfevas 80 neUszansnwees iiutust1edng anu
syovnanTifinty
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AwdussTsinedn COD fummuddindesy uazusyavsamnsindn
COD wosmuuABudusansiTnave i dua3 N MSHARENIUDaRA8NTEUINANS
Talu-wudufiaaad 40 kHz wanadsguil 4.20 wansnwmudn Yssansamlunisinda
Toffinrududsineg duilalndidsstu Tnedeogludisiesas 73-78 Tnsfiannuiduddien
A1 3,500 ADMI Huflendlofifindestsinit 500 me/L Taefianududi 500 ADMI Hu
annsnmdadlofliindonindndunsgiuiidicld §eidlefndooy il 66.67 me/L
9N 266.67 me/L finnadud 1,500 ADMI fiarwanunsalunisiidadlefiann 1,000 me/L
WD 266.67 me/L 7 AUTUET 2,500 ADMI Farnuaiunsalunisiidadledann
1,400 me/L Aumde 333.33 me/L wazfinudud 3,500 me/L @1unsaridadlefann
2067.67 me/L AUMaD 466.67 me/L uslumanduiunuituszansnmlunsmdndud
Uszansamlunsidadifiatudndesddenududiiiut uaudefinnududi 3,500 ADMI
FeflUuszAns nminuSosas 85.27 (500 ADMI), Sevaz 89.22 (1,500 ADMI), Seway 91.09
(2,500 ADMI) uaz3oeay 91.27 (3,500 ADMI) usilomnududifintwdu 5,000 ADMI ndu
wuirUsransnmlunisidndanaundedesar 72.41 innududisuduvenindasiind
3,500 ADMI %ﬂamLsﬁuﬁmaqf%ﬁaﬁmﬁaaq'ma”amﬂwﬂﬁﬁ%ﬁﬁg’}uwmﬁ‘ﬁﬂ'ﬁﬁaaﬂdﬁ
Aunsg I Tnefia1divd 007 88 ADMI (Co-soo aom), 170 ADMI (Coer 500 Aom)
WAE 229.83 ADMI (Cous 500 pom) uvnuefignanududisuduvesundefidunnnit 3,500
ADMI ﬂ'ﬁﬁsuamgwLﬁwé’wuﬂﬁﬁ?mé’amﬁﬂ'ﬂqqmﬁmmgm Tnef pududis udud
3,500 ADMI fifnAlutindendaauuiisend 305.33 ADMI Fafuaunsgiuandniios usd
arundudvesindeiSusiuiiar 5,000 ADMI wudtAdvesindendauuasentuiinigds
1,395 ADMI @efiuwildiuiientuiuiuiseas (Ozdemin, Oden, Sahinkaya, & Kalipci, 2011)
fiFnwinismdnduesddon RY 145 frenssurunislelu-wuduiisuiunssuiunisuludy
Fananisanwmuinlszans amlunisinsaaden RY 145 vevisdesnszuiunsiuuilsy
anaudlerududuresddomniinduain 50 me/L Wy 250 me/L
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1600 100

1400 o
1200 +H

1000 o

800 - EZZZZ] COD remaining mg/L
[ ADMI remaining
600 +__.3--- COD removal efficency

400 —<&— Color removal efficiency

Concentration of COD (mg/L), Color (ADMI)
T
i
(=)
COD and Color removal efficiency %

200

n {0

2,500 ADMI

5,000 ADMI

500 ADMI 1,500 ADMI 3,500 ADMI

JUN 4.20 Anuduiusseninedn COD Auanuudnvieny wazdseanin1mn1sman COD
YIANULILFSUAUADNITANINFVDIUNFLITINNNNITHANLDNIUDAAIBNTEUIUNT
Talu-wludunanud 40 kHz

A15199 4.3 USunauwaaundeianua (TS), vaekdawuiuasy (TSS) warvaduwdsaratan (TDS) f
AMIALEA19Y ARnTulunszuIunsialu-iuAuNANE 40 kHz

pnad | TS TS 9l TSS TSS @ DS TDS #
d (Sudiu Wiaeay (Sudiu Wwideay (Fudiu Wwioag
(ADMI) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
500 1750.00 2090.00 165.00 386.67 1637.50 1706.67
1,500 4582.50 4020.00 269.17 526.67 4089.17 3666.67
2,500 4690.00 4032.50 182.50 623.33 4567.50 3486.67
3,500 4717.50 3065.00 467.50 593.33 4345.00 2666.67
5,000 5055.00 5482.50 460.00 543.33 4640.00 4886.67

NAN3197 4.3 uansdesUSunamewdafiiintudeanududisudu Tnodle
finrsandiAvesudatamuanudn U%mmmaqLL%aﬂgwmLﬁaﬁmﬂﬁﬁ%mﬁmwm%’mﬁ 1,500-
3,500 ADMI uiiAanas Tusaiyfiaududisudud 500 way 5,000 ADMI nduiiAauiiy
unduanuudesudy Feluwldufenduiulnavewdsaraionn luvasivsuna
vowasdwruaesiunduivinafistulasfistunnemiududiane
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43  wansAne1RaUNamEnInsiIadalenszuaunslelu-wudulutndessann
NNINAALENIUDA
Tun15An®IaUAIEASILANYIAUAIEASUDINITAITAFAILNTLUIUNITINUAULNE

shaisTisuiunszuumslelu-mlusufinudvesaduit 20, 28 way 40 kHz Tneldviide

S39itlinudEEuduYsEana 5000 ADMI ivsinastuds 1000 ml wagldmnududures

a5 Fenton reagent 91 H,0, 0.375 mol/L uag Fe?* 0.01 mol/L wazaneies vosiide

Wity 6 Tasfiszananvesaifaufizend 30 unit lnsdnvusvesduiisnsaziisaduluy

Trunadu d9avanidunisiaeld Kinetic model laun first-order model, Second order

model tag Behnajady-Modirshahla-Ghanbery (BMG) kinetic models A4@1n15AUa"4

First-order kinetic model (Sun et al., 2009)

Behnajady-Modirshahla-Ghanbery (BMG) kinetic models (Behnajadly,
Modirshahla, & Ghanbary, 2007)

C, t
St | (4.7)
C (m+bt)

0

=m+ bt (4.8)
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Toe G Aamududisuvesindsdewinuiaselumie ADMI wag C, fio
anududvedluindeiinaiufaseilag Tunise ADMI luvaizdisuds k AeAiniives
UAsenlu first-order model fnuaaidu min? wazduls t Aeszezailag Tuufizen
Tunheundl uasludiuvesiuus 1/b uaz 1/m udnsiifivsvendnvauzianizvosina
Aerteatuanuiwesnisiiaufiseteendindu wazanuaiunsolunisesndindy
YU nTen Fea1nnInEennsInssniaiauls t/(1-(C/Cy) fu fuds t azlidunsedidl
dimdudauds m warAnudududuls b

naunsf 4.7 definsantaaiandug viie t dilndgudaslddaunisd
4.9 Taefidledn 1/m flgstiu uansieindninisanasesdizuiuanini ity wandofinnsan
nafisntu wiewdlndsiiusd (Tunc, Girkan, & Duman, 2012) al@@aun1sd 4.10 Tnei
A1 1/b ‘U'qs??ﬁqmwd’;wmmim?{su%qqqmmmwﬁ Fasinfuauanansalumsesndiady
F9AAYBINTTUIUNTTIIUGAY LLa3ﬂszmumﬂﬂu-lﬂ/\luﬁuLﬁa?:uqmﬂgjﬁ%m

d _t
C, 1
N/ | (4.9)
dt m
1 C
—_—= = == (4.10)
b C

nansAnwIaaunamanidmsunsandluindeassdienssuaunsiiuiy
wazlaluluiufinanud 20 28 waz 40 kHz meﬁqgﬂﬁ 4.21 mngﬂﬁ 4.21a Fauansds
ANUAUTUS YR IALNITIEUATITENING (N C/Co AUaan TneauTuanaun sIEdun N Le
annsnesuefissnmnaAnuFizelunszuaunsmiusulaglelu-wiudu Tnedlefiansanis
A1 R? TunuIndiAvintu 0.9599 (Fenton), 0.9239 (sono-Fenton 20 kHz), 0.9762 (sono-
Fenton 28 kHz) waz 0.9160 (sono-Fenton 40 kHz) uasiilendenrinuduiusszning
1/(C/Co) Aurian (gﬂﬁ 4.21b) 9zuansliiuiaan R? faudlng 1 undulnedianriafy
0.9645 (Fenton), 0.9443 (sono-Fenton 20 kHz), 0.9815 (sono-Fenton 28 kHz) uay
0.9187 (sono-Fenton 40 kHz) @sluaieiiiiondonnsmanudunussening t(1-(C/Cy) fu
e (U 4.210) wudnszuaunslelu-muduiuiian R dufefintuaunnnd 0.97 Tae
e R? Sudlawiriu 0.9704 (sono-Fenton 20 kHz), 0.9886 (sono-Fenton 28 kHz) Lag
0.9848 (sono-Fenton 40 kHz) Fudlefiansaaine R fildananuduiusiuasnuimnld
WUUI1889 Kinetic models kuyu Behnajady-Modirshahla-Ghanbery (BMG) a¢#111580
a3utenisandlaenszuaunistelu-wuduldfniiuuusiansdu (First-order model waw
Second order model) 1 83ilen R? 1911nd A8 1 w1nnq1 vl ee91nnisand
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Tnenszurumaiuiusasisluwusuaziat uiunmssidunsaostunou Immumaumﬂ
oF Lﬂ@m'iamaqsuaqaiumLaamuamaimlﬁ’;mﬂﬂ’ﬁaaﬂ%iﬂsnsuaqaumaaaiw OHe uazdumeudl
aaq%mmmiamawmmumLaamﬂmsmmaaﬂ%mumﬂa%aaaiz hydroperoxyl radical
(HOye) (Cassia Sidney Santana, Marcio Daniel Nicodemos Ramos, Camila Cristina Vieira
Velloso, & André Aguiar, 2019) finannsavanes Fe* uay H.0, Fafmuananseoly
N1509NTLATUAINTY FeviufAsenlatinian (Barreto, Santana, & Aguiar, 2014) Turui
WUUS1889 Second order kinetic fuanunsaesurenisandlaensyuasnislusuldfng
WUUAN@a9 first order waz BMG

91NAN5NT 4.4 Frdudsransavduiuvesuuudiass BMG daulugjazg
AU aedsuiiviuaraduitaes fauuuusiaesaurmans BMG Sadunuusiaesd
ffigeluniseiunensandvosindelagldnssuiunislelu-wudulnesnsmaiaufasen
(1/m) wuihiinszurunmslelu-wududuisnsmmaAauiasen 0.0338-0.0483 min ™) Tuth
Feaninlisaniinszuiuniswiuii (0.0169 min) Fadlewieuiieudnsnisanasesdly
didefenszuaunislelu-iuduiianind 40 kHz dangandnauiisug neda ity
0.0483 min! wagwinfiarsanfinuansaluniseendndundunuin nszurunisialy-
wiuduiiaud 28 kHz dufinrmasalunsesndladgeanilofoutunuisuiidne
Tnefieagit 0.4942 Tnensiidluthide flasastiuinaneyyadasy OHe aanmssausaiu
103 Fe?* uaz H,0, wazn15aaefuel H0, Mendusansiledn (Ozdemir et al, 2011)

First-Order Kkinetic model (a)
00 ' T T T T T T
Fenton sono-Fenton 20 kHz sono-Fenton 28 kHz
y=-0.0133x - 0.0408 y=-0.0114x - 0.0575 y=-0.0171x - 0.0386
-0.1 o 9
'\\ R?=0.9599 R?=0.9239 R2=0.9762
e <
= S sono-Fenton 40 kHz
02 Sy ° B
= y=-0.013x - 0.0546
@) ]
&) @  Fenton R?=0.916
=03
- A sono-Fenton 20 kHz.
| ] sono-Fenton 28 kHz.
04 4 * sono-Fenton 40 kHz. A
Linear (Fenton) \‘\\ ®
AN *
05 4 @ --------- Linear (sono-Fenton 20 kHz.)
s Linear (sono-Fenton 28 kHz.) \-
0 L7~ Linear (sono-Fenton 40 kHz.)
0 5 10 15 20 25 30 35
Time (minute)




Second-Order kinetic model (b)
2.0
Fenton sono-Fenton 20 kHz
1.8 -
y=0.0169x + 1.0297  y=0.0141x +1.0538
16 R?=0.9645 R?=0.9443
14 4
1.2 o
—_
=
@) ’ [ ] Fenton
SREEE |
= SONO-
= sono-Fenton 28 kHz sono-Fenton 40 kHz A sono-Fenton 20 kHz.
0.8 1 | | sono-Fenton 28 kHz.
y=0.023x + 1.0186 y=0.0167x + 1.0453
0.6 * sono-Fenton 40 kHz.
: R?>=0.9815 R*=10.9187
Linear (Fenton)
04 A .
--------- Linear (sono-Fenton 20 kHz.)
02 4 e Linear (sono-Fenton 28 kHz.)
————— Linear (sono-Fenton 40 kHz.)
00 T T T T T T
0 5 10 15 20 25 30 35
Time (minute)
BMG-Order kinetic model (c)
100.0
Fenton sono-Fenton 20 kHz _-A
90.0 o
y =2.3853x +29.593 y=2.8172x +24.061 .
80.0 R?=0.9241 R?=0.9704
700 - e
~ 600
S
&} [ ] Fenton
O 50.0 -~
et A sono-Fenton 20 kHz.
= 400 o | | sono-Fenton 28 kHz.
300 - = * sono-Fenton 40 kHz.
Linear (Fenton)
_| sono-Fenton 28 kHz -
200 e e e?® W Linear (sono-Fenton 20 kHz.)
/=2, +23. - .
10.0 A ¥ = 202308825855 y=2.8359x +20.703 —mememeee Linear (sono-Fenton 28 kHz.)
R?=0.9886 R*=09848 = = @ ————_ Linear (sono-Fenton 40 kHz.)
00 T T T T T
0 5 10 15 20 25 30
Time (minute)
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U 4.21 nsfnviaaunamansdvunisandlutideasadaenssuaunisuiy
wavlelumluduiinag 20, 28 uaz 40 kHz Inefl a fie first-order model, b fie
Second order model wag c A Behnajady-Modirshahla-Ghanbery (BMG)
kinetic models
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A15197 4.4 AAUUTEENTIUAMIENSVDINTANAVDIUNFYDTIAIENTEUIUN T UAULAL Lol -

s
First-Order Second-Order | Behnajady-Modirshahla-Ghanbery
kinetic model | kinetic model (BMG) kinetic models
process
ki 2 ki 2 2 1/m
4 R 4 R R m o b 1/b
(min™) (min™) (min™)

Fenton |0.0133 [0.9599 |0.0169 |0.9645 |0.9241]29.5930| 0.0338 | 2.3853 |0.4192
sono-Fenton
20 kHz
sono-Fenton
28 kHz
sono-Fenton
40 kHz

0.0114 |0.9239 |0.0141 |0.9443 ]0.9704|24.0610| 0.0416 | 2.8172 |0.3550

0.0171 |0.9762 |0.0230 |0.9815 ]0.9886|23.4330| 0.0427 | 2.0236 |0.4942

0.0130 |0.9160 |0.0167 |0.9187 ]0.9848|20.7030| 0.0483 | 2.8359 |0.3526

44  msenadEsuiisuatlganglunisandussuulunismindnaenssuaunsiuay
waznszUIUNS L UL uAY
nnmsAnsMssdadvenideasnnsamenuoa Tngldnssuiumslelu-iuiy

Falunsanwnadosduaaildinelunsiusyuutiteiide weduwuimslunisinaula

Tunsidenisvdaudeliimnzay Taasdeefionsansiadesrldiie uasdssansnmues

N15U10R tagazvinnisiuSeuisuatlgatelunisidussuu 2 seuuae n1sn1dndnig

AszUAUMSui Ui eses1afien Weutunismdndsie nszuiunislelu-mugusinanud

40 kHz fimdslaiin 100 Fad 3dldundediaseiiiaududis ududssuna 5000 ADMI 7

USinastide 1,000 mL 4arasAulaanan s auyenszuaunsia 2 NsyuIums

Tnadenldaudaduvesasiolasiauesoanlesiildie 0.375 mol/L Amrududuveundn

wiesalessume 0.01 mol/L wavan1ig pH yesndewiiu 6 Tusts 2 nszurunsidlesani

UszAninwlumsidndgenqa lnofiszoziarvesnaiinujasend 90 uiit laglu

nsvurunsTalu-wuiuiuaydendnunzueinisseeauwuunuulnunady dsasvihnisdne

Adu 5 unil adudulideadu 5 uiil uasunatuaze Tasasudsdnldlunsiduszuy

W 2 dude arldarglunsidnssuiunsuudulunisindnd wazarldanelunsindng

nmsnszuIunsTalu-usu ad
1. AgINgaNATIInsEUIUNSIUAUluA1IS TR E

TneAnwifiannziiannsaidndlddian Aefisnidiuveaedalosause
lelasiauedennlasil 0.01:0.375 moUL flanme pH 6 tnefisnensarldanesai

1) wianiasadawma

2) lalsiaudaseanlen 30%

3) a15U5U pH (nsadaWain vie luinsulansenlun)
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o v A

2, AlIgaInmsidnszuunslglu-udulunisidnd

Tnefnwfianngiannsaidndldffian Aefdnsdruvouresalossy
dolalasiaueseanleddl 0.01:0.375 mol/L fiannie pH 6 lneldndudansnlefiafinud
40 kHz isdslaiiin 100 s Fedrendunuuadu (pulse mode) TnefisnenisaAnldanesai

1) wianiesadaia

2) lalsiaueseanlan 30%

3) #15U5U pH (hsada?asn wie lunsulansenlyn)

4) alidmsunsiendudansileda

A15199 4.5 wansdernldrelunisiuszuy dedunsmeasenisidnddie
nszvumutuiLiannamneadlunishindaean neldnnududureandnesdlossu
# 0.01 mol/L TngluufAsonasifumanesalooouiianududu 2 mol/L Usuas 5 mL
dielwludafAserduiianudutureandnivesalessuil 0.01 mol/L Tasdisian
wiEnwessalesswwiniu 0.58 vn/L TnedadeAnfioutulsunnsfildasdunssuiunis
wnuAesvanlesalossutuiiA10gf 0.00290 UM (Uwms 5 mL) uazusnan
Aldseannsiumdnlesaloseuudaty Swnedlaqldsnslunsiiezfonivlelngiou-
Wesoonledludsufisendndqe Seagliufsonduamisoineyyadasy OH- Tag
Tuntsneassagldaududuraslalasaulesoenlad? 0.375 mol/L &351A1901
anslelasuedoanledd 47.50 v/l Tnslunszurunisazdendulalasauesoonlys
AUF9s 39 mL lelilulfAzendinnuituduedlelasiauesosnladi 0.375 mol/L s
AneldnenUsinnsiildesdunszurunstuasnuindanviafu 1.56 v Fauenain
Aldselunisiinans Fenton reagent uwdadadialdgaglunisusuanniy pH Tuiide
fumnzaudomafnufiser Sonndesmafiulszavsamlunstindigatusnduasdes
Ufuanmg pH vesindelieglutaanin Gsanguit 4.10 Tunandifuindeaniednde
Sudud pH 3 ﬁﬂi%ﬁ%%ﬂﬂwiumiﬁ?5@530ﬂ7i’]‘171| oH 6 Fslunsusuanmlidutaninznin
th axiidlddedmsunsldnsadaiinsnlunisusuan pH Tngasldmmndaduvosnsndaingn
7 5 N Ssfisnainiu 0.19 v/l teglunsvinaesdenidanine pH 6 iesnndelndifes
fuan1y pH yesideiioananszuu feudisduiiesdesfuanne pH yade

Tuwaiziinisldnszuaumslaluusulunsmdnddunenainasiienldane
Tudewed Fenton reagent wdddesmuairilddneannsudesndusansleindnie
Felunsanerausansiledasuldmmnunmddading 100 Sad finud 40 kHz Taglu
NEUIUNNTLYINTTIeRAULUUERU Tneflagynisdiendu 5 wifl aduiulddiendu 5 wid
AsUNAUFAGe FafuszernatlumsiiseduiameauasuUfisende 60 ui Fudledn
uanldaregnuindaiegdl 0.40 uin lnsanunsaagualdarslunisiindvetaely
nszuaun sy uazlelu-uuiu toswmsed 4.6 Fsaznuineldrslunisifuszuums
fﬁ’ﬁmﬁﬁaEJﬂszmuﬂWiLWué’uﬁﬁﬂ%ﬁha@gjﬁ 1.56 Um/L %qﬁﬁhgﬂﬂfjwﬁﬂ%ﬁhﬂlumilﬁuizw

v a Y

AanasI8nsEUIUNISIalu-uduand oy (1.96 Un/L) Failanansaundauszansan
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Tun1svrdadnaunuinnszulrunisialu-snudud Uszans anlun1snand i uinnan

AsTUIUMSHIUAUB9RE 19 ReINeSaEay 24.59

A1519% 4.5 ANSIARSSIENNTANUIUAILAUTEUUUIUAN18NTEUIUNITNUA Y waglalu-

Wudufinud 40 kHz

d151a%nsA Commercial grade

578015 — — :
AU/ US| rule
AUt urounaesa (iolild Fe? 0.01
2 mol/L
mol/L Tussuv)
mMswSgumanesanudutu 2 mol/L 111.69 o/L
siAmaninesa 11 1,000 kg 5,186.52 UM
siAmaniesa 5.19 U/kg
sramanesalosaudi 2 molL 0.58 um/L
Uunmsmdniesalosouiildlussuy 5 ml
fetusmvanedalossudi 2 molL #ldlu
. ¥ 0.00290 un/L
sTuuRaudeY 1 L
AU uTUTedlalasiaulaseantun 0.375 mol/L
mswwseulalasiaulasennlan 0.375 mol/L #8 2 l
aQ goJ a m
Jumsugas 1L
selalasiaulaseantan 35% 313U 20 L 950 UM
srenlalasiauiloseanlund 0.375 molL 47.50 um/L
Usinmslelasiauilesoanlaniilalussuy 33 mL
setiusalalasiouleseanledi 0.375 molL
o Ly 1.56 uM/L
Meluszuunaungdes 1 L
AU TATaTASA 5 Normality
ANSMSEUNTATANITN 5 N 31U 1 L 139 ml
F1ANTALANITA 96% 1 20 L 765 UM
USanmsild 5 ml
59PN 3ATaR3N% 5 N 0.19 u/L
Andudulsnuulansonlan 5 Normality
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A1519% 4.5 ANS1LARSSIENNTANUIUAILAUTEUUUIUANI8NTEUIUNITNUA Y waglalu-

wudufinNd 40 kKHz (i9)

#1513tnsA Commercial grade

S78N15 TS ,
ANMUINTW/USINUNY | vidae
mMswseulodenlansanlan 5 N 973U 1 L 200 G
sielnenlensenlon 91U 30 kg 795 UM
USuasnly 5 ml
sianafeulansonlanin 5 N 0.0265 UM/L
AAUDARIIIURAAINUD 40 kHz 11U 1 LATDY
o wu 0w 100 watt
fAaalnialy
Al siagdin 3.96 um
SYYLLIANDYAAL 1 CRIRIN
. . o "7 . WU/
e lnihalglussuuseunds 1L 0.10 B
CRIRIN
A A lglun1s31enauY 0.40 U/U

M3199 4.6 mswagualdanglunisiAuszuusiigg Anan 1.5 Flus laglduSunsuniae

1 8m3
JTUY Fenton Sono-Fenton
answadiiild 1.56 UM 1.56 U
Al 0 UM 0.40 UM
394 1.56 um 1.96 um




unil 5
ajUnan133deuasdolauaue

51  d@5Unani1sivey
ATEETunsAnwUsEavis nmnsidadvesnsaneniueaannIntiimad e
AdudanslatingaufunsEuIunsiudy TneasvinnsAnevislui i@ wauesiudaunsie
Lavidease91nnisuanlenIuea eTfaaﬂmiaai;Umamiﬁﬂmlﬁlﬂu 2 drunang laun
d1uusnie nansAnedaseiidmanonsmdndesindoiwaiuesfiudaunsiziaas
nszurumsuiuLaslelu-wusy wazdruitaesienanisanwnsisaalutdeasan
nsudnemueadienszuiunslelu-uiy TeanuanisinuudazduannsnagUldsed
511  aUnanisAnuniladeiidamadenisindluiidewaussiudaunsei

nsaneInsidadludidewaivesiudunseflddnundaseiidwa
soUszansninlunisunde laun anumduduvedlalasiauiveseanlen AU Uy
vaundninedalensy wazannzieusuduvesiides Je@nulagldnsrurunslusu
waznansAnwUseans nnlunisindedlutndedaunsiesidae nssuarunislelu-ludy
flenudl 20 28 uay 40 kHz Aifdslndh 100 Tosf FeiszerinanuFisen 90 undt feil

1) navesanutuduveslalasiauesoonles nuindenudutuves
lelasauosoonlodifistu dwaliuszansninluntsidadtuiaiu ewinoyys dasy
OHe Fiisguny Tnefirudutuveslalnsiaulesoanladfisnnin 0.25 mol/L Ussavsam
Tumsiandtesniidevay 51 luvadirnududuvedlalasiaudesesnleniininnii 0.375
mol/L Tuiluseananmlunsiidndunnnindesay 90 famnldusinalalasaueioanles
Fanniulardwanerldanglunisiand safulunsmaassiddanududuredalasiou-
Weseanleadl 0.375 mol/L Wasainiivsyandamlumstanuinnindesas 90

2) NaveIAILT UT UV aE e Talesay wuld enrnududuves
wanedalossuiiniulseavisnmlunisidndavfintuny sudsrmilsdedennududy
wmaniedalessuil 0.01 molL Fsiluszansnmlunismindgean (Fesaz 97) usmniile
A udure und ninesalooaui ud uu1nngn 0.025 mol/L agyinliUszansan
Tunsidndanas

3) navesANNElevSuduveds wuiUsravsnwlufdndvesingy
wauesAuduesgiifiutu mnannefeniuduresindeiaudunings Tneftanie
fo% 3-6 fHUszAnsamlunismanduinnindesay 90 wavdloanziiey 7-8 Uszansam
anaudndos srjulumnaassiudenldanniznans (pH 7) TunsAnwniesanianiy
Tn&fsstuanngiomenindoumuesiudunmeiuniian
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8) navesrausansiladndeUszansamlumsidndlutide wauesiu
Funsiess wuindletinsléedusansiladnsaufunszusunisiiusu (elu-wusy) Sudma
T¥Uszansamlunisisnduind uniinisldnssurunisinuduiisseg10i o Tae
Usvansamlunsidndaegefefinszuiumslelu-iuduiinnd 28 kHz duiiusyansam
Tumsidndqean wagiianud 40 kHz Suszansamlunisiindanasdnios Tasfianud
28 kHz annsoanmutuARivdooglimnindnsguld (@unnsgiuiifswedsay
gaavnsay fsualviiedldiAu 300 ADMD Tuvueinrd 20 wag 40 kHz turraudud
findoogdnslanAumnsgu

fatuFeaguldhanedidaalissansamlunistdadvesindewaiues
FudainsizdifaanududiF udud 5,000 ADMI Uu1as 1,000 mL fageaniiufe
aududulalasiaudedeanlesil 0.375 mol/L arududumdniedalessy 0.01 mol/L
Fannefevsuduresindeiiiey Tinedunisidadludndedenssuiunsmiuiy uas
eund usanslednlunszuiunisavaiuisai auszdnsamnisaisndls taed
nsguaunsIalu-uiuiiennud 28 kHz dufivssavsnmlunisiindqeaniisosas.oa.51
uaziiAndndengdl 247ADMI vasUTFe 90 unil

512 agUnamsAnuiladeiidsasonisiidadlutndesimnnissdaonuea

nsAnensisadludide asanmsuanoniuea ladnuiasedidma
soUszansnmlunisthdn laun navesnudvesnd udansiledn @an1is oS udy
Usuaunnudiuduuesans Fenton reagent wagdnuaizaasinenausansilafin wavenudud
yosEsdudy FeAnulngldnszuiunaslalu-nudu ol

1) nave4na usanslefindeuszans amlunismenaludde aseain
AsHAMLENIUDa T awudUszansanlunismsnduasdlof vwaud u ol ofinasld
pausansladngiutunssuaumsuiulaswunliuvesszans nnlunisidnduaz e

[
v a

Wudwwnlduieadu deuseaniamlunisminduazdlongeaninssuiunisialu-tnudiuy

AAUD 40 kHz Laeiilan 91518 9US UV ILTINLANT UWUINT NTLUIUNT LI U-L UG

a

a A A 2 O ] Y] aaa & a -

Aud 40 kHz TU1N0vemdan muaka syl yIdaena s uUfizetiuliusunuanas
InefivSinaanasnigalafisuiuiamnunauy ue LU LA BT UNUIUS LN ILT sazaneLin
PINUANDULAWANNINTU AIUUIITAINUDVBIAAUD AR UNA 40 kHz ENSUNTEUIUNNS
T lu-usulunisnaasesald

2) HAYDIANIEWLOTUNAULSUAU NUINUTLANSANIUNISATInEwasT Lo

T a v o Ao ~ O a a a v )
YBIUEYAYNTLUIUNS I U-LWUAUNNLDY 3 hasfivdt 6 WudUseansSainlnaiAsany
TurueNiloan1gvpsdLdeNNLe% 7 JUUSEANSAINNaUARAI8819U1N Tl aNa1TUID
U3110v0auaifinund 19 auU §Asetunudn Usinauesudavisnun uazUsunavesuds
WUIUABYUULANANAI AT LU LUNANALT DENI ENLOTLS UALVBIULFS LAWY LNAENIY
d‘ a I3 9; [y QI dy dl‘ d‘ = 3 a a

nas (pH 7) Turuevsunavewssidtazaiguinauliiuiiu Jsianzites 6 duduiuie
Yosudsazarsuniudusigaflofisuiufian1izdu sudadenldannezfitey 6 dulunis
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naapstusiall wenaniifiannrMevvonidesuduiuddmilndidedivan e o 6
el dudesdimsusuanmindesudunou

3) HAUBIAMULTUTUYDIANS Fenton reagent Tunszuaun1slalu-tnusy
WUTIAUTUT UVBIE"T Fenton reagent (Fe2':H,0,) fidswaliuszansnmnlunisiana
asgafe M8nI1dU Fe’":H,0, iU 0.01:0.375 mol/L iuldeafuuszdnsamlunisindn
i Wnewdlefinnsanissinameudiliiandauliisen nuidsuaveudwimuauas
vosudsazarsidudanivganitvimadeyludnids s udy Tusneiiviunueesuds
LLmuaaaﬁ?uﬂé’UﬁU%mmammLﬁawﬂﬁﬁ‘%m

fefuisaguldinannefidmaliuszsavsnmlunsiiaduasdlofvesinge
TnmsRaatevusaiiinuiduEEusuf 5,000 ADMI U3ias 1,000 ml fmgegatiude
anududulalasaudedoanleni 0.375 mol/L anududundninesalossu 0.01 molL
fanzfevdudurenindeiinies 6 frenszuiunislelu-wusuiinaud 40 kHz Jud
Uszansamlunismindgaansesaz73.31 uazilArdivdeag 1395 ADMI ndaufAzen 90
uit uardivsinaveaudsaraetnifindushan

5.1.2.1 HAvRIENBAUEYIINITIEAFUSans ledindanszuIun TR

IINNANBINAVEIE NBazN15T8AA usanslednlunszuiunis

Tolu-wlusufirud 40 kHz BamanisAneniuuandfifiuinnssenausansilsdnuuuadu
(Frwpdu 5 uiiaduiungadiendu 5 Wif auaTuaIUfATe") Tudmaliuszansam
TunssanInNni1n1sTenduwuuasd tnafiussdnsaimsindusosay 72,41 uazdland
wmaeogil 1395 ADMI ndsufATen 90 uil FalanlndiAsaduuszansawlunisiindled
($oway 69.44) Imaﬂ%mmmaaLLsﬁwﬁwwﬁﬁ%mﬁJuwudw Usnamondaimuauasvouds
avanpuniuwIlt LU N5 98 ARULU UeS ULaruUU AT Sensuuvaduiuiinsifinves
yeuduimuauazvesaraeiiinduseninnssnendunuu A lusasfivunawosuds
wruapevduUiitenduiuualiuiifviinuenandofisututiimaludidosudu dudy
Tunsmeaesdadennisieaduiuuadulunisdnuwdely

5.1.2.2 wavasanuudluindesudu

MnmsanwmavesedLdluiidesudunsruunslelu-wiudy

fiAud 40 kHz denanisanwunandiiiuingloarududsingt 3,500 ADMI Tutas
20 wnilusnvesUisendsransmsidadunnninfesas 80 Jalonaniululszansaiwly
Msfdnaintwdntios dusleanuduaien 5,000 ADMI wui1Uszansnmlunisidngs
I8eeay 80 FwwiltuvesUszansawlunsidadlefdunuinssansanlngiieeiud
Usgansamennindesas 80 (egluyrefovay 73-78) Fafirandudlugag 500-2,500 ADMI
wuhdeududivdosgvdauuasediamniienasgiuiiie (ifu 300 ADMI) il
AnudAENRUT 3,500 ADMI WA adiuEfmdooguasuuiisendaiiudnnnsgiu
Antes (305.3 ADM) Tnsaruidudiivd ooy udsavdfaseniufuunldud asdudu
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puaududiiudureniide uandefinsuniivinumendsimuauazresudsazars
ﬁﬂ%mmﬁuﬁwé’wwﬁﬁ%m Tuvaeiuinameaudaunuassiiuiunmanas
513  asunisfneraaudianinisnidndalenszuaunmamudunazlalu-wueiu

MnMsAnwIaumansnshdadsenszurunamuiusaslslu-muduiy
WU UUT1809 Kinetic models WUy Behnajady-Modirshahla—Ghanbery (BMG) i
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WeLn” Yansvaaes Control Aeganisveassiildninududures H0; 7 0.375 mol/L wazlunsnaasslifinsiiumvanesdlossu
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AN3197 2.2 HavesANluTuYasanesalossusaUszansanlunsining

Fe 0.005 mol/L Fe” 0.0075 mol/L Fe™ 0.01 molL Fe™ 0.025 mol/L Fe™ 0.05 mol/L Fe™ 0.075 mol/L Control
Time
Efficiency Efficiency Efficiency Efficiency Efficiency Efficiency Efficiency
(minutes) Ce Ce C: C: C: C:
removal removal C: (ADMI) removal removal removal removal removal
(ADMI) (ADMI) (ADMI) (ADMI) (ADMI) (ADMI)
(%) (%) (%) (%) (%) (%) (%)

0 3845.44 0.00 2728.61 0.00 4435.199 0.00 4759.99 0.00 4656.00 0.00 4631.78 0.00 5231.51 0.00
5 2063.35 46.34 2472.19 9.40 1989.275 55.15 326.84 93.13 355.34 92.37 761.33 83.56 4627.51 11.55
10 1393.82 63.75 1825.45 33.10 1173.018 73.55 272.71 94.27 482.12 89.65 892.38 80.73 4610.42 11.87
15 694.37 81.94 1235.70 54.71 758.4785 82.90 165.87 96.52 584.69 87.44 1165.90 74.83 4627.51 11.55
20 345.36 91.02 853.92 68.70 533.4022 87.97 148.78 96.87 644.52 86.16 999.22 78.43 4661.70 10.89
30 276.99 92.80 426.56 84.37 355.3355 91.99 118.86 97.50 708.62 84.78 1054.78 77.23 4607.57 11.93
a5 362.46 90.57 251.34 90.79 227.1275 94.88 108.89 97.71 764.18 83.59 1123.16 75.75 4624.66 11.60
60 460.75 88.02 225.70 91.73 201.4859 95.46 140.23 97.05 892.38 80.83 1161.62 74.92 4623.24 11.63
90 537.68 86.02 195.79 92.82 140.231 96.84 272.71 94.27 937.97 79.85 1218.60 73.69 4637.48 11.35

wnewme" lunsenwmuuaanududures H.0; w1y 0.375 mol/L Wian1e pH 3 Tagldusumsunde 1,000 mL innududisusudssanas 5,000 ADMI

UBMR’ YAN15VAGeY Control Aaganisnaaaanldanudutuvas Fe” #1 0.005 mol/L waglunisvnaedhifinnsidulalasauaseanlan

40}
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AT V.3 NAVDIFANIY pH ‘Uaﬂu’lLaﬂmaﬂ'ﬁ%ﬁﬁ/]ﬁﬂWWIUﬂq'ﬁﬂq"ﬂﬂa
pH 3 pH 4 pH 5 pH 6 pH 7 pH 8
Time
(minutes) Efficiency Efficiency Efficiency Efficiency Efficiency Efficiency
minutes
C: (ADMI) removal C; (ADMI) removal C (ADMI) removal C (ADMI) removal C: (ADMI) removal C (ADMI) removal
(%) (%) (%) (%) (%) (%)
0 5046.67 0.00 4740.00 0.00 5046.67 0.00 4740.00 0.00 4740.00 0.00 5046.67 0.00
1 2874.17 43.05 3001.67 36.67 3013.33 40.29 3478.33 26.62 3363.33 29.04 3340.00 33.82
5 2391.67 52.61 2245.00 52.64 2460.00 51.25 2478.33 47.71 2861.67 39.63 2823.33 44.06
10 1985.83 60.65 1798.33 62.06 2185.00 56.70 2118.33 55.31 2575.00 45.68 2506.67 50.33
15 1612.50 68.05 1519.17 67.95 1826.67 63.80 1808.33 61.85 2408.33 49.19 2360.00 53.24
20 1335.00 73.55 1362.50 71.26 1554.17 69.20 1611.67 66.00 2041.67 56.93 2031.67 59.74
30 782.17 84.50 1184.17 75.02 1373.33 72.79 1280.83 72.98 1792.50 62.18 1750.00 65.32
45 490.67 90.28 662.33 86.03 830.17 83.55 802.17 83.08 1446.67 69.48 1507.50 70.13
60 367.50 92.72 462.17 90.25 582.00 88.47 673.83 85.78 881.33 81.41 1382.50 72.61
90 283.83 94.38 343.17 92.76 371.17 92.65 374.17 92.11 518.17 89.07 715.67 85.82

wnewme lunistnwinnunanududuvesre :

H,0, Wiy 0.01:0.375 mol/L TaglduSunnsinde 1,000 mL finnududiSuduusyann 5,000 ADMI

¢01



M5 9.4 Uszavsnmlunisidndvesnssuiunsiuduuaznszuiunslglu-iluduiaudaieg ludidowaiussfudunsizi

Fenton sono-Fenton 20 kHz sono-Fenton 28 kHz sono-Fenton 40 kHz
Time
(minutes) C. (ADMI) Efficiency C. (ADMI) Efficiency C. (ADMI) Efficiency C. (ADMI) Efficiency
removal (%) removal (%) removal (%) removal (%)

0 4502.152 0 4167.39 0.00 4033.48 0.00 4157.42 0.00
5 3737.178 16.99131 3504.98 22.15 3335.46 2591 3435.18 23.70
10 3158.817 29.83762 2908.10 35.41 2795.56 39.91 2821.20 37.34
15 2878.184 38.07093 2496.41 44.55 2173.04 51.73 2429.46 47.04
20 2480.739 44.89881 2134.58 52.59 1825.45 59.45 1977.88 56.07
30 2033.436 54.83414 1700.10 62.24 1311.20 70.88 1482.14 67.08
45 1529.151 66.03511 1208.63 73.15 824.01 81.70 947.94 78.94
60 1200.084 73.34422 986.40 78.09 571.86 87.30 684.40 84.80
90 861.0449 80.87482 627.42 86.06 247.07 94.51 366.73 91.85

wnewmn lun1sfinwmvuaanududuvesFe™ :H,0, Wiy 0.005:0.1875 mol/L fida1ie pH Tlngldusuasunde 1,000 mL Aenududisusulssuin
5,000 ADMI Tngangpaudansiladannasinin 100 dnd Fanepdunuuaau (pulse mode)

v0T



ANAKNUIN A
NANISNNANE WU NEYATIRINNITHNANLDNIUDA



A1599 A.1 Uszansnmlunismdndussnssuiunsmudunazlalu-inuduiannudaie Tudideassannisudaeniuea

Fenton sono-Fenton 20 kHz sono-Fenton 28 kHz sono-Fenton 40 kHz
Time
(minutes) C. (ADMI) Efficiency C. (ADMI) Efficiency C. (ADMI) Efficiency C. (ADM) Efficiency
removal (%) removal (%) removal (%) removal (%)

0 5006.67 0.00 5090.00 0.00 5006.67 0.00 5006.67 0.00
5 4295.00 14.21 4368.33 14.18 4216.67 15.78 4215.00 15.81
10 4166.67 16.78 4135.00 18.76 4110.00 17.91 4041.67 19.27
15 3888.33 22.34 4035.00 20.73 3626.67 27.56 3873.33 22.64
20 3765.00 24.80 3761.67 26.10 3475.00 30.59 3688.33 26.33
25 3521.67 29.66 3736.67 26.59 3173.33 36.62 3623.33 27.63
30 3180.00 36.48 3421.67 32.78 2881.67 42.44 3111.67 37.85
a5 2745.00 a5.17 3240.00 36.35 2860.00 42.88 3003.33 40.01
60 2663.33 46.80 3156.67 37.98 2683.33 46.40 2556.67 48.93
90 2650.00 47.07 2878.33 43.45 2525.00 49.57 2535.00 49.37

e’ lun1snwiimuanuiduduvedre” : H0; Wi 0.01:0.375 mol/L ian13e pH TlaglduSunasundy 1,000 mL Aanududisusiuussunmn

5,000 ADMI Tnedneadusansilaiaiiddslnd 100 $n6 Swreaduuuuadu (pulse mode)

901



AT A.2 HaTesdnz pH vesdsdeussdnsnnlunisiidndludidyasainiwdneniusamenszuaunsialu-inudun 40 kHz

pH 3 pH 6 pH 7
Time (minutes) Efficiency removal Efficiency removal Efficiency removal

C: (ADMI) (%) C: (ADMI) (%) C: (ADMI) (%)
0 5226.67 0.00 5056.67 3.25 5226.67 0.00
5 2256.67 56.82 4213.33 19.39 4853.33 7.14
10 2023.33 61.29 4065.00 22.23 4380.00 16.20
15 2075.00 60.30 3711.67 28.99 3556.67 31.95
20 1960.00 62.50 2703.33 48.28 2976.67 43.05
25 1830.00 64.99 2508.33 52.01 2901.67 44.48
30 1713.33 67.22 2420.00 53.70 2816.67 46.11
a5 1491.67 71.46 1948.33 62.72 2671.67 43.88
60 1281.67 75.48 1471.67 71.84 2451.67 53.09
90 1198.33 77.07 1395.00 73.31 1976.67 62.18

e lunisfinwimuaanududuveare” . H0, Wiy 0.01:0.375 mol/L lagldusumsunde 1,000 mL Aiadududisusudseanas 5,000 ADMI
Tngangpdudansladainiasinin 100 Jnd Fsaepdunuuaay (pulse mode)
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AT 7.3 HATOIAIITUTUVDIETT Fenton reagent AoUszansnnlun1sAdndlul @y a3991nn1THaALENIUDAAILNTZUIUNTLY

Tu-lusud 40 kHz

sono-Fenton 40 kHz Ultrasonic 40 kHz
o . . . Only H,0; 0.375
Fe“": HzOz Fe“™: HzOz Fe“™: HzOz Fe“™: HzOz
H20, 0.375 mol/L mol/L
Time 0.005:0.375 mol/L 0.01:0.375 mol/L 0.01:0.1 mol/L 0.01:0.2 mol/L
(minutes) Efficiency Efficiency Efficiency Efficiency Efficiency Efficiency
Ct Ct Ct Ct ct ct
removal removal removal removal removal removal
(ADMI) (ADMI) (ADMI) (ADMI) (ADMI) (ADMI)

(%) (%) (%) (%) (%) (%)

0 5226.67 0.00 5056.67 3.25 5056.67 0.00 5056.67 0.00 5056.67 0.00 5246.67 0.00

5 5053.33 3.32 4213.33 19.39 3841.67 24.03 3815.00 24.56 4791.67 5.24 5183.33 1.21
10 4871.67 6.79 4065.00 22.23 3710.00 26.63 3643.33 27.95 4586.67 9.29 5038.33 3.97
15 4671.67 10.62 3711.67 28.99 3608.33 28.64 3580.00 29.20 4528.33 10.45 5003.33 4.64

20 4331.67 17.12 2703.33 48.28 3421.67 32.33 3325.00 34.25 4223.33 16.48 4800.00 8.51
25 3796.67 27.36 2508.33 52.01 3220.00 36.32 3016.67 40.34 4075.00 19.41 4680.00 10.80
30 3546.67 32.14 2420.00 53.70 3081.67 39.06 2736.67 45.88 4013.33 20.63 4628.33 11.79
45 3475.00 33.51 1948.33 62.72 2945.00 41.76 2580.00 48.98 3868.33 23.50 4533.33 13.60
60 3318.33 36.51 1471.67 71.84 2680.00 47.00 2448.33 51.58 3595.00 2891 4266.67 18.68
90 2735.00 47.67 1395.00 73.31 2536.67 49.84 2275.00 55.01 3513.33 30.52 4106.67 21.73

niewn ' luns@nwimiuaainuaniiz pH vesdnden pH elagldusuinsuides 1,000 mL Aaududisudulseunas 5,000 ADMI lagdngaau

danslaianfiaalviin 100 a6 F9readuluuaay (pulse mode)
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AN AL HAYDIANWULYRINITINYAAUABUSEANT ANIUNNTAAAE LULIES S9N THARLENIUDANIENTLUIUNIS LU WUA WA 40 kHz

pulse mode

Constant mode

Only

H,O, 0.375 mol/L

pulse mode

Time
(minutes) Efficiency removal Efficiency removal Efficiency removal
C: (ADMI) C: (ADMI) C: (ADMI)
(%) (%) (%)
0 5056.67 0.00 5230.00 0.00 5056.67 0.00
4213.33 16.68 4191.67 19.85 4791.67 5.24
10 4065.00 19.61 4005.00 23.42 4586.67 9.29
15 3711.67 26.60 3860.00 26.20 4528.33 10.45
20 2703.33 46.54 3820.00 26.96 4223.33 16.48
25 2508.33 50.40 3798.33 27.37 4075.00 19.41
30 2420.00 52.14 3585.00 31.45 4013.33 20.63
45 1948.33 61.47 3476.67 33.52 3868.33 23.50
60 1471.67 70.90 3120.00 40.34 3595.00 28.91
90 1395.00 72.41 2276.67 56.47 3513.33 30.52

wneme lunsdnwimnuernududuvesre” | H0; Wiy 0.01:0.375 mol/L #idnTag pH 6laeldusunnsunds 1,000 mL ianududsudulssunm

5,000 ADMI Tneaneadusansiladafiraslndin 100 Jas
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AN A5 HaYRIPNULASUAUlULIEsR UL ANS MNTUNSINTRE WU g3 991NN SNAMENIUEAAENTZUIUNNT I TU-WUAUA 40 kHz

500 ADML 1,500 ADML 2,500 ADML 3,500 ADML 5,000 ADML
Time Efficiency Efficiency Efficiency Efficiency Efficiency
(minutes) | ¢, (ADMI) | removal | C(ADMI) | removal | C.(ADMI) | removal | Ci(ADMI) | removal | C:(ADMI) | removal
(%) (%) (%) (%) (%)
0 597.33 0.00 1576.67 0.00 2580.00 0.00 3496.67 0.00 5056.67 0.00
5 155.50 73.97 776.50 50.75 672.83 73.92 815.33 76.68 4213.33 16.68
10 138.33 76.84 348.33 7791 352.00 86.36 450.83 87.11 4065.00 19.61
15 127.50 78.66 321.83 79.59 318.67 87.65 429.00 87.73 3711.67 26.60
20 117.33 80.36 282.50 82.08 292.17 88.68 360.00 89.70 2703.33 46.54
25 110.83 81.45 278.00 82.37 275.50 89.32 344.50 90.15 2508.33 50.40
30 107.83 81.95 264.50 83.22 265.50 89.71 332.33 90.50 2420.00 52.14
45 104.50 82.51 251.00 84.08 255.33 90.10 325.83 90.68 1948.33 61.47
60 96.00 83.93 211.83 86.56 249.00 90.35 345.17 90.13 1471.67 70.90
90 88.00 85.27 170.00 89.22 229.83 91.09 305.33 91.27 1395.00 72.41

e’ Tunsfnwiimusanududuresre™ : H0, Wi 0.01:0.375 mol/L Mian13z pH 6 tngldusuinsunds 1,000 mL 91 lngdrenaudansiletai

mMasliiin 100 Tnd FeaepduwuUaay (pulse mode)

017
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A15AUIAUANITI18TUNSHRUSTUUNISANAE UL HES9RINSHANENIULE

o v A

° ANYINYIINNITIINTLUIUNTNUFULUNSANINE

A A

InefAnwiianieianunsafidndlanniagn Aendnsdiuveanesalossusalalnsiau
\Waseanlynn 0.01:0.375 mol/L Nianiziiey 6 IneilsnenisAlddnesiail

1) wanwesadana

2) lalsiauosonlan 30%

3) asusuiilen (nsndaiingn nie laihsulansenlys)
° Algargannsignszurunsialuudulunsidnd

Tnefnuiianngiiaunsoidndliffan Aefisnmdiuvealedalosousiolalasiou
Waseonlasil 0.01:0.375 mol/L fiannziite 6 lngldrdusansladaiiniiud 40 kHz Afdslvih
100 ¥n¢ FedepAuLUUESU (pulse mode) Tnefisnanisarldanesial

1) wianiasadawma
) lalsiaudaseanlen 30%
3) a15USUNLeY (nsadaasn wise lalvulansenlyn)
) Arlnihdmsunisiendusansileda
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AMTIN 1.1 MTILEAITIUNITAUIUALAUTZUUTNURIENSZUIUNSIUAY kaglglumudunaug 40 kHz

d15ta3nsm Commercial grade

s18N15 —— — :
ANMUIUTU/ VSN MUY
AT urenranesa (fiolila Fe? 0.01 molL Tu
2 mol/L
SEUU)
nmsassumaneTandNty 2 mol/L 111.69 o/L
simuAdnwesa 1L 1,000 kg 5,186.52 UM
siAmaniesa 5.19 UI/kg
s manesalosaudi 2 molL 0.58 um/L
Uunmsmdniesalosouiildlussuy 5 ml
ftiusmnanaalossudi 2 molL #l¥luszuunatii
- 0.00290 un/L
gy 1L
AU uTUTedlalasiaulaseanlyn 0.375 mol/L
mswwseulalasiaulaseanlas 0.375 mol/L #ausuins 2 l
v m
Yude 1L
selalasiaulaseantan 35% 371U 20 L 950 U
srenlalasiauleseanludd 0.375 molL 47.50 um/L
Usinmslelasiauesoanlaniildlussuy 33 mL
aetiusialalasiouledeanledit 0.375 molL  #ildlu
L% g 1.56 um/L
szuusaude 1 L
AU TATATASA 5 Normality
ANSASEUNTATANITN 5 N 31U 1 L 139 ml
S1A1NIALANITN 96% 913U 20 L 765 UM
USunmsiild 5 ml
59 nIATaRSAR 5 N 0.19 um/L
Anudulsnvulansonlan 5 Normality
nmsmssnlafeulaasenlen 5 N 91w 1 L 200 g
silonenlensonlen 91U 30 kg 795 UM
USnmsiild 5 ml
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A15197 4.1 AT ILEASTIENITAIUIUABAUTTUUTIU AN 8NTZUIUNTHUN Y ezl uAun Anud

40 kHz (919)
d151a3nsm Commercial grade
S18N15 — — .
AMUIUTU/USUN U UY
sianafeulansonlanin 5 N 0.0265 um/L
AAUDANSIIURAAINLD 40 kHz. 31U 1 4A589 AMaIbWi
o 100 watt
14
Al siagdin 3.96 UM
SYYLLIANDYAAU 1 Fa
. . o N 18/
Fnug i Alslussuusednds 1 L 0.10 .
SRIEIR
AnlnAnnlglun1sanenau 0.40 UIM/U9
° nsaura lganglunsldvaness

Iron(ll) sulfate heptahydrate (FeSO47H,0) 311U 500 NFu $1A7 600 UM

Tunsveaeusssuaududuresndniesamiu 2 molL wWielildndnesa
lesauit 0.01 mol/L 1ide 1,000 mL

Fathu 5101 FeSO, sty 2 mol/L

5,186.52 baht 111.69 ¢
X =0.58 baht /L

1,000 Kg 1L

Tun1snaasdld FeSO, AMUNTU 2 mol/L 971u7U 5 ml siaudy 1 L setuazianlgane

1L 0.58 baht
5mL X =0.00290 baht

1,000 mL 1L
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° nsAruanan lgInglunslalalasiauaseanlyn
lalasiaudosoanlan 35% T1uU 20 A5 51A1 950 UM
lunsneaesldrnuutureslelasiaudssoanlanviniu 0.375 mol/L
ot 5701 H,0, Andudy 0.375 mol/L

950 baht
— =47.50 baht /L

2L

Tunsneaadld H,0, AMALNTY 0.375 mol/L 31U 33 ml siauide 1 L fetuay

GRIGRRE
1L 47.50 baht
33 mbLx X =1.56 baht
1,000 mL 1L
° A1sAIuATlgIelun1slgE1sUSUNL Y

n3agan3n (H,S0, 96%)

NIALANIIN 96% U 20 ART 5IAT 765 UM
TunisvaasslinuutuvaInsagaiisn winu 5 N

i 5907 H,S0, madady 5N §auau 1L (w3eulagldnsm 139 mL azanely

11;1 861 mL)

765 baht 1L
X x139 mL =5.32 baht / L

20 L 1,000 mL

Tuntsneaadld H,S0, ALTUTY 5 N 37171 5 ml faude 1 L satuazialgane

1L 5.32 baht
5 mLx X =0.19 baht

1,000 mL 1L
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Tosheulansanlyn (NaOH 99%)
NaOH 99% 71121 30 Kg $1A1 795 U
Tunrsnaasdldmnudutuyeas NaOH windu 5 N

AU 51A7 NaOH Anududy 5 N 91w 1 L (w3salagld NaOH 200 ¢ azanglui

795 baht
—x200 ¢ =53 baht /L
30,000 g

Tun1snaaadld NaOH ALty 5 N 37171 5 ml siadde 1 L setuazdianlgane

1L 5.3 baht
5 mLx X =0.0265 baht
1,000 mL 1L

AsAulanlgInelunisinUanlendudans loluiia 1AND 40 kHz. An1asin
100 996 I18AAULUU pulse mood

- 1 kW
ALY =100 Wx

< baht
x1AT99x1 hrx3.96 ——=0.4 baht
1000 W unit
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Atrazine Removal Using Nano-Zero Valence Iron and
Granular Activated Carbon Mixture

Kawintra Kongka, Wuttiwat Chawkorash, Budsakom katkaew, Wut Dankittikul, and Apichon
Watcharenwong

Abstract—This research aims to synthesizes nano-zero
valence iron coated on activated carbon (MZVI/GAC).
Characteristics of the synthesized materials were investigated.
The morphology was examined using scanning electron
microscope (SEM). The synthesized material was used as the
adsorbent material for atrazine removal. The comparisons of
removal efficiency were studied in both cases of adsorption and
Fenton-like reaction. The results showed that nZVI/GAC
adsorbent materials can achieved 96% atrazine removal
efficiency compared to GAC adsorption. The factors
influencing the atrazine removal were the amount of material
and the initial concentration of atrazine. Mixture ratios of
Fe/GAC were also investigated for atrazine removal. The
appropriate ratio for atrazine removal was 3:1.

Index Terms—Activated carbon, adsorption, nano zero
valence iron, atrazine.

I. INTRODUCTION

At present, environmental issues are big and people are
more interested in them. One interesting point is that
pesticide residues in the crop area. Residues of these
substances may contaminated raw water.

Atrazine is one of the most widely used plant nutrients. Itis
also related to the chemical industry. Which can be a
precursor substances and products. It also has a molecular
structure that cannot be degraded by enzymes in nature. It can
also change the form so slowly that it tends to accumulate in
the environment. In the present study, several researchers
have studied the method of atrazine removal. One of the
methods was to study the adsorption capacity of natural
materials such as soybeans (SBB), corn stalks (CSB), rice
stalks (RSB), poultry manure (PMB), cattle manure (CMB),
and pig manure (PgMB). The adsorption capacity depends on
the temperature and the initial concentration of atrazine, the
adsorption capacity of the natural material as follows SBB>
RSB> CMB> CSB> PMB> PgMB, which depends on the
pore on the absorbent material [1]. In addition, the adsorption
activity of activated carbons (SAC) and carbonate-induced
activated biochar (CAB) was also investigated. CAB is 4
times more efficient than SAC, as well as an increase in
temperature [2]. There is also a comparative study of the
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adsorption of atrazine in the presence of sodium chloride
using hydrous iron oxide (HIOD301), hydrous aluminum
oxide (HAOD301) and polymeric adsorbent (D301).
HIOD301 and HAOD301 showed higher adsorption capacity
than D301. Both adsorbents had an adsorption efficiency of
more than 95% [3]. Another study also used the activated
carbon (AC), nMgO and nZnO, and the composite of
AC/MgO/ZnO to adsorb atrazine [4]. The effects of different
operational parameters on the adsorption were evaluated. The
pH of the solution had no significant effect on atrazine
adsorption. The AC removed atrazine very well, while MgO
and ZnO nanoparticles had low removal efficiency. The
results of this study indicated that the prepared AC and
AC/MgO/ZnO composite can be good alternative
adsorbents for the removal of atrazine. Atrazine removal was
also investigated by advanced oxidation process with the use
of solar-sunlight Fenton-like processes with sulfate and iron
ions to remove atrazine [5]. The atrazine oxidation by
solar-sunlight with the addition of persulfate and iron ions
(Solar/S:Os'leez’) gave the highest removal efficiency
compared to the others (Unactuated S,Og” Solar-sunlight
only, S,052/Fe™, Solar/SZOs'z).

Nano zero valence iron (nZVI) has a size in nano scale
which is non-toxic and can act as potential alternative source
of Fe’™ through the dissociation of ZVI by the following
reactions.

Fe® —»Fe’ +2¢ 6

ZVI had been successfully used to remove 2,
4-dinitrotoluene [6], 4-chlorophenol [7], aniline [8], [9], and
alachlor [10] by Fenton-like process involving persulfate.
Consequently, the objectives of the study described here
were to compare the abilities of granular activated carbon
(GAC) and mixture of nZVI/GAC to remove atrazine from
contaminated water. The atrazine removal efficiency by
Fenton-like process was also investigated using persulfate.
The appropriate ratios of Fe:GAC for atrazine removal were
also examined.

II. MATERIALS AND METHODS

A. Synthetic of nZVI/GAC
FeSO47H,0 was used to prepare the precursor solution at
a concentration 0.054 M in volume of 250 ml. Then the pH
was adjusted to pH 5 with hydrochloric acid and follow by
addition of 0.756 g GAC. The solution was stirred for 1 hour
at room temperature. Then nitrogen gas was purged into a
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solution for 1 hours to eliminate the oxygen gas out of the
solution. Then 0.108 M NaBH, was dropwise added to the
solution and was Kkept stiring the mixture at room
temperature for another 100 minutes. Then, the precipitates
derived from the reaction were filtered with a 45 pm filter
paper using vacuum filtration and rinsed with ethanol and
deionized water, respectively. Finally, the precipitates were
dry in an oven at 60° C for 24 hours. [8]

B. Removal of Atrazine

For the removal of atrazine, the experiments were divided
into 2 parts. Part 1, the effect of the amount of absorbent on
atrazine removal was studied. The amount used is as follows:
0.05,0.1,0.2,0.4, 0.8 and 1.6 g/ 20 ml of atrazine. The initial
atrazine concentration was 25 mg/l and during the
experiment the solution was stirring at 150 rpm for 6 hr. Part
2, the experiment for determine the optimal Fe:GAC ratio for
the atrazine removal was conducted, by using the following
Fe:Ac ratios of 1:1, 1:3, 1:5, 3:1, 5:1. Besides, the effect of
initial atrazine concentration on removal efficiency was also
investigated using material dosage of 5 g/1000 ml of atrazine
solution. In this study, atrazine concentrations were
measured with a UV-VIS spectrophotometer measured at
220 nm.

III. RESULTS AND DISCUSSION

A. Materials Characterization

Morphologies of materials used to remove atrazine in this
study were characterized by scanning electron microscope
(SEM). The images of SEM show in Fig. 1. were measured in
different magnification. Fig. la. shows the morphology of
GAC at magnification of 22X. Fig. 1b. shows the
morphology of pure nZVT at magnification of 50000X. The
nZVI were round shape particles with average diameter of
110 nm. Finally, for Fig. lc. shows the morphology of
nZVI/GAC at magnification of 15000X.

B. Removal of Atrazine by Adsorption and Fenton-Like on

Fe:GAC 1:1

In this experiment, the atrazine removal was compared
with two different materials,; GAC and nZVI/GAC. The
effect of addition of persulfate on atrazine removal efficiency
was also examined. From Fig. 2a., during the first 200
minutes, atrazine adsorption rates of nZVI/GAC was found
to be faster than the one which was adding persulfate. This
phenomenal occurred maybe due to the underdoes of
persulfate added. However, pure GAC achieve fastest
atrazine removal efficiency compared with the others during
the first 200 minutes. The mixture material between nZVI
and GAC has less specific surface area than the pure GAC
due to small particle of nZVI was occupied the adsorption
site of GAC. Fig. 2b. shows the effect of material dosage on
atrazine removal efficiency. With small dosage of material (<
0.8g in 20 ml of solution), GAC shows highest atrazine
removal efficiency. While the atrazine removal efficiencies
of nZVIGAC and nZVI/GAC with persulfate were
comparable. With the higher material dosage (>0.8 g in 20 ml
of solution), the composite material shows better atrazine
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removal efficiency than bare GAC. The atrazine removal
efficiency of nZVI/GAC can reach 96% higher than that of
other cases using the same material dosage of 1.5 g. This
trend coincided with the removal of atrazine by using
graphite (GR) and nZVI/GR as an absorbent material with
the addition of persulfate. It was found that the removal of
atrazine by GR showed better efficiency than nZVI/GR. [11]

Fig. 1. SEM images of the a) GAC, b) pure nZVT, and ¢) nZVI'GAC.

GAC
C/Cy : “nZVI/GAC

*nZVI/GAC+persulfate

Time (min.)
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Fig. 2. Removal of atrazine by the Fe:GAC ratio of 1:1, by a) relationship
between C/C, with time and b) relationship between the removal efficiency
with the materials dosage.

Fig. 3 shows the effect of Fe:GAC ratios on C/C, values
along with the reaction time. When increase amount of GAC
with the constant amount of Fe, the atrazine removal
efficiencies were gradually increased. But when amount of
GAC were fixed and increase amount of Fe from 1to 3 orto 5,
the atrazine removal efficiencies were dramatically increased.
This occurred because Fe or nZVI play a key role by
Fenton-like reaction for atrazine removal. It was found that
Fe:GAC ratio of 3:1 gave the best atrazine removal
performance.

= . - &
«FEGAC 1:1
s FeGAC 1:3
CICy
Time (hr)
Fig. 3. Relationship between C/C, and reaction time by different ratios of
Fe'AC.

With the ratio Fe:GAC of 3:1, amount of atrazine removed
per gram of materials were shown in Fig. 4a. For the first 3
hours of the experiments, the amount of atrazine removed
was increased. After that it was constant even the reaction
time get longer up to 50 hours. Wei ef al. 2018 examined the
adsorption of atrazine with apricot shells activated carbons
(ASAC), wood activated carbons (WAC), and walnut shells
(WSACQ). It was found that during the first hour had fastest
atrazine adsorption rate. After that the adsorption rate
gradually increased (2 to 6 hours) and finally reached
equilibrium. (6 to 12 hours) [12]. The initial concentration of
atrazine was the factor that influence the amount atrazine
removed, as shown in Fig. 4b. It was found that the initial
atrazine concentration of around 15 to 20 mg/1 can achieved
the maximum amount of atrazine removed. The lower initial
atrazine concentration than 15 mg/l or higher than 20 mg/l
gave less amount of atrazine removed.
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Time (hr.)

0 10 20 30 40
Initial atrazine concentration (mg/1)
Fig. 4. The effect of atrazine removal at Fe:GAC ratio was 3:1 by a)
Relationship between the amount of atrazine removed per gram of material

with time. b) Relationship between the amount of atrazine removed per gram
of material with initial atrazine concentration.

IV. CONCLUSION

In conclusion, atrazine adsorption efficiency of GAC
better than nZVI/GAC. Since after mix nZVI with GAC the
specific surface area of GAC was reduced. However, the
atrazine removal performance by Fenton-like reaction gave
better removal efficiency with the higher material dosage.
The optimum Fe:GAC ratio for the removal of atrazine was
3:1. In this study, the material dosage and the initial
concentration of atrazine had an effect on the atrazine
removal efficiency. However, there are other important
factors that this study does not investigate, such as
temperature and pH, which should be further studied in the
future.
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Abstract: Ethanol production wastewater contains high quantities of dark-brown pigments (melanoidin)
that result in low color removal using conventional biological treatments. Advanced oxidation pro-
cesses (AOPs) are the most documented methods for reducing the color associated with melanoidin.
This study examines the degradation of melanoidin using AOPs based on photo-Fenton, sono-Fenton,
and sono-photo-Fenton processes. Their effects on decolorization were investigated based on light
intensity, ultrasonic frequency, and the iron concentration (Fe?*)-to-H, O; ratio. This study showed
that ultrasonic waves and UV light result in a higher melanoidin decolorization efficiency than Fenton
reactions alone. The initial color values were reduced from 5000-5500 ADMI to below 500 ADMI
for both processes because the ultrasonic waves and ultraviolet light induced HyO; breakdown into
the « OH radical. Reducing the color of the melanoidin using the photo-Fenton process resulted in a
decolorization rate of 0.1126 min~!, which was higher than the rates of both the sono-Fenton and
sono—photo-Fenton processes. These results provide proof that the photo-assisted Fenton process is
more applicable to treating dye—contaminated water than are other enhancing approaches.

Keywords: advanced oxidation processes; decolorization; melanoidin; photo-Fenton; sono-Fenton

1. Introduction

Thailand’s ethanol industry is essential to supplying the high demand for ethanol. The
wastewater produced by the ethanol distillation process contains a dark-brown pigment
due to melanoidin (approximately 2%) produced by the reaction between amino acids and
sugar [1]. The melanoidin-generated brown color in wastewater affects photosynthesis
and is toxic to aquatic life, blocking sunlight penetration and eventually decreasing oxygen
dissolution [2,3]. The estimated lethal concentration (LCsp) of wastewater from ethanol
distillation was found to be 0.5% toxic to aquatic life [4]. LCsp is the concentration of the
chemical that killed 50% of test animals during an observation period. In recent decades,
melanoidin decolorization using conventional biological treatments, such as activated
sludge systems, only partially eliminated color in wastewater [2]. A decolorization result of
26% was reported for distillery effluent through bio flocculation by Synechocystis sp. [5]. In
addition, other techniques that were applied for melanoidin removal include coagulation,
membrane filtration [6], electrocoagulation [7], and adsorption [8]. In electrocoagulation for
decolorizing melanoidin wastewater using aluminum electrodes, decolorization was found
tobe as high as 98% at pH 4.2. The decolorization performance was dependent on pH where
the initial pH of the wastewater was 6.5. Thus, a pH adjustment cost is incurred during this
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process [9], in addition to the cost of sludge disposal [10]. Moreover, studies on melanoidin
adsorption with activated carbon (AC) obtained from bagasse bottom ash (BBA) showed
that it could reduce the melanoidin concentration from 100 mg/ m? to 10 mg/ m? [11]. Ina
study on removing melanoidin from molasses effluents via adsorption, it was found that
the adsorption mechanism was physical adsorption, which would occur well in acidic pH
conditions [8]. This may be a disadvantage of this process as it requires the neutralization of
the wastewater and of by—products such as saturated adsorbents, which must be removed
in the next step.

Advanced oxidation processes (AOPs) are the most recognized methods for reducing
the color associated with melanoidin because no undesirable by—products are reported [4].
The Fenton process is one of the most popular advanced oxidation processes (AOPs) for
color removal because ®OH radicals arise from the reaction between ferrous ions (Fe?*) and
hydrogen peroxide (H,O,), which has a high oxidation potential [EY = +2.80 V] [12]. Many
studies investigated the use of the Fenton process for the decolorization of several dyes,
such as Blue 71 azo dye, CI Acid Yellow 23, and Acid Red 66, and even for the decolorization
of wastewater from the baker’s yeast industry [13-16]. H>O, was found to play a more
critical role in removing color than FeSO, in decolorization and TOC removal [17]. UV-C
irradiation can be intensified by the Fenton process, as it can amplify the production of
*OH radicals through the Fenton reaction (Equations (1) and (2)) [18]. The photo-Fenton
process was used to decolorize compost leachate [19], for the decolorization of industrial
wastewater containing baker’s yeast [20], and for the decolorization of wastewater from
a distillery [21]. While UV-C radiation increases *OH radical production in the Fenton
reaction, at the same time, using ultrasonic waves can increase *OH radical formation
(Equation (3)) [22]. It was found that using ultrasonic waves in combination with the
Fenton process can increase the efficiency of decolorization more than using the Fenton
process alone, thereby negating the need for chemical addition and reducing contact time
with Reactive Blue 181 [23].

H,0; + hy — *OH + HO™ 1)
Fe’* + H,0, + hy — ¢OH + Fe?* + H* 2)
H,0, + Ultrasonic wave — 2¢OH 3)

To date, no studies focused on melanoid decolorization using the Fenton process and
UV irradiation nor on using ultrasonic waves in combination with the Fenton process for
the decolorization of melanoidin. The highlight of this study is its innovative application
of various combination processes of the Fenton method to solve the longstanding practical
production problem of melanoidin decolorization, which overcomes the lower treatment
efficiency of biological treatments and has practical significance. The present study aims to
use the Fenton process with ultrasonic waves at varying ultrasonic frequencies and UV-C
irradiation to reduce the brown color of melanoidin—contaminated water.

2. Materials and Methods
2.1. Materials and Reagents

In this study, melanoidin wastewater was synthesized using D-glucose (Carlo Erba,
France, AR grade), glycine (LOBA Chemie, Boisar, Maharashtra, India, AR grade), and
sodium bicarbonate (Uni Lab, Auburn, Australia, AR grade). The solution was mixed with
DI water type II, which has conductivity <1 us/cm, resistivity >1 M().cm, and total organics
<50 ppb. The reagents for the Fenton process, photo-Fenton process, and sono-Fenton
process used ferrous sulfate heptahydrate (FeSO4-7H,O, LOBA Chemie, Maharashtra,
India), and 30% hydrogen peroxide (QRéC™, Gillman, Australia, AR grade). Additionally,
the addition of 96% sulfuric acid (RCI Labscan, Bangkok, Thailand, AR grade) or 99%
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sodium hydroxide (Micropearl) (RCI Labscan, Bangkok, Thailand, AR grade) was used to
adjust pH.

2.2. Melanoidin Wastewater Synthesis

Synthetic melanoidin wastewater was prepared from 100 mL of deionized water
mixed with D-glucose (4.5 g), glycine (1.88 g), and sodium bicarbonate (0.42 g). Then,
the solution was heated in an oven for 7 h at 95 °C. During heating, the Maillard reaction
between proteins and sugars occurred, which led to the formation of brown nitrogenous
polymers and co-polymers, leading to the formation of the melanoidins responsible for the
solution’s dark-brown color [24]. The proposed carbohydrate-based melanoidin structure
is shown in Figure 1 [25]. After 7 h, the mixture was removed from the oven and cooled in a
desiccator before 100 mL of deionized water was added. The resulting synthetic wastewater
had a concentration of 25.5 g/L [8,26]. This experiment studied decolorization based on
the Fenton process in combination with ultrasonic waves and UV-C light, using 1000 mL
of synthetic melanoidin wastewater with an initial synthetic wastewater concentration of
approximately 10,000 mg/L. The synthetic wastewater was diluted to a concentration close
to that of actual wastewater from ethanol production.

OH

Sl{Te}
o

+ Amino acid (R™-)
ERIN0 4CHC0 1N &

COOH

A (Oligodeoxyhexosuloses) B (Oligodeoxyhexosuloses amine)
Figure 1. Proposed carbohydrate—based melanoidin structure R: H, Clc, (Glc)n [25].

2.3. Fenton Process Experiment

In the Fenton process experiment, 5 mL of Fe?* was added to wastewater. Fe?*
concentration was studied at 0.005, 0.0075, 0.01, 0.025, 0.05, and 0.075 mol/L, while
H>0; =0.375mol/L and pH 3 were fixed. Then, H>O; concentration was studied at 0.06,
0.125, 0.25, 0.375, 0.5, and 0.75 mol/L, while Fe?* =0.05 mol/L and pH = 3 were controlled.
The pH of the wastewater was studied at 3, 4, 5, 6, 7, and 8, while H,O, = 0.375 mol/L and
Fe?* = 0.01 mol/L were fixed. The solution was then stirred at 150 rpm with a reaction time
of 90 min. The effects of the initial pH, initial ferrous sulfate concentration, and initial hy-
drogen peroxide concentration on decolorization in the Fenton process (Fe?* /H,O,) were
investigated. For the sono—Fenton experiment (Ultrasonic/ Fe?* /H,0,), ultrasonic waves
were combined with the Fenton process for decolorization using frequencies of 20, 28, and
40 kHz with a self-made ultrasonic processor with an electrical power of 100 W. During the
experiment, ultrasonic waves were emitted in an alternating pulse mode for 5 min and then
stopped for 5 min over a 90 min period. The photo-Fenton (UV /Fe?* /H,0,) experiment
used an ultraviolet germicidal lamp (Dako T5, 10 W, GL). The UV-C light intensity was
studied at 0 W, 10 W, 30 W, and 60 W for a reaction time of 90 min using a self-made
UV—c processor. For the sono—photo-Fenton experiment (Ultrasonic/UV/ Fe*/ H>03), a
60 W light intensity was used with ultrasonic waves at 40 kHz emitted in pulse mode for a
reaction time of 90 min. The samples collected were color analyzed using a spectropho-
tometric model comprising a PG Instruments UV /VIS spectrophotometer and an ADMI
model UV/ VIS spectrophotometer with a 1.8 nm spectral bandwidth (Spectroquant® Prove
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600, Merck KGaA, Darmstadt Germany). Decolorization efficiency was calculated using
Equation (4) where Co and C, were the initial and final melanoidin concentrations.

Decolorization efficiency = (Cy — C¢)/Cp x 100 4)

3. Results
3.1. Effect of Initial Fe>* Dosage

An optimal ferrous (Fe?*) concentration is essential to the Fenton process. In this experi-
ment, Fe2* concentrations were studied from 0.005 to 0.075 mol /L while H,O, = 0.375 mol /L
and pH 3 were fixed. Figure 2 shows that color removal efficiency increased with increasing
FeZ* concentration in the range 0.005-0.075 mol/L. A FeZ* concentration of 0.0075, 0.01,
or 0.025 mmol/L produced a color removal efficiency superior to other concentrations of
more than 90%, while at higher Fe?* concentrations, the decolorization capacity decreased
because excessive Fe?* content affects the degradation efficiency of color. With an exces-
sive dosage of Fe?*, the decolorization rate dropped because *OH was reduced by Fe*
(Equation (5)) [27], which was perhaps due to the reaction leading to Fe?* and *OH recom-
bination. Thus, the oxidation of pollutants was inhibited at high Fe?* concentrations [28].
Consequently, Fe?* higher than 0.025 mol/L was not recommended. A Fe?* concentration
of 0.01 mol/L was, therefore, chosen for the following study.

¢OH + Fe* — Fe** + HO™ 5)

8

3 8 8

8 g

8 8

Color removal effciency (%)

5 B

)

100 - 9282 9684 927
86.02 S

E 73.69

weer@peee 0.005mol/L
—a— 0.0075 mol/L

==-&-=-~ 0.01 mol/L

- % - 0025mol/L
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Figure 2. Effect of initial Fe>* concentration on decolorization of melanoidin wastewater (initial
melanoidin = 10,000 mg/L, H,O, = 0.375 mol/L, pH = 3, reaction time = 90 min). (a) Color removal
efficiency vs. reaction time where e is Fe?* =0.005 mol/L, & is Fe2* = 0.0075 mol /L, O is FeZ* = 0.01
mol/L, 4 is Fe?* = 0.025 mol/L, x is Fe** = 0.05 mol/L, O is Fe?* = 0.075 mol /L, and W is only Fe?*
(0.005 mol/L). (b) Color removal efficiency vs. initial Fe2* dosage at 90 min.

3.2. Effect of Initial HO, Concentration

The effect of the HyO, concentration (in the range 0.060-0.750 mol/L) on the decol-
orization of melanoidin was studied using a concentration of ferrous of 0.05 mol/L at pH
3 (Figure 3). It was found that the decolorization capacity increased with an increase in
the HyO» concentration, indicating that more available HyO; initiated the generation of
*OH. The color removal efficiency was greater than 80% with a concentration of H>O; at
0.375, 0.500, or 0.750 mol /L. The hydrogen peroxide reaction with ferrous could produce
more *OH radicals (Equation (6)). However, an increase in HyO, necessarily affects the
cost of color removal [29]. Thus, an H,O, concentration of 0.375 mol/L was chosen for the
following study.

Fe?* + H,0, — Fe3* + OH™ + «OH (6)
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Figure 3. Effect of initial H,O, concentration on decolorization of melanoidin wastewater (ini-
tial melanoidin = 10,000 mg/L, Fe?* = 0.05 mol/L, pH = 3, reaction time = 90 min). (a) Color
removal efficiency vs. reaction time where e is HyO, = 0.06 mol /L, A is HyO; =0.125 mol/L, O is
H,0, =025 mol /L, ¢ is HyO; = 0.375 mol /L, O is HO; = 0.5 mol/L, x is HyO, = 0.75 mol/L, and
A is only H,O, (0.375 mol /L). (b) Color removal efficiency vs. initial H,O, concentration at 90 min.

3.3. Effect of Initial pH

Solution pH is a critical controlling parameter influencing melanoidin elimination effi-
ciency in AOP. Because a change in the pH can result in variation in the Fe?* concentration,
it directly impacts the mechanism of melanoidin oxidation. Thus, the production rate of
*OH radicals accountable for the oxidation of melanoidin is limited [30]. The effects of pH
on the decolorization rate of melanoidin based on evaluation at 6 initial pH values (3, 4, 5,
6,7, or 8) were investigated (Figure 4). The color removal efficiency was higher than 85%
at all pH values. In this experiment, the Fenton oxidation process at pH 3 produced the
highest color removal efficiency consistent with the research of Ertugay [14]. Initially, the
melanoidin wastewater had a neutral pH that resulted in the decolorization of 518 ADMI
after 90 min, accounting for 89%. The experiments with initial pHs of 3, 4, 5, and 6 yielded

a slightly better decolorization efficiency. Thus, it was not necessary to adjust the initial pH
of the wastewater to pH 3.
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Figure 4.  Effect of solution pH on decolorization of melanoidin wastewater (initial

melanoidin = 10,000 mg/L, HyO = 0.375 mol/L, FeZ* =0.01 mol/L, reaction time = 90 min). (a) Color
removal efficiency vs. reaction time where e is pH 3, mis pH 4, A is pH 5, x is pH 6, ¢ ispH 7, and O
is pH 8. (b) Color removal efficiency vs. initial pH at 90 min.
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3.4. Optimization for Decolorization of Melanoidin Wastewater Using Sono—Fenton
(Fe?* /H,0,/US) Process

These experiments varied the ultrasonic frequencies at 20, 28, or 40 kHz with a power
of 100 W. In the experiment, ultrasonic waves were applied every 5 min, alternating in
pulse mode until the end of the investigation. The results showed that the color removal
efficiency increased by using ultrasonic waves combined with a Fenton reaction (Figure 5).
At a frequency of 20 kHz, the melanoidin color was reduced from 4500 ADMI to 627 ADMI
with a removal efficiency of 86%; at 28 kHz, the melanoidin color was reduced to 247 ADMI
with a removal efficiency of 94%; and at 40 kHz, the melanoidin color was reduced to 366
ADMI with a removal efficiency of 91% (Figure 5). This increase in removal efficiency
was due to the acceleration of the H,O, dissolution to form ¢OH (Equation (3)) [12]. The
*OH radical is generated by the cavitation phenomenon caused by the release of ultrasonic
waves into the liquid phases [22]. The frequency of the ultrasonic waves results in the
cavitation phenomenon [31]. By increasing the frequency, smaller and evenly distributed
bubbles are produced [32,33]. Thus, an increased frequency has a more significant effect on
*OH radical formation [34].

100 T -+ Fenton

------ sono-Fenton 20 kHz
90 T =X =sono-Fenton 28 kHz
30 + —&— sono-Fenton 40 kHz \

70 +
60 +
50 +
40 1
30

Remainmg color intensity after 90 minutes.
Iniial color ~ SF@20kHz  SF@28kHz  SF@40kHz

0 10 20 30 40 50 60 70 80 90 100
Time (minutes)

Color removal effciency (%)

Figure 5. Effect of ultrasonic waves combined with Fenton process on decolorization of melanoidin
wastewater (initial melanoidin = 10,000 mg/L, Fe2* = 0.005 mol/L, H,O, = 0.1875 mol /L, pH=7,
reaction time = 90 min) (where SF is sono—Fenton process).

3.5. Optimization for Decolorization of Melanoidin Wastewater Using Photo—Fenton
Fe?*/H,0,/UV-C) Process

The decolorization of melanoidin was studied using a photo-Fenton process with a
253.7 nm UV-C lamp (Figure 6). These experimental conditions were selected based on
former optimization experiments carried out with melanoidin wastewater. The effect of UV-
C for the photo-Fenton (Fe?* /H,O,/UV) process was assessed using UV-C light power
at 0 W, 10 W, 30 W, or 60 W for 90 min of irradiation. It was found that the UV-C power
enhanced the decolorization rate of melanoidin wastewater. Adding UV-C light intensity
up to 60 W for the photo—Fenton process increased the decolorization from 5467.99 ADMI
to 285.53 ADMI (95.32%) (Figure 6). The decolorization in the Fe** /H,0,/UV process was
due to the generation of the hydroxyl radical by (i) a Fenton reaction (Equation (6)), (ii) the
direct photolysis of HyO, (Equation (1)), and (iii) the photoreduction of the Fe3* formed
during the irradiation (Equation (2)) [3,35].
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Figure 6. Effect of UV-C combination with Fenton process on decolorization of melanoidin wastewa-
ter (initial melanoidin = 10,000 mg/L, Fe?* =0.005 mol/L, H,0, = 0.1875 mol/L, pH = 7, reaction
time = 90 min) (where PF is photo—Fenton process).

3.6. Optimization for Decolorization of Melanoidin Wastewater Using Sono—Photo—Fenton
(Fe2* /H,0,/UV-C/US) Process

The Fenton process combined with ultrasonic waves and UV-C light was studied
at a frequency of 40 kHz. In these experiments, ultrasonic waves were applied with
pulse mode alternation every 5 min using 60 W UV-C irradiation. The color removal
efficiency of the Fenton process was 81%, with the use of ultrasonic waves and UV-C
irradiation with the Fenton process increasing the efficiency of color removal by 8.287%
and 13.091%, respectively (Figure 7). Ultrasonic waves and UV-C irradiation decreased
the color to 286 ADMI and 285 ADMI, respectively (Figure 7). Color removal using the
Fenton process in combination with ultrasonic waves and UV-C irradiation was more
than 90% effective in decolorization for 60 min. Using ultrasonic waves and UV-C light
significantly increased ¢OH radical formation in the reactions [12]. However, the color
removal efficiency decreased after 60 min, which was perhaps because H,O, disintegrated
into the ¢ OH radical via ultrasonic waves (sonolysis) and UV-C (photolysis) [Equations (1)
and (3)]. Due to the limitation of available H,O,, further reaction with Fe?* was unlikely.
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Figure 7. Effect of ultrasonic waves and UV-C in combination with Fenton process (initial melanoidin
=10,000 mg/L, Fe2* = 0.005 mol /L, H,O, = 0.1875 mol /L, pH =7, reaction time = 90 min) (where
SF@40 kHz is sono-Fenton process at 40 kHz and PF@60 W is photo-Fenton process at 60 W).

3.7. Kinetic Experiments

Figure 8a shows a plot of the linear equation between In C/Cj and time, with m being
the slope and b being the intercept. The slope in an equation can describe the reaction rate
(k) of the process. The Fenton process had an R? of 0.9659, while the sono-Fenton process
had an R? of 0.9853, which was closer to 1 than the R? for the photo-Fenton and sono—photo—
Fenton processes (0.8967 and 0.7343, respectively) (Figure 8). In Figure 8b, the plot between
1/(C/Cy) against time showed that the Fenton process, the sono-Fenton process, and the
photo—Fenton process had R? in the range 0.93 to 0.9, which were closer to 1 than the R? for
the sono—photo-Fenton process (0.4969), indicating a far poorer correlation compared with
those of other processes. The plot of t/(1 — (C/Cp)) versus time was used for the linearized
equation of the BMG kinetic model (Figure 8c) and indicated that the Fenton, sono—Fenton,
photo-Fenton, and sono-photo-Fenton processes had R? greater than 0.95 (0.9889, 0.9798,
0.9839, and 0.9643, respectively) and closer to 1 than those of the other models (the first-
and second-order kinetic models). This is because decolorization via the Fenton process
takes place through a two-stage operation, with the first stage occurring rapidly due to
the oxidation of the #OH radical and the second stage due to oxidation from other radicals
occurring from the accumulation of Fe?* and H,0,, which have a lower oxidative capacity
and thus react more slowly [36]. According to past research, this behavior was observed
in decolorization via Fenton process reactions in a two-stage pattern [37,38]. The BMG
kinetic model can, therefore, better explain the decolorization than first- and second-order
kinetic models, since it explains the initial reduction by Equation (14) and considers the
rapid decolorization and second-stage decolorization of Equation (15), describing the
decolorization that occurs over time.
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Figure 8. Plot of kinetic model for Fenton process and sono-Fenton process at 40 kHz, for photo—
Fenton process at 60 W, and for sono-photo-Fenton process. (a) First —order kinetic model;
(b) second-order kinetic model; (¢) BMG kinetic model.

As seen in Table 1, the correlation coefficient values for the BMG model were mostly
higher than those of the first —order and second-order models. Thus, the BMG kinetic model
was the best model for describing the decolorization of melanoidin using the Fenton, sono-
Fenton, photo-Fenton, and sono—-photo-Fenton oxidation processes. The decolorization
rates of the four methods were in the order photo-Fenton >sono-photo-Fenton >sono—
Fenton >Fenton with decolorization rates of 0.1126, 0.0914, 0.0415, and 0.0374 min!,
respectively. It was clear that UV-C light played an important role in the decolorization
of melanoidin. The *OH radical for chemical oxidation was generated from the UV-C
irradiation of H,O,, while the iron (Fe%*) reaction with H,O, induced the generation of a
hydroxyl intermediate [3,35]. Decolorization occurred during the OH radical oxidation
of melanoidin.
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Table 1. Kinetic values for Fenton, sono-Fenton, photo—Fenton, and sono—photo-Fenton decoloriza-
tion of melanoidin wastewater.

First-Order Second-Order BMG

Process 1 1

la ® R? k™ R? m2 b3 R? 1m* b5
(min—1) (min—1)

Fenton 0.0182 0.9659 0.0470 0.9974 26.7650 1.3434 0.9889 0.0374 0.7444
SF @ 40 kHz. 0.0270 0.9853 0.1108 0.9544 24.1070 1.1608 0.9798 0.0415 0.8615
PF@60 W 0.0296 0.8967 0.1998 0.9313 8.8821 1.3816 0.9839 0.1126 0.7238
STEOIOML ooz 07343 01206 0499 109350 14390 09643 00914 06949

1 k, is rate constant of the first— and second—order models (slope). 2 m is constant in the linear equation related to
the reaction rate (y—intercept). * b is constant in the linear equation related to the oxidative capacity (slope). * 1/m
is reaction rate when t is short or moves toward zero. * 1/b is maximum oxidation capacity when tis large and
approaching infinity.

In the current research, first-order, second-order, and Behnajady-Modirshahla-Ghanbery
(BMG) reaction kinetics were used to examine the decolorization kinetics of melanoidin
using the Fenton, sono-Fenton, photo-Fenton, and sono—photo-Fenton oxidation processes.
The individual terms are presented in the equations below:

First-order kinetic model [3,35]:

dC/dt = k1C1 (7)

1/Ce=kt (8)

Second-order kinetic model [3,35]:

de/dt = —k,Got 9)
In (Cp/Cy) = kt (10)
BMG kinetic models
The BMG kinetic model can be stated as follows [1,3]:
Ci/Co=1— (t/(m+b)) (11)
t/(1 — (C¢/Cp)) =m + bt (12)

where Cj and C; are the initial and final melanoidin concentrations (mg/L); k is the rate
constant of the first-order model (min1); t is the reaction time (min); and b and m are two
characteristic constants concerning the reaction kinetics and oxidation capacities.
A straight line with an intercept of m and a slope of b was obtained by plotting
t/(1 — (Ct/Cp)) versus t. The terms m and b can be defined by taking the derivation of
Equation (11):
d(Ce/Co)/dt = —(m/(m +bt)?) (13)

When t is very short or moves toward zero, Equation (13) can be written as
d(C¢/Cp)/dt = —(1/m) (14)

A higher 1/m value indicates a faster initial decolorization rate. When t is large and
approaching infinity, Equation (14) can be written as

1/b=1— (C—00/Cy) (15)
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The 1/b value indicates the theoretical maximum decolorization fraction equal to
the maximum oxidation capacity of the Fenton or photo-Fenton process at the end of
the reaction.

4. Discussion

This study investigated the decolorization of melanoidin wastewater using Fenton,
sono-Fenton, photo-Fenton, and sono-photo-Fenton processes. The sono-Fenton process
at 28 kHz produced the highest color removal efficiency of 93%. The sono-Fenton process
clearly produced slightly higher melanoidin decolorization than did the Fenton process.
The photo-Fenton process using a UV-C light intensity up to 60 W increased the decol-
orization from 5467.99 ADMI to 285.53 ADMI (95.32%). The power of the UV-C light and
the ultrasonic wave enhanced the decolorization rate of melanoidin wastewater due to the
ultrasonic wave and the UV-C light stimulating the generation of *OH from the Fenton
reaction. The decolorization of melanoidin wastewater using the sono-photo—Fenton pro-
cess had an efficiency of more than 90% during the 60 min of the experiment. The kinetic
study showed that the correlation coefficient values for the BMG model were mostly higher
than those for the first-order and second-order models. The decolorization rates of the four
processes were in the order photo—Fenton > sono—photo-Fenton > sono-Fenton > Fenton
with decolorization rates of 0.1126, 0.0914, 0.0415, and 0.0374 min !, respectively. Notably,
this research may not only be applied to wastewater treatment in the ethanol production
industry but can also be extended to other wastewater treatment applications such as the
treatment of palm oil mill effluent, which has similar wastewater characteristics, being
dark brown and possessing a high concentration of organic matter [39]. The photo—Fenton
processes can also be applied in the decolorization of wheat straw black liquor, which is
not easily biodegradable [40].
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