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Abstract

This research focuses on nitrate removal from municipal wastewater using an
electrochemical method (Electrochemistry) with pulsed electrolysis. The efficiency of
nitrate reduction was studied under conditions without the addition of electrolytes,
using aluminum electrodes to perform the nitrate removal reaction within an acrylic-
based electrolysis cell. Nitrate concentration ~was analyzed by measuring light
absorption * of the substance wusing - Ultraviolet-visible = spectroscopy, while the
precipitated - compounds  were examined using X-ray. diffraction (XRD) technique.
Experimental results after a 180-minute treatment showed that the optimal conditions
for nitrate removal were a pulse frequency of 10 kHz, pulse width of 80%, and current
density of 16 mA/cm2. Under these conditions, nitrate was. reduced by 90.73% (4.3
mg/L) from an initial ‘concentration of 46 mg/L, and nitrogen selectivity was 80.08%.
Furthermore, the mass loss of the aluminum anode was as low as 0.8%, and energy
consumption was less than 9.3 Wh/mg when compared to direct current electrolysis.

The main precipitate formed in the electrolyte cell was aluminum hydroxide.

Keywords : Nitrate in water sources, Nitrate removal methods, Square-wave pulse
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2.1 InInshulasiau

T03nslulasiau (Nitrogen cycle) vunefiy nisiUfouudasaninvessinlulagiay
warasusznaUluln SR UM UEA WA AF oL USLURE UA18ASE UIUNSIN IATILAEN1 S DY

a a ¢ = | = = & v v
ﬁa']EJ"UENﬂanV]iEJ"i]']ﬂi%UUﬁu@l‘UEﬂi%‘UUWUQVT@JuL'JEJUL‘UU'JQ?\]ﬂi

2.1.1 lulpsiu feluussinddguazdidudmsudsdifiadaduasiiv Wewinidu
dulsznountieu e duns dansviaesils wu Wudiudsenauvasmslulatnse Wsduway

Taduunsuie MuuddianudAgaeszuuinmneiiswrasdiann lulaseuivaisaud

)

a

Jenunsafnasuszneulaviagegialuniesssund nswdeuglvesansuszneaululasiau

o ¥
a =<

u%mua@jﬁuamwﬁﬁaaﬂ%ww%hﬁﬁaaﬂ%wu Tnerhludrdnlnganintul nod ol 33a
Faanansouvseentiidu 2 Useanlug) o loud

1. @19Usnauduns lulnglau. (Organic nitrogen compound) Aeansusenauae
Tulasiauiidussilsznounielas a1 wednivagin annwdey dudefiunaindad
uazansIINdonan B nvesAdinty Tiun gEe Tusiu easlsflad nsresilu uaznsngin
Jusu

2. a15Usznovetuniglulnsiau (Inorganic nitrogen compound) laun weslulie,
lulasduazlumsaAnainnszuaunislundfitadu (Nitrification) 1un151Ua sugUves
lulpsiuanasdunisduansedunidans TaenquuueiiGeluiuasluiuiidedont lu
3vhedawuaiiSe (Nitrifying bacteria) nneldan1ziifoendau (Aerobic) Faazdunisiiiy
AugauaLysaivesiunazi esnlumsnlumsiifividoms wilummsatudnman
Aaluaniegihifioandiay (Anaerobic) asfanszuiunsalussiedy (Denitrification) Tne

a dad o« ]

wuaSenivesundt AlusslnRsuafiise (Denitrifying bacteria) Faasdunisiudsuuves



Tuwsaludululssd feoratlenaiadusenlasvasiulasuless lunsasanlantazluns

noanlen Feluuinsdlerssvdmansenuyingeydelulasulufusagluin

Tunifiatu
mIsand ledlasuunfiiiy

Tulaslolvurg —»

wanluily Iulasalws/Iulasuuainay
" asolulanion +0,
NH; & NH, :
T niaiail
matsy
awieles  {alaslafe Y
¥ Lt UiATA
woulufifindu | NO,
i melulasiau N, 4
LCe] u3 Wrh ]
. wursnmea .
UDRANIATY
Auring S wunafioues nlije
MbuazLay M oW
VS RIILER)
amulao ¢
Tusdudad - W WA b ieie WAIIUN
- - «
auniotulasion \ v wEdnag
\ Tulsfudy
/P funidlulanew
e

Ul 2.1 dpdnslulasiou (sede, 2544)

212 anstsznavlulasioy Feansiitoiglulasiauidussdvssnumdndsulas oy
fanudndusigermimiddydviuninaiyidulnvesiivainntiosainitlulpsiowdy
dulszneuvedlusiulasasnianadn  (Nudeic Add) wagitlosannlulasiuihesdusg i
Srindmsumsesaivlmesiimide sanlulnsiausgluguvewia wivxilulasauuiaday
feglufutsaziiinanfessnniflefisuiudmdu 9 ansuszneululasiousosas 90 azegly

a 6w A &

dulseneuvedunisingus efreegluguvesans Ussnevduidlulasiay densuszney
sunidlulasurziivsloninenad egndsuliunegluvvesasuszneveiunid
Tulpsiaufe drmnueluille lulasduaslumsn asusenevedunidlulasiaudnlngazey
Tugumédn 3 sURe wealudle Tulnsduazluinsn TaefiivaziluldRenenluidouagzluinsn

& o = o v A 1o w a v = v !
asUszneunsaedludmsuity uwiliddnlufuwasinazaydelulinelaenssuiun sang



Py nMsiaUisensdnduluesaniefluas ety s1easBunuuudnasdlAsIa31 9909

a1sUszneveliunidlulasiauuantfagun 2.2 - 2.4 U Fmens, 2557)

.N
H\“'/ AN
& H

JUN 2.2 wuudnaedlassasiswesansusgnauduysdhulnsiauuenluie

o
NS

JUN 2.3 wuuinaeslaseasnavadmsusznave uvidlulasululase

sUN 2.4 wuudnaeslaseainsvesansusenavadunidlulnsnulunen

2.1.3 nszvruniswenludiaty Wunszurunisiwasululssuniduais s nau

[

a = v & a a6 | = = ] a & Xa
@umﬁﬁﬂ%LUuaqiﬂigﬂaU@uuVﬁEJ LUU LL@NI&ILUEJIUI@? AU YINIEUIUNIINAS LAY U u&liu

F95197 152 TuuS i Jeondau azanadd atUdsuainanini deond auluid uanw

[ [
[y

Facultative anaerobic wa¥ Obligate anaerobic 1nedn3 L5199 9NTEUIUNS T UL
vanedadeliun gl ey dwsrdmsueusiolulngiay (Carbon/Nitrogen ratio) U89

PENOU @N501YNTNALUSTULLATAN INURRY WU oAy uaglassasis (Reddy and Patrick,

' '
o

1984) Farrvasiterianandimsunisiiaueuluiiladuazeysening 6.5 uay 8.5 Maillufiu

Y N

a I3 = a o s 1 a aa e a
NBUAT WBVALLUUNANUUDINAAFN1IEU NN BT mﬂuﬂmfmmiizmamﬂ NLDYVBINUAY

anaiilesaannsazauvesluwsn (Nitrate accumulation) waznaisiialalasiauleossu (H*)



nszUuNsIzeeveweanluile (Ammonia volatilization) {WunszuIun15NI9
\winen1n (Physicochemical) ewenlanilelalasiauavegluaugasenii@nueiiguas

lansondaseaunsi (2.1)
NH3(aq) + H,0 - NH,' + OH~ (2.1)

2.1.4 nszvrunsluniflindu 1wl jaseteendladvinedanin lagild suain
worlufloudulumsanazlulas Alduasszninajisen (Intermediate) vosnsiiaUfAzen
Fanszuaumsluss fndudunssuiuniswuy Chemoautotrophic Falunsvhedauaiise
aglisundsnuannmseondatunouluiisuasluasen Tnedmsveulavenlemduunas
susrluntsdaansiwadlil wdunidmarifosmsoantiou Weldlunszuaunis
pondnduLenludoninlnsiaudululasalulasian wazlulasdlulasiauduluinse
Tulnsiou Feaun1sdt (2.2) - (2.8) Wai luniseendladuonlmd oulhduluns nazdu

NSTUIUNSTIE 2 %gumu (Wallace and Nicholas,1969 wag Hauck,1984)

NH,;"+1.50, > NO; + 2H* + H,0 (2.2)
NO; +0.050; » NO; (2.3)
NH} + 20, > NO; +2H" + H,0 (2.4)

ludumanusn suianiseendinduienlutdenluidulules d lasuuaiisongu

Chemolithotrophic bacteria (luaniignloan@uiin i) FawuariiFenguiazyuey (v
nszvaunsoenddunetlaiy Wewinlasundinuieltlunisaiywule Jelufuasd
wuaiisenguilvanevlane iy leedsuvesdfiserluniseendladuoludeluiduluiase

v

vosuaniselungululasly (Nitroso Group Bacteria) didisil (Hauck, 1984)

Ammonia Hydroxylamine Nitroxyl Nitro hydroxylamine Nitrite
(NH; /NH,) (NH,0H) (NOH) (NO,.NH,0H) (NO,)

UM 2.5 nszurumsiiaeendndusen o luiululased



Tnwansusenausenineuisenlawn NOH wag NO,.NH,OH i aglsiueneanunfn
usgeshiifiudiusilianddiidiugwuvesufisende sxlimsdeiudidnaseu 2 filu
nsruIumMsuarus i enludevlessuiululaset (Hauck, 1984) daulusuneuiiaes
yoanszuumslumsilatuaninnisoandintuainlulasdluiduluwsn TnswuadiSelungy
Facultative chemolithotrophic bacteria #sazaninsaldfarsusznoudunidsimanlulag
o uuna mdsulunisiasgivlald lnswuaiiedianuisoeandladueuluie
(Ammonia-Oxidizing Bacteria) ésiinansailiansainufuuuafi Sesimnfieandladlulage
(Nitrite-Oxidizing Bacteria) azidwiitganaal dd i oaindulufunazuna s a loud
Nitrobacter winogradskyi (Grant and Long, 1985) Uana1niiannnsanndanuinuu aflise
naululpsuuaLnes(Nitrobacter) Tuiifa Nitrospira ansnsanuldifaluludu widnih3auay
dnmRgE Iz TamaUIRuAT S es I nieendladlulas . Tuuedidaian se
widulalddedulasduaraisuouduwratomsni oannsansaivlalaluant niilud

a = o v o A A a A a ¢ ~
20NN IR UTUTULUATLS B ALUATISeRa s naanTladuauluidy (Bock et al,,

1986)

2.1.5 nsguaumsalupiiedy Wunssuiunmsesndnduluanimuausndn (Anoxic)
AT NI AT UM ST 1NNV AR ONFIaU (Oxygen depletion) Aonsarasuadlulasn lag
Wasuwliegluguluansveslulasiau nielusufiglulnsiau Fusennseuiunisid

= aa 9 aNa & a X A o S a

NTEUAUNMIALUAI ATy MiauedlumLaldin s suunIsilasiintuidesinnuua ity
IneTeenladvedlulasiauegluzulesouniefy \dussudilinaseudimsunmsindoudives
danmseulunszurunisvuddianasau (Electron transport chain) IngBianaseud zgnas
' ° ~ va & Y = o & a a ¢ P Y]
AonANaTIIMINT@Insaisanaseuls Fuinduasuszneudunizdiazdwislud sz uy
i itedeulvieslugUoendladlulasioy lnendwiudaszazgninulilug e vo i
(ATP) @ svs 99 1nuuaniaunseneanesiadu (Phosphorylation) waziin1sunluldly
Nitrifying organism @sagulainnisiasundamaeiidinimainluesaluiufiglulasau

wansldisaunsd (2.5) (vymazal, 1995)

2NO3 - 2N0O, —» 2NO - N,0 - N, (2.5)
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o =
2.2 UEy
WUy (Wastewater) nuned 1119 ldudlanfanssuais q ludnasiduainguwy
159ugeaMngsy @anuusenaumsing qalutiahsumnsidesdnitiasdiun dduin

dowanllagiimsvuleusy wardvudeuluddeiaisazmdneenlilinniiganeuay

¥ v
o o &

Udoggunasi1t1dy qnseunaninsssund eanvafivnisiwazlymau qludwindeoy

wa |

WU R A RS UUATT N WA NAWIAA BULVINR WA, 2535 Tamillenun Ui

o

N

nefweudenegluan mluvesnaisiniiinaansnvsvuns evuw eueglure i nai iy
@Ednnuuleunonasiudannaoy. 2535) Mdeuddivgiu didsfamsziinn s il

q' 2 o A A a ada o | | o o &
ausﬂaﬂmqﬁﬁqﬁwaqﬁlL‘Uu’]mqm’mﬂqﬁlﬂqw ﬁ']5Lﬂlﬁ/ﬁaaﬂllslj'lfﬂ‘mﬂgﬂua%Qulﬂﬁqﬂqiﬂuququuw']

o

Tduselovdlufanssusiie g viednnldmuanuieinislasiuninmsegedevesdddinluun

winnfiasanludnuat e1alvenuvngdidslusniuifaviladn. inidadevuludiiiu

2/ W
o

AnpspuTiuSunsenaglifusunssde mauilnatuie Sui g doanninnia
hmanasguvieasunaninauaudAiRumsamnsssir iy Tanfoafiazatouay
lsiavanerndevuey Huwmimirduliansailulévsslondldmaiesns (nw dunsun
2. 2541 +502-503) Fsnamagdldan thide vaned ihiifiosduseneurennaaieasia

v
Y

S @ a 1@ a o/ ! ala a o ! ! L7
vanfuiiwiaglidufivludadiuifinluainsssunamluaud waseguainiagaul o ve

[

6 !
HYWY dAILASNY

2.2.1.- Ysenniawends yinvesdimunivs uniedufnaluwvanid@gduiniiy
wansnsiuliuegiulssinnvesin@de Insendegnsdanvuideuniedsu]nadi ulng Ndn
nwullusganasieludl

1. @159unse lauAasiulewnsn Wy ludhy wuirmedng Aedn Fuillodudy

2. asefuvid Toudussnsne o Nonldiliifauniimiin uonadudunsiuse
a1l 97an3 ol uguassalunszuiun sudatavszun 1a wa aaalse lulasiau Weanwesa
FawlosiJusu

3. laveninuazansfivdy  qenvegluguvesansdunidvseaseliuniduazaiunse
avanegluisomnafinlludunsiaseddiTiau Usev lasdlen vewas Unddinaznuly
9&‘}) = dd' o v £ A 4 v ’cjs Q’I
UNde1nlssug aavinssukazansiadif Lglunismandn s i ud ouanduuiieaen
msinuns duguruienalvuleutnmingaamnssuuaussinndy Sugulave ggausa

T & v
wazud@sanlssneualduau
4. gnsazarsuazarsaspiaing pluglassadensduasisiuawsoinuanua il

dosasguuasnigu undudusiu
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5. 989474 UTENa U 18909uT ILIIUADE (Suspended solid) #EndUNTN
(Settleable) warwasudsazats (Dissolved solid) iodanariiauagluuvdsiragvinl#ifa
anmlfeendiauiivieni1 Vilfuvanidiudu femnuuge dwanssnusionmss 31330 v
FnituazmnihiulUldusslewday qdely

6. msnelinowwazansdnen lauinsdnuen ay Wowsint utduinfuns
nszapveseonulue mMAguankaro L duSunTareAe i nluL A

7. smevns laun Tulpsinuuasleavesaifioundnirfistgemnsimariluysun a
ey liAanss s Wiy ulavesiimisimanaivie  (Algae boom) demaliusun
yosoonduluunanianainmsideenfisurssiimaduasd v liiniduTyfivdr e

P RNIENZG DR ARG TRV R Vg

2.2.2 Ussnvestnide - nudevesddiiuiioundo dc fnalulvd i doarunse
weUsannvesndelfidudnvarannumd siisn - Ssudseandiy 3 Ussavlveg) qieseluil

L. ﬁﬁl,?{ammmdwmu (Domestic wastewater)

ddUsunminnluedaznainmslddinnianssusg qmeluasiBeuriesaniu
Usgnoumsiny ey Ssasnsaudalondu 2 wdslmaRetind v nanan s wnen e
umindediianndnifga iidefinainfanssudu ey mstszneueInas 13819
musiazgUnIal mstisedngsmerludiu somndevdeannacnlssneunnsme qs
anUsnivuidousglludiAeusnamiivioansdunid aseduvidiavasing uthiiueos
ngrausa-nMsyulangresiuyulavisdusiv

p. 1§1L?iamﬂl,t,1ﬂdﬂqmammim (Industrial wastewater)

thisussunnilihesiidnvaginatusenluiuegfurinvadswnugramnsuiu 4
shluuwdrasluasiisnantih il lumsssnsamnasonvo ued sdnsuazgUnanl thillélums
d1atngiu 1adoedng gunsal §enaulud s ulsulazdusounszuiunisudnues
gaavnssuiitnsliiidu dindeniu (Cooling wastewater) 1hdna (Wash wastewater) 1
INVVIUNITHER (Process wastewater) ez 9(Miscellaneous wastewater)

3. TEEIINULMEINISINYAS (Agricultural wastewater)

ihideussnnilanlugasdundsiiinainmamnsdgnuasissdnviogaaivngsy
yhiudu ans Ta Uawasdaduduiluuduihdennuvasizanmstudouresansdunid
Wuandngimu waded uenaintuudidmuaseduniddedy Joniifidunavesansly

LSALLAZNDALNE
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223 mespruamnmwesninds Tuligiummhenunemsldeentseniamnua
foyanesgiuauniwifsdethideannunaiing qdeudesasdunasniisssimd dny
fuszneumslulssnu gpanunssiulumsufifauing qasiingmneuasdetadu dmiy
dnnuing Bogredmeunaludemsvdesihiuiennde fasdenihmusgianssnda
el unsnTIRde LA AN AR Fioa TR Ao LAz Tion Aoy Tnd IR ssaanuUs gn o Unn g
Fanpspuamunmhansouidléied inesgubderar inessunidegeavnssunas
snasgIuiEonuR NIy

1. syt

119N IIUUNBIYTEATANTENT IINTHYINTATLNTWNT NYINTTTTUY A UY
Auandend we. 2553 liemuauinasgiumsszuisihfisnssuuidamidessves g uey

foallAnwalUll (ASENIIMTNYINTEITUVALAYEWINADY, 2553)

M1571991 2.1 AUUIAMATNNINTTINUNTI YUY

fwusamnnid vl A1LNATFIU
1. menudunin-ang pH (A 1o%) 55-9.0

2. aUlen (BOD %59

Biological Oxygen lafdnTudoanT A 20
Demand )

nsgivuagUUagavhendy LTI )
Al o fadnsunedns T3y 50%
Uatsuldnes wioUsans

3. @1suuIuaey Haansunaans TaitAin 30
4. vhifunagloshy Jednsunedns laitAiu 5
5. Tulnsiuiisnus JednSusoans TaitAu 20
6. WoanoSasimn Haansunaans Tafiu 2

wuemn nsdnirevvngavineiduveusulades (Stability pond) 150U oY

(Oxidation pond) Wilddlefvestifiinunisnsewds (Filtrate BOD)

2. snpsgutdegaEnnnTsy

9NTIVAINYWABY NITNTHAMNATTITBINIMNUAINATFILATAIUANAT
ssethisannsUsgnouamslssnuuiulsaiied na 2560 thanmsldthuesausnu
yieihnfanssudululssnuiiazssunseeninlssnunolaUszneumsgeavngs uf e

fnunnawiobul
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fwdsaunInn iveld AINATZIY
1. manudunsa-ang pH (i 187) 55-90
laiA Y 3,000 H88N5UAD
ans (@1ausnsnsluegiul szian
YDILNAITDISUUIN IS 8UT AN
1599UgAAVNTTUNAMENTTUAT
AIUANNAT B UALAITWAR Bl
2. mialea (TDS nisTotal po e 1AW 5,000 Tadnsudedns U19199
Jaansuneans v L
Dissolved Solids) YTV AILLNANUINIDYUATAINY
Auldiw 2,000 a8 nsun 0dns
Vst slealul N9 gl
Aunnaseanl ey lunvas
YinspevsauInealaliiiy 5,000
Jaansunoans)
3. dN5UVIURRY Jaansunedns laiiu 30
4. grungil (Temperature) M b
] T & Vemvi) NGINIEIn| Talifin 40
TUuzTIINSIAUBENa
5. @usenau b Taldunfes i
6. Fabna (Sulfide) NednSusioans sy 1
7. lwenlun (Cyanide) Nadnsusioans Talifiy 1
lafiu 5 fadnsunedas (819
WANFATURENTUUTENNUBIL VA
Y 5 LN 595Ut s oUssnNlsny
8. Unslunazlviiy aansunedns .
QMENVNITUNAENTTUNTAIUAY
a =] 1Y I a
awiuaumIsLasoaliiy 15
aansunedng)
9. Wasuanlan L o
Taansuneans Taiiu 1
(Formaldehyde)
10. asUsEnouuea o o
Jadnsunoans ey 1
(Phenols)
11. Aaa5udase ((Phenols) Jaansuneans TaAiu 1
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d . Y o .
A15197 2.2 AulsaunmansguldegndmvnTIy (Aa)

fwdsaunInn iveld AINATZIY
12. ansldlesiuriamin R FoInTI9kinumLIBnsI9EeUn
oA TadnTusiodng .
n3NY (Pesticide) ARUA
Lifiu 20 Tadnsusedns (919
WANAIILEILAUTLNNVDIL AT
13. @ndled (5 Tuilgaumgll L se95Ut NS oUsTINNURals sy
. Tadnsusiedng .
20 DA ALTYE) PREAMNTTU AIUNALENTTUNT
AuALNaiwiuaNA LAY
60 Tadnsuraans)
Lifiu 100 Zadnsusiedns (819
WANEILAIAUTLNNUDIUNES
14. AfleLdu- (TKN 38 SN sossutiwmsaUssnnuedlseu
Tadnsusiodng )
Total Kjeldahl Nitrogen) PRFIVNTTU AINNAMSNITUNT
PIUANIARMIUENATS  wAllA
200 Uadn3umaans)
Lhfiu 120 fednsusiadns (819
. y WANAISAILAU TN NVDILUAT
15. A1alef (COD 50 LRSS
R — 5OV IMI 0UsENNYILT 1Y
Chemical Oxygen UAANIUADAAT .
PUEIVNTTU AIUVAENTTUNT
Demand) A .
PIUALNaTANENADS weilihfiu
400 Hadn3uradansg)
16. lavigntin =N 4
o TadnTusiadng Tahfiu 5
- daned (Zn)
- Tasdluwdadngniaum ——— .
Tadnsusiodns Lafiu 0.25
(Hexavalent chromium)
- lasdleuvlialagsnaus o .
Tadnsusiedng Lafiu 0.75
(Trivalent chromium)
- aad (Cu) Tadnsusiodng Tl 2
- uankley (Cd) Tadnsusiedng Lafiu 0.03
- wAREY (Cd) Tadnsusiedns TaliAiu 0.03
- WUISEY (Ba) Tadnsusedng Tl 1
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d . Y o .
A15197 2.2 AulsaunmansguldegndmvnTIy (Aa)

FauUsamn iveld AINATZIY

16. lavgnin (se)

. Tadnsusiodng Taifiu 0.2
- Az (Pb)
- dnfia (ND) Nednsunedns laifu 1
- w1 g (Mn) Haansunadng Taiu 5
- 915\wilA (As) NednSusoans laitAiu 0.25
- Al (Se) NednSusoans laiAu 0.02
- U (Hg) Haansunaans Taiifiu 0.005

3. snpsgIuFeinunTnTay
Tumsihmsinwasinanedsuaminlimsldan satiuansatudtediatu mslied
fdrunagvesarsadn i dusisniswsaud ulnueafias wonTINNIsINYASTLA 87 fuMs
wmzlgnudndesmifinndsdadidu. vhitansdunisiimainnsdunsitesdnd Tudnd
Joidedninafanierosion newomsuazyadet Flvmisidudemuguunn
v <

- o = 3 A a X
Aeansusznavlulssnuitmnuenlulle lulesd luwsamifnduaanavermsiazyadnd

AMTUMOY N ATTIUNDAIUANN 3TEUIBUITRINI LGNS

i o 3 a
M199N 2.3 Gl'3LLUﬁ@mﬂ']Wll']ﬂiﬁ"luu'ﬂﬁﬂkﬂﬂﬂiﬂisu

\ Y : ANLASFIY
Fudsnmunini e
WATFIU N | WINITIU T Uaz A
1. anuunsa-ang pH (i 19%) 5.5-9.0 55-9.0

2. adlef (BOD %3
Biological Oxygen fednsunadns Taltfiu 60 Ay 100

Demand )

3. Adlef (COD %3s

Chemical Oxygen feansunedns laiiAu 300 laiiu 400
Demand)
4. @ANSWUIUADY Taansuneans Talifu 150 TaliAu 200

5. lulssiaulua by

(TKN %38 Total Kjeldahl Naansusoans Ay 120 laiAu 200

Nitrogen)
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PR
1 anesgiu n Wausumsssniei isdmiushadseion n wasnesgu o 19
muAMssEUethitsdniurhiy Ussian @ uas A
2. mawtsssnnvesrhsugnsaeliimdnmiedadad (Livestock Unit) iuin o
domnihuudazuinslsgnaudsansiidanuuaniisfunisussion wunn wastise g
awhliAmeadonastndeluumadunneg Tasitornunded
Ussinnvashsugnsuuseanidu 3 Uszam il
2.1 Yssaw n ShisiivheUsdafinnnd1 600 whe. Weuwhdwauans innd
5,000 ¢

2.2 Ussn v TuawlinmieUadninud 60 - 600 143e. WguWind1uauans Aawe

500 - 5,000 612

17 1%
v 6

2.3 Usuan A B vidpuadnisad 6 - Ueendt 60 vude. WMBUMNITIUILENT AL
50 - 4e8n31 500 67 (NIUAMUANNATY, 2553)

| a

2.2.4 IATPIUAMNIMYBILNASR AU MR 32 wimsesvdydideaiuuas
SNYIAUATNEWIARDULTIVIR. WA.2535 Vel AIRIZNITUNITRIUI AR BULI YA N1 11U
= v A g Y] AN ¢l vy
npgIuRunIvEmndetieludmmnglunssnnauninedluin aminmanzay Fala

1M IMUAUTZNNUNEIIRIAUAIN S99 2.4 LagMYuaATIUANN NN 2.5

dl o 1 901 = =
AN 2.4 NMINAUAUTLEANLARIUININY

USLLANLAA LN MstaUselewl

Useomd 1| dudundsisiianniwmifiaaimeasssienilagysaaintiifisann
ﬁﬁm'ﬁmqﬂﬂismmamﬁuﬂsﬂwmﬁa
1-m3gulnauasuilnalagdasnumsaidelsamuniideu

2. M3venBRusaasI T Avesdsliiinseiuiiug 1y

3. N150USNYILUUTNAUYD IR

Usunndl 2 | Tewnuwnaainilasutinfieainianssuunalssnnkazalunsadu
Useloaiile
1. MmygulnAnazuslaalagfesunsedelsamuUnfvaz iy

nsruIuMsUSuU TR miluneu

1%
v €

2. MsousNEdnIn
3. MUz

4. N15IYUILAZNWINIUN
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Usznni 3

Townunasinnlesuiniainfanssuuisusanniasduys Lleviive

1. mygulnakaruslnelagdosiiunisavelsanuunfnag iy

nsrvIuMsUulRaanIndmaluney

2. N1NYHT

Usenni 4

Tounurasinnlasuinisainfanssuuisusannaziduys leviive

1. mygUlnauazuslaalagdesrinuniseingelsamuunsnagsiu

nzvIuMsUsuURaan i dufivienau

2. gAANNITY

Usenni 5

P I 0 av vy o a a 3 ¢ A
1®LLﬂLL‘MaQU’WlVL®§UM’WNT\Hﬂﬂﬁ]ﬂiillU'W\‘ilJﬁ%Lﬂ‘VlLLﬁ%LUu‘Uﬁgiﬂsij‘uL‘V\la

ANIANUTAN

A1319% 2.5 wesgruaan i luwasifanu

A4 7 ‘ Usganuma Ao
PN WY | e
J Useian 1 | Uszian 2| Yszan 3 | Ussian 4 | Ussan 5

1. @ ndunaysa ; 5 5 5 5 -
2. gounqdl % 5 5 5 5 -
3. Woy ’ 5 5-9 5-9 5-9 -
4. pandlAuazany | Un/a 5 6.0 4.0 2.0 -
5. Ulof un/a 5 15 2.0 4.0 -
6. lumsn Un/a 5 5.0 5.0 5.0 -
7. worluily 1n/a 5 0.5 0.5 0.5 -
8. Wuea un/a g 0.005 0.005 0.005 -
9. NBILAY un/a i} 0.1 0.1 0.1 -
10. daLAa un/a § 0.1 0.1 0.1 -
11. wasnnila 111/ 5 1.0 1.0 1.0 -
12. dansd 1n/a § 1.0 1.0 1.0 -
13. Lanldlay un/a ] 0.005 0.005 0.005 -
14. pzih 1n/a 5 0.05 0.05 0.05 -
15 &sny un/a 5 0.01 0.01 0.01 -
16. lelug un/a 5 0.005 0.005 0.005 -

wanawi. (5) Wulumusssund, (¥) esnwailea, (un/a) Jadnsusedns
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2.3 nszurumsitadnde
naguumsdmideliogietunatonssuiunsdanansauiseenldfwelud
1. AFTUIUNTTININEAN A ONTEUIUNTT 01 BwI9e13 it o LUl Tunsuen
voudiliavanetheonaninide Tnedwmnendutuneunsnvesssuuthdadndslaud
N13ANAUAZLNTI (Screening) N15A A 88 (Comminution) N151319 (Skimming) N1517U
(Mixing) n1svilaee (Flotation) nisanmznau (Sedimentation) MSLENSIfIE LS 113 89
(Centrifugation) n1sn384 (Filtration) Msi1dangnawntin (Grit removal) {Wudu

a

a & = o e A N a ° v A
2. AFTUIUNTNWUINN ﬁ@ﬂngQUﬂqimaqﬁﬁJ‘r\]aumiﬁJw5aLLUﬂ‘V]LiEJELUﬂ']i‘V]TViU']V]

q

[
1 = !

dovaaneuazUAsuuUasansduvi dins lulufeassiugorma lasansdunidiegly
wissnideavgnldiduasew sliaunidviouuaiise wilideiaauand snanag
Bsthdaidulstuuuldesndinuuadlildoondaufly

3. ASTUIUMIMAUATEININ Renszuaumsiian fuansiainasasiufiuinde el #
AeuFRsenatiudedialinnanaula e ot vad e qeenaninde asadidldldun
a15du (Alum) Yuvna (Lime)iasa dainn (Ferrous sulfate) twa3n Aaelsa (Ferric
chloride) nszvauntamaaiiildnisihvnuidofinarstszianldun Tawonqiady
(Coagulation) nasanu@dn (Precipitation) N15UTUNMOY msuaniaeulesew (lon exchange)
09N LTy -Seudu (Oxidation-Reduction) Tun1svaauidsdienssuviunsnaadily
dnsuihidefiimenulunsaviesguiull Mangminfiufiwdu doned fyn deznou
wLseswAdnTinasnawldtnn fasUssneveduvsdavanehidufivey dalnd Tutu

Y3 tuazaeun

<

2.4 ASTUIUNTOLANINSATE

nszUINNIANmIaTaLdunszUIUNs Ml NIt Al wa Ul Wit Dy §vin 1o
nuAsenad Taeannszuiuniswldnssialniraanunasainatsuenangliiuin
dldnlnsanusznaulume i oluaka A aliakinseialniiiudlunansdidnlnslad
d‘ Y a o a aa % dl " g 2 gj = Vo 1 dl o 2
WeliAnnshuiseduansaganeiiegludl dwiudsagulddndmysenouiid Ay ves

a o aa ¥ 1 = I | gj a o a

nsEUIUNTBANINTATaaEle 3 dufe uwnasnglwinannnieusn TaBENNTALAYANSDLAN

nslad nszuiunsBianinsddauuaninsadnliuszy ndldnulddnmanegvuuuau Tdlums

£ a ¢

U Asenasinisyulanenienisvivlansuians (sduns,2561) nann15vinauves

nszuuMsBianinsadatuasndulumudagui 2.6
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UM 2.6 AnT1aa9nsEUIUNMTBENTN BT

Tupssuaunisilielinszualaiwrdnivueidarsazargnauoy luulnen 1wl

a < a ! a v aa 1w a s o Y a
ddnnsnaeiinnsal wmdiannsauaind i maluddeandladvilvinnsaieloudseq

a o

(Charge transfer) aelusgnouveIa1 TN 3enI1U4 A58100nG 1At u- 37wt (Oxidation-

Reduction Reaction) #38Ufjizen3nend (Redox reaction) &sUifzenean@intuaziinduil

(% (% (%
(9 a

PIVINVzeTLaluni It sinmMsdnnIaunnnIntia U tiwalupa s aufAze s Au

% 2
o

Fulun1siiad §izensduduintrauvsevawaluailum siiaufasenaziinisuans a1 viine
lelasiaunazlansenlanloosy deanamullimasindeuiizeonasiianiwdueaua ziie

penauluw Tuind i ldidudanarslunvusinnsdwd auarsdsznaululasiaunis

Anufiseeentinduasdulufiannisn (26) - (2:8) 115]

2NOJ + 4H,0 + 6e~ > N, + 80 H~ (2.6)
2NH;+ 60H™ — 6~ — N, + 6H,0 2.7)
NH,t + OH= & NH; + H,0 (2.8)

nsRnUFATe I utuandulufaunsd (2.9) - 211)

2NO; + 6H,0 + 10e~ - N, + 120H~ (2.9)
NO; + H,0 + 2e~ - NO; +20H~ (2.10)

NO3 + 6H,0 +8e~ — NH;t + 90H~ (2.11)
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2.5 dannsamanuidataeas (Electrical double layer)

Y
=

dleaunnAfinn1InTEanefilull NuRiveseunadunnIsinUszy  Tunsdiniiuia
YaIRUNARAUTERAY  SruUIgiliinaunamensyaelssauiniviell lagasiinnns
= 9 A 9 v o o= o YY) L a
Aapniuvetlopsuuinieglnalfesiu aloseuuinfitiusvanseiutiuiuussaauuuiiuia

= [y '

oumAGenin lmeslessu (Counter ion) MsfugafuszinseymafiiuszgauiuimLaes
lovsurninmsunsifutuuns q seufuiiuivesoymedzdendt Awihdfudaaises
(Diffuse double layer) uanafaguil 2.7 lufmihdsuidalaw e ameunimeslosoui
LLWi'a&“J'ﬁUU'%nm‘ﬁuﬁﬁwmaumngq uazanasiilefisyavoenyieanuiiiuituiiinves
ouMA uansiasUil 2.8 uenenidszgiundeginduinniiuiitveseymaliléuszno udae
inimesloseuiiigsethaiyl -uduinalndinveseymadsdl laloseu (Co-ion) Usngegime
Tneleloooy ymneislossuiiszamaluihduauinieufveynia Taleesuaslsilioylnd
Uinniuiifiiveseyn st e slaso Lz oy aaglale seua wiia N TN

i uazuenaINillalepsuunsagusInTe | 9 auaIARziysInags uazanagllelisvura an

P99 INUI LI UNUN N IRUYL

¥
+
O, »
o s O
o ©
< Y

Diffuse double layer g

Electrode

gﬂ'ﬁ 2.7 mmnanaesanindauidaawasvas Gouy waz Chapman (Liu et al., 2019)
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Cations (n")

[on concentration

Anions (n)

>

Distance

UM 2.8 n3nsEatgvasuszalunmatassanidiuiiaeieasuas Gouy waz Chapman

(Liu et al., 2019)

LUV AR 8RFU9IN1TLNTV0 911A 5 looauluas v uassni ot 3un 90
aviidsiudala ot fannaraunud 31w ulagn Wi unae - Gouy (1910)ag Chapman
(1913) Mua19uTs - Gouy wag Chapman lgvinugmédndinia (P) avaradng Usyunu

Ao o

nennsuudeaiilissegiwintu x niuRanTisnuastussuivanivaisazane fieg dn

ponly uanesaunsa (2.12)

Y =, exp(—kx) (2.12)

lneil ¥, Aermdnglniliniuiiaveseuna k* fAemnamuivesduilataleadain
aunsi (2.12) dunelddniioseeeii@iniuiivesouna amdndliihageuwagaiien

TN UL AZANAY

1 o =
il P lea1naun1sh (2.13)

(2.13)

e F fAoAAsiivesnsimd (Faraday constant)
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= % a a 6 .
¢ Pemudutuvesdianinslad (Electrolyte concentration)
z; Panauduealessu (Valence of the ion)
g0 AaAAINvRalinvasasiinas (Dielectric constant of the medium)

R famAsiiuauia (1atm/molK) (Gas constant)

a

T fogamil (K) (Absolute temperature)

Y

' ¥
) =<

oA v v a & a
1NFUNTN (2.13) Q%WU'J']LN@ﬂUWNLGUNGUUGUENE]LﬁﬂIW{La@Vﬁ@ﬂﬁquLiﬂiaﬁlEJULWllsUu

a ¢ =

ANuuvesThdduilaawesszananilonaniinnisnasn MsnaopvewulliaLatleas

[
== i % (Y

aAwisgUl 2.9 wenainezluegiuan Uit atBantnslad widiluediulseques

loppuniivszgnstiuthuiuiiuiavetayme dloseunivszqansinnsnadnduida

'
o

wosunnilessuiiiusyas

Low ionic strength

Electrical potential

High ionic strength

Cations (n")

= = >
Distance

JUN 2.9 Mmaasuulasdndliiuazanududuveslesauuinilielisz szvineaninuii

(4]

=

91 Ued Gouy waz Chapman wuldnauuRliawmesloseuwlulsvyfiodined

q

9 Tuansuvauaes lasazliviujisen fusesninsfivfdnvanduwuisuiuemeslooou

foun Stern (1924) leUSuUgmguiues Gouy waz Chapman lag Stern laeSuiedn auin

vouAmeilesaulziiveulund eviivsse svin e aslossuneglndiuuiiiaus vy i

9

D.

NIRRT AT ewinfuseiivatlesau AaulLuUIaRddnvSArasullaLatleas
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999 Stern Usgnoudneaosdiu duiinislfuiduiegiulugndodu Stern dufiandldun
Frifhdduilaiaieesvos Gouy uay Chapman uansfesuil 2.10 Fadlefaadndlulfinuead
dnnsereasuidaiawes asmuiimdndluihludy Stern sraraadunuadusseiifiszazng
Wity 6 Fe¥nandinslaihiifn (2, audsdngliih Stern (¥,) wandiotaedndluih Stern
uiisirindsudaawesmindlnihazana s os 9 uiAWIAUAUE uenanilusEndng
$u Stern wavinihdawedaslssuudnssununils ssunudinaaiSeniissuny Helmholtz
Fessuuimsloanazeginaindu Stern wararuIy Helmholtz Fendnszuiuidou (Plane of
shear) Andluihiszunuideudenin Andliindin (Zeta potential) FslumaiiRazanud

Tadnelwih@amwindudnglwin - Stern [4]

Outer Helmholtz Plane
b 4

|
¢O

éoao
4 © ©

P >
Stern layer Diffuse double layer Bulk layer

v

Electrode
Uil 2.10 mndsesavihddudaiaeiues Stern [4]

o

2.6 sUnUUFyIuwWad

v v

Foyeyruivad (Pulse) ﬂaammmmqlw%wmmwqmaaﬂwﬁu L‘Uumuiﬂamaw

(Square wave) MAnanussdulihlflunsefuneusngmsalitssfuesdyanalniliifie

'
=

a LY ) 1 [ A a 1 [ a ! P =) e v
miLﬂaaul,maqmﬂimuwuﬂﬂqammwuw UAIULLANAINNU mf\mmmmamawsalu ﬂlﬁ

(%] (%)

drutsznouvesdyaaiadiddy i SERUAIUMSaLaNNEYR (Amplitude) , YaU1

=

YosdeyQ I Faeiu 2 anwazA WaUVUU (Rising edge) wazvauv1al (Falling edge),

AINUNT9VBFRYYIY (Pulse width) uagldugu (based line) faguil 2.11
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&
WBLUTIAN IauUUu

X
/‘]Iﬂ‘ll'llﬁ‘llu /‘1]9‘11‘]]’16\1 /

v
— \aug

uauﬂ?afam GIIEED

i

v w
ANNUNINNAA

dug

v v
AINUNITNNAA I

o/ T L4

JUN 2.11 anwnizvauvrvasdiyIuwas (Tednil, 2561)

o

anuugIIdyy uiad s I NaduIntasWaday YoUT WUV U RU1B8 Y

A7

YOUUVRIFN Y URBUSE AUl UG e Auge du veurIamasdy Mianefisveu

Y URY YT EAUIINEIRNETEAUR FIUlBUNEgAIMUIUNTE IR NI TR

'
[ o [y (9 A

F oy 1ua 111 895 AUAY AU U3 8IINUOAVBIF R TUNIT A UTIUNVBIF ayay reuiad

' ' v
) = a o v Al a =

Frysraiadlugauamduguamasu udlupnudusdsdygn aadifaiuoialimiio udu

U

[ (% '
v A A

dygraiadlugauad sialidagsnnisiinwesgUnsaldianvsedndluuisussiand]

<

ANUSUNTIUnRSeRe Ua us dAed I aNadlalds i fisane lrAedisaa1neun

[

sudygazilasuwlasd ssauniianesamagun 2.11

oo

V v
90%V
50%V
10%V 10%V ' ; t
i — | AUNTINWAG
Jaanaldvy Jaanalaag e g

% v v L4

sUN 2.12 dnwazanuninevasdyyiuiad (Yedmil, 2561)
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o

W1 lwesidAyvesdygiuned Fadudivsvendsquninvesd gy
Usznaume
1. dasnaladu (Rise time) 1WuAvesafdyyraninnsidsunlanminsgiu 10
6 @ & (% [ [ § @ L4 [y = 1 P2 I
Wesiiud vosdyanaanludaseiu 90 Wesidud vesdyqiuggarieeanailain Wu

YIIAVBINTHAVEUVITUVBIFY I AagUn 2.12

a

2. grnanliag (Fall time) Juarvesanfidymyraninnisivdeunvasainsgdu 90

Wesiiud vesdyqiagianaaundissiu 10 Wesdud vesdygiaagansonnanaldladn

< 1 a [y [ PN
LﬂummawaamiLﬂmaumawaﬂaigzg’]m WQEUV] 2.12

s A

3. anuninavesivad (Pulse width) lHumwesia1szninegaszau 50 wWesidud 9

& [ [ o ¢ ¢ a o [ A
VDUV VUVDIEALY YN UNUIATSAY 50 wWaswun NYDUVIVRIALYEYT8U @QEUV] 2.12

[
o a = a

doyaaniadgnifieuSenianadines (Single pulse) widvaiad Miinduilal1y

' ¥
1 IS

Aolllosagiiam uaIAsdl (Periodic) agsondaaiadNiiatuinwadro o F9agll

D

snwugniloun udey g i3 UFna e (Rectangular waveform) 4 4A31UUANA 197 LA

a

a = v v & c & & & AN o = a v
UIUALNRTNASUAITUN IV BINAE 50 Wasigun uuﬂaaﬁgigmﬂuﬁﬁﬂmmzuﬂm HAIN

2°

v v ¢ 1 A

wihiudyanadudnau winndudyaasiadreflosazlinnunii weeiad foasy lneainy

' £
fa o

nisvoswadnIvdyalugnuandvdyaraludnaus uiuifun UL U sE N sl e d

1 gndeygauiiad tuvngaLANnlifinad onsUS UM A ULUR 183N UN T1 99 B9

'
Y al

Wadmasun 2.13

Y

b e &
ATUNINNA]

e L2101 0[S T R ——

Y3

2.13 dysyraunaanaianuninsuaswaduananenuluvazianunves dyaraki

)
[l
=<

Waguulas (FeSmil, 2561)
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UBNINNTL AINUNT 19VINAF ATU1TAUINIATUIUNIAIA1UD (Frequency) 210
Fuaalugnuinvsetianaide (time,,) fudyanaduBnaunietiaianla (time o) Fe3Un

2.14 Lavaunsi (2.14) - (2.16) [31]

1 1
Folo_ . (2.14)
T tlm€0n+tlmeoff
D = timeon _ ( __timeon >>< 100 (2.15)
T timeopt+timegss
_ . time : time,
average ( ) (timeon+timeoff T | |

e f ferAnud (Hz)
D Aoonsndiusymi Ny elanvesmndnienad (%)
i Aonszia (A)
| average AONTEUARAD (A)

T AeA1ULIaT (second/cycle)

i |
| T |
i (3 !
|\ /l
—
[
o8]
i . ;
;5 time,pr | time,,
P ~ | b
o -~ ~ |~ e
Laverage
0 >

Time

sUN 2.14 sUnuudyerunadsuaivaes

2.7 msdeszidinuasusenaululasiay
dansllotan-ddla awWnlnslulefiwes (Ultraviolet-visible spectrophotometer)
FaduedoslofltlumsnsainUiinavesuauasd intensity iomnudunadutaisde’

UTWIMAWINANIINTINITNERHIU MTdewIY kazn1sasviauveianfiegiigninald
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Tushaseddle 1neNLAazAINUEIPAURADATIINTINALTANUA UNUS A UNIULTIUS N Lay
yilavasasnegluiedn Fdulvganluasdursd asUsznoudsdou wavansefiuvsdi

(%

annsaganduuasludianuenefumaiils laevdnnsnilivesnsaneuaddugieniiy

LY Y 1

g1apAufInaTng suflmang audulu ivagied wevhlfinnsthessiun S uves
Bidnaseunigluesmeuvesamsiug Mdnannsgandunasindnn yilwBdnaseumandy
eglussdufundsnuiigandr uduinmamendinuosmneglussiudundsnuiivanzay
TugUresauenedumney deiedesasriins detect tawamdsnumaniu feviinas
Iousinamesasiiumsagiou uaznsdesiuainianiiedis wdnisnihnisifisuiu
nasnuvasIdnfinnae1aAdUA A Manguas- Beer-Lambert Tagmnsganduua
w3e M absorbance asamsiiug dxuUsduAsULaUlanadmIgandunas fedu 131
Feamnsmivadatulddmiunssryiein taslinamosnsieg ileglufaniaogng

I

SE

Electric . Computer

light & Wavelength ik ”ght-“-—"j Current{ - for Signal

= =) Sample B/ Detector| =—= -
Source Selector P W S ah] Processing
& Output

gﬂﬁ 2.15 #ann1511191899 Ultraviolet-visible ‘light spectrophotometer (Tom,
2023)

2.8 MIIATIVNUHIVRIU N 19zgilleu
ﬂﬁaﬂﬁ;amiﬁﬂﬁLﬁﬂmaul,wuaia\‘mﬁ61 (Scanning electron microscopy) Junaos

qanssAldidnaseurdanis Idwiumsesaianmiuiminvesdegns dsn1sadienn

a

o o/ I a o . 1 o a a 2/ v 6
ilaannissadidnasoulsugll (Primary electron) a1nuvasniinddnasausisdng L i

Y

100 £4 30,000 Bifinasauliad MseNINNININTUBLANATEUUFUNTIZgNAI A L ag L

walum (Anode plate) neldaniizaudugyyIn1d 10° 89 107 nos § 9 ou1asiiyn
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o a &

s s o Y a o v I3 = N
ABULAULYBILAUANN NUINUT UA1DLaNATBU  (Electron beam) Iﬁusﬂuqﬂlﬁﬂaﬂw\l@ LWHAINU

'
o Y A o

Wuduvesadiannsou 91ntua1dLa naseuaslsasgiaud Tngd aimidnflunisusua

a

ddnmseulviligalvifauuiiuiivessneg el zay uaza1diinasauiannss NUU UN U7

Y0950 19T VU ALAN =T YAV AINMUANMINTIA (Scan coll) Yhuthilun1saaunu e

% 1

NIINSAADUNVDIABLANATOUVUNURIFIDES VULNA1DANATIUANNTENUNUNI A2 9814

a o

IzinduAINIEsENIBLANaTauUgu TN azmeus19lufI g1 A sA AN 58 18 TOUNG 191 U

Y

09.11 = dy a A [ 1 o Y a 1 [ a o .

Fupnudnaniuianszaung 9 ilinnisuanUasedyaadanasou (Electron signal)
wfiafng 9 ndgradidnnseuiiasyiouan niluiavineesiegnemitmsdrsia anala
Inndeansiaididnasounuudeinsiaifslanwifuananvazves 3 T6 nwdwlng 7

lgnndesqanssmiianaseusuvde s adsgninanlilunsinwdugusarsvazide s

2

VDIAN BT WURIYDIFIDEINAIUUDN ATIVFDUNTITIEUIFIVIINANMBIZUUN TS U a0

BEIUUTRIBLA AN SOUNTHTINAY. ASIAF0UNSALUL YA BE1991NM SRY ANaN Yy
LY av v o a w a ! da & au s
e nilianndyaainaseuyiasing o MAnTuiiisl
o a @ a o . < I
1. dyuainInINBlannT auNT=laINau . (Backscattered electron image) wungy
dansseuniinnisnseiwuasgadend wuliiuessedluuny Wianusuaiuiisza udn
N1 10 Wiluiews lagialadiusinniliavesnes 3

2. dyruamainddnaseunfend (Secondary electron image) Liungu

' ¥
a a a A a

dlannsounaInusm_xAefiusaiuilussaulinuy 10 uluses Teedalifdustafd

v
a A

WS EANTEIBLANATOUANUR IR

3. dQAANAINAINGIALENT (X-ray image) S98 18 nd danwamanividunau

o A a a & v & | YA vy Y

wiwdnliminndidnaseulussAutuleasime o gnnssduvsalasundanuuInneau
waReanINlAITeaNIn Vhlevneuiinissnwaunavedlas witsiunmelueznaulagnis
fddnasauainduleasdaluidninunuididnnssukassosanssaundsnuneluiiasann
dldnmseufigniunununlisziundinugend Wevhiimdsnuwdutuleesiide luasd
msUaesndsnudnuiuesninliugluuuvesmdundmvanivih Jsndundmaniniidaueny

4' ]
AAURMElULARZEY
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Electron Beam «+— Electron Gun

Anode

= Condensing Lens

TV Screen

Backscatter Electron
Dedector — Nl
Secondary Electron Detector

Sanple Platform 6 Sample

3‘1J17i 2.16 AMWHEANEIUUTENBUVDY Scanning electron microscopy (Joshi and
Bhattacharyya, 2008)

2.9 ﬂqiaLﬂiqzﬁ‘Iﬂiﬁa%’qﬁﬁgﬂau
Bndsdiundlasines (X ray Diffractometer) Wupdediad nsums3iasi oo

LagITrUYlnvesa1TUsEnau lATIas 19NaNUe9@TUTENBa U N30 197 Tlulden anm

[

(Qualitative) Laz@ausuas (Quantitative) MaNAISURIATINNRENGLSEANLNNTL A T nas

I o ) & o a @ ¢ A o a ¢
L‘UUﬂ'ﬁV]'N’]UIWEJE]’]ﬁEJﬂ']iLaFJ']L‘U‘ULLﬁgﬂqiLLmiﬂﬁ@W‘Ua\ﬁﬂaLaﬂ‘ﬂLW@u’uﬂim‘Uﬂq3']Lﬂ3’] A

@ 6

\lDa ARSI NIANAT U VUL RIVD WD E1998ANN1SNTEIAN (Scattering) uazinyy

[

Tumsidnuuduiazuanietuluiuegiulassaiamdnuaysgunundnve whege @egna
o

=

wAazalatuaziings B ULUeIS EON MR ATULUU LW 2191299 A1nNHUDLUSAA (Bragg's

law) NA1IEI03IF NG NS UWEINNNT ENUNANUIDLATIAS 19N TINTTAS 89 TUT U U
99992MaU 081905208V ALNANITALYBUVUS SUNUVBIHANLALLAANITWNINEDR LD lAT

< a ]

NARNIYDITLEEN RITIALENDT  TANVNTUTIUILYBIAMN LI AUV ITIALNG azvinTiLAn

o

FULUUMSEERUL0T@aNd Jeguuuuianariiiendnguuuumsideiuy (Diffraction
pattern) feduidlolsMIIuAMNEIAGY uazInLUTAANSIALIUY 15INETa AU

ANSLHLYTEMINITZUIUVDWANLA AuaunIsA (2.17)

nl = 2d sinf (2.17)
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e d FRTEEENIITENINTEUIUVRINEN
P [J I3
N ABYIIUIUAL
6 Royunsdnnnsznuvessdidndnszvhiuszuuremdn

2 A vad cayy
A ﬂaﬂ']']uﬂ’]']ﬂau3ﬂaLaﬂ‘UV]SLGU

C
\ o
As d sin®

JUN 2.17 M3geuwvesssdiondnunguasuusni  (Kossolapov and Chugunova,

2021)

NNHUBIMUINARINANNIIA (2.17) Tuniawanine (Crystallography) @13130199
HandUsEneulumessuiuvesevney laensseusvunvaglddyanual (h k1) faSendn duil
Jawmes (Miller indices) Wuavsrwiududaua 0, 1, 2, Wuauld svoeiiesseninesyuiuann

v

= U dy [ a 6 1 d' v = 4:! U % [
Yo ITuIzlued fusviiiamasiazAnvedassaswan (@, b, ¢, &, B 7) Banuduiius
SENINTZUENWBITTUTUAUAI AN L0 ATIA51 WA Nazana1s AU U mUTE UUREN LUUAIS 9
UNFIBY1ANUFUNUS 1 1918 WiaR1saniasIdsendnuuumda  (Cubic) NilA1AINYDY

1Assas1wanfe a=b =c¢, a = = y= 90 °c azlapnuduNUsmNELN1SH (2.18)

a

dhkl = MZ k2412 (2.18)

£ s

10aUNTSNA (2.17) Walian n = 1 wazdhuwnualuaunis (2.18) aglamnuduius

SYMINNTLYLMNVDITLUNUNUANAITIVD9LATIAS19NANAN NALNISA (2.19)

1 4sin®0 _ h%*+kZ+12
2= a2z - 22 (2.17)
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\le a Mor1AIILARYY (Lattice constant)
60 ARYNUBINTAYIUY

2 A vaad ¢
A ADAINUYIIAAUIIALDNDY

& | =2 M Y Y a & Ay a & 3
UBNITNUTTUIUAN € "\]”1ﬂNaﬂiﬂlﬂﬂ@IﬁLﬂﬂﬂ’]3LaEJ?LUULﬁ§JE]1U seuulans @ ngm

NNIENULAINT LT D ONINADARRBINUNUBILUINADLIENTT F8UIUWUSNA (Bragg plane)

Ao o o °

druamiedaziouyi Aussun uvuuduSidnnnsenuazisendt vy (Diffraction
angle) Fsazdiiduaavivasyuaziou Auludioifmegiuninmedsnisideduuee 1393
Wndanesediodndisdfnunadlasiitnes agldmanuduvess @dndMasiiuuua sy

[

Weauuiieth s giiarasans vpnuduiusseninalan uduiuyubedsiuuisendd

sULUUM SR wUNLERRa U 2.18

Intensity (AU)

_- .J‘__JL.M__.A.JL A J } Jl

T
10 20 30 40 50 60 70 80 90

20 (Degrees)
sUN 2.18 JUuuumsiagauu (Diffraction pattern)

a v

2.10 9UIWNLNYITDY

[
av A o =

nuleiihauensnwn il funszuiunsdiining d8auuuiadiignun unl 4y

nsUsuUUsEdnsnmlumsmdnluwseludnde fidelavihmsduaiuassiuniudeya

Wuvselerdannuideiinerdessns 9 Wethandsuldlumalfifvesnudded nsnla

a ) aa aa v e & 1Y) Y AN A
NYINUNTTUINNTOE NINTATaw vUNadaNa erluUs el dluniswmukazas1analula gn



32

Usgansnmlumsmideansluwsalunide Inedeyaanaidenineitesmianldiie ¥ae
EsuiugIUnImguiwasUURluanuidelidas aludl
A. S. Koparal wag U. B. Ogttveren loamiunasideneatuanudululalunnsg
Mmanlwnsaoonanui laglaisnmsmaadlni unenudldismsmaaiiivi lngianig
a @ A v o . a @ Y]
N38UIUNTALANINTTANTU (Electroreduction) wagnszuiun1sdianinslakenilatu
(Electrocoagulation) LW 8m523@0UNITANTALULATADDNAINU WAS NG 3INAITIT HNUI
a & a & Ny o a a a a = [ d'
nsrUIUMIBdnnsBLaninsianduiivssanininaddumsanUsinalunsnasdssedui
gousulanitne pH 5-7 Inefimsldndanuiios 1x1072 kwh/g luaeiinssuiunsaianing
lauennratuaninsasiinanudutuyotlunsalilugae. pH 9-11 memsldndanudosasi
Wee 0.5x107 kwh/g Msgedisdiimnuansnsalunisminlumsaednafud fausinavesld
WA UNLsEAUgRN [17]
M. Guo, L. Feng, Y. Liu, Wy L. Zhang ManviaunAnaideingaiunssuiun1snia e

=

asailihuaznistdarleaniasasenainthitmes s dmbndelumeauia . (MwTP) Tngld
5\dninsalane nadnsannisfinuldnsisdeunan senuiiaduainanuvunuues
nszudliih, syevvisesdianinslad, na1Bdnlvsada, uasdagdbnlvsasieuszansainly
mardnlunsauaseain nsdundlduandiiuieen mlululiiadulunsidniaas
aswientu TaeliBidninsaeglidesviemdn. dwsuReulvufitefivmnzauiunisuisq
Usgdns arnlunismdnlunsauaziloailnld i vunerumui iy uvesnsgudliig
mA/cmZ waznaBidninsada 15 Hlue msdnwldszyinsdaneamadunaainnng
nnagneutinseninlessulavzaoainn, leasu, wavlensenledlosny, satini3gadu
soawinlasnewnd nilanglansonda. venanimailisudisumsgydesidninsneg e
wavmanwudegiiendnisgeydedoslunssuiumsidnivg adq, wavdimeUsg@nsninua
msthdmaeatn. mindiduvodlulnseuiome it dea msnasasmnin 15 me/L lu
nan 1.5 2l Aemmuiuivesnszsualilin’ 8 maZem? lasmnududuyoseslani g
11 5 me/L fumsaneitdueduisnade niidusvansn nuazUssnd admsuni s e e
lumsauazioanaianINtfiewes MWTPs wiouitu [13]

C. Polatides, M. Dortsiou waz G. Kyriacou léaavhunmnidsefeatuns fnaaly
wangngliihuedioenainansaragluihuasidelasldnssuiunsdidnlnsddauuuia dda
msanwgaiuluiinsldBidnlnsn Cus0Zna0 uasiSsuiisulssdvamuesdidnindda
wuuiadddusuuuuiuanssfufeadeaudmany, ledawazanumaon nadnsnuinwad
pAUAMABITTANA 50 B3nd uazseumsThauuAeRnuazesludnfiuiadu 80 uag 20
Wosidud muddy Sussavinman nfigalundvesdszansamnmshdaluesa wenaind

A1NUNANNGINA1IDINITAUAIBLENINTANANNT D LT ANl UNT ARl UAT AL UULAND ANLA 2
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nseenfinduerlufnosenluifefindntunounns Bddsumsssyindusussfisenlaii
fisydvBamdmiumsanluwse whinsifeeendndumlufiieiinesussluie 1y
lulpswududuiendefinnsandnennad [27]

M. B. Hariri and G. G. Botte l¢idavhunanuddeifeafumsldinaiadidninslada
wuiaddmumstdaueslufowarlunsneanainindendoutulaeldi s s §Asen
CuNi/PtIr/C nadvsuandlifiuindaisaufizenfiuandsiures PHr/C wag CUNI/C 1 Ptylr/C
60 Wasius way CuNi/C 40 Wasiiug TUjisenaand msuuiiseneentiadune uluie
wazUfAzranlussamusdy arsuudoululasaugnaveeniudes 4 lusswisiidnenn
vostadvinliAnlulnsausazielelnsian Srsmsiidauesludeadoey 5.17 ppm-
wosluiie/un LLazé’mflﬂ’]'ﬁﬁﬁﬂiwmma?i&agﬁ 0.074 ppm-luwss/uil AANEINIse
YaensrUIUNSHaKelully (Selectivity of ammonia) Aip 82 Wesidus AdnsIN15anad
voslumsnnagogi 65 wWesldus fefuanunanaluniidedssyimatensdidnlnsada
wuuadaninsamdatenludesazlunialauazsas W iizendinase Ufise o andia du
wosludouarufizenaalumsndlansadesniwmdsan 10 58U [15]

J. Shu, R.Liu, Z. Liu, J. DU e C. Tao lédavhunemnaddaieatunisless nlns a
Favaansswanad - (Pulse current) AmsumsnAwMtansoufuuaznisidnke uluiey
lulpsiuoonainindeuuudaes nnsfnmuaglinTsimniwosuesnsztaums3ian
Insafanuuiind Gerneaumaiiaiu, Toiu pH, uasmnutinugeansiia NaCl wadws
wudwwwawﬁma%ﬁmmzauﬁmﬁ"umiélﬁﬂ‘[mﬁ%mmaﬁaégﬂﬁmumﬂu 30 mA/cm?,
AR 1000 B39t wazzeUM TN 50 wWedldud nawililunseuiued 25 dalus A
mudidutemusnaluindanatain 160 me/l wmdedes 0.2 me/ luvaefiueslile
Tulnsiaugnindneanain 80 me/L wideliies-0.1 me/L Taefialiuelupléde Ti/sno,-
Ir0,-RuO, wagluszwinnszuIunsdaninsddavesnszuaiad uuanidalaeenlydazgn
avauuutaliihuelun. usnatntiannsAnwifisdumuingaingd, pH B3ufulazaaiu
daduvosnsiiin NaCl fwansenudenszuiunsddninsddavesnssuaiad Jaiouled
wnzandviunszUIUMIBIA ninsat avesnszuaiadiiius savisnmgsandorn pH 3udy
7 10 uazn 5L Y NaCl 0.008 mol/L 7l gaumgfives uazn13itAsesinsuunymm
anpznaulagldndewqanssAudianasauluvanny (SEM) uagn1snszanefiue 1456
(XRD) Budunsazasmasusnifidlaeenleduuirvanuasnisfiuumnidalusduuvros

wiMdalaeantos [31]
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ad o ) a v
I5NT1INTUUIUIVY
dmsunisanduauideiiefnwiuszdninimveanisidnluinsna el
avgliflauuasnszuium sdianinsddanuuiad amsauvstumeunisaniuaulngs iy
2 & = aa an I3 = 5 A o <

panily 4 Yupeu AeMIeRNLUUBNINIATaIYas, MIwssnldedunsisd, nsvaasy
Usgdninnnnsmanlumsakasmsiiassinmsiwesiinwiieuivainasgiuaunindily
WMARIAU A NUTEN ARENTTUNITAIMINADULINA adudl 8 (w.e. 2537) lasuans

WHUAIRagUN 3.1

= = = e
ﬂ']'iﬁﬂ'l‘!l‘qLLﬁﬁﬂﬂﬂLLﬂU'ﬂLﬁﬂIﬂ'ﬁﬂmﬂlﬁﬂE’T

|

174
wsslidsdaaszrdmisuldlunmnagaay

}

NAFaUUTEANSAINUDINITNIALULASA

@ - & o= o o
AAEBNIZUIUY nqﬁaLﬂ‘ﬂIﬂﬁﬁsﬁﬁLLUU‘Wﬁﬁ‘

|

Aasznlunsa (NOy), lulasn (NO,), waulandion (NH,Y)

al o 8 =
HAZAZNDUVASRINNTTDLANINSaTa

UM 3.1 wnulan1santiueuide

3.1 gunsaluaziA3asliadn

o
a

aunsaluazas ellefilddr nsumsfnwmvesmameasulunuided ssudseandu

ca & an = A4 A a ¢ & o ¢ a4 A o &
Eg‘tJﬂimE]LaﬂIV]iastia, F1TLAULLACLAIDINDIAING @ NaﬂﬂﬁmLLagLﬂiaquaﬂqmaiﬂu

]
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3.1.1 gunsaldmsudinivsada
dianinsdTawad davhddninsdTawadainuiuezasaanatainideowiniduiani
Livirgasenduusiutaliin Svuiandte 8 wufuns 813 10 WURRT g9 7 WuRies Lana

Faguit 3.2

A PN -
%2 & / %
Ca)
-
gﬁa’ Yunaney
g11 @13nsaus: " Al 360 96
Bvio GW INSTEK g -3 38 Go In faguil 3.3
“%,a
5L _ el S

UM 3.3 unadaiilinlunszuanse

e = Y o o v - = O 1 Y o £ ¢ Y v
enansiluenansianulidwiumsldanuienisfinvmintu liesygalmhluldusslevdaiunisen

Linnsdllagnsau Snninudlvidaudadiion wasdesdeddadnvesenarsynaseniinisunluly
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w3nsnlladgygas (Function generator) l4lp30s8%e DDS Function Generator

$U SG1003 Y9sUTHN MCP lab electronics uansisguil 3.4

sU# 3.5 Tuga Mosfet D4184

wiwergliilen dwsurhirlildevafiien 1100 mnuu3gns 99 Wesidud 1

ANUNTNN 8 WUAAT 817 10 lWURAT YUY 0.05 WURIAT UAndissUN 3.6

&z a ¥ o U £ = =2 R 1 ¥ o £ L% 14
enanstiiluenasianulidmiumsldnuienis@nwiwintu leugslviluldussleviaunise

Lidnsdllagvisau Snvvnudividauwdaciion wasseee1sddisdvesenarsynasaniinisuntuly
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3UN 3.6 unuazgiition

3.1.2 ansAldnsuUNISNAaD Y

<3 I3

Tnunaidoulumsn (KNO,) A31UUT ans 99 1Wosdus 7o Merck US¥W Merck

UszmAleasuil Wannsgun 3.7

JUN 3.7 anslnunadealunse

313 dedlodnei
geadaladlay (Oscilloscope) Hlunsosie Keysight 3 DSO-X 2012A 483UTEM

Keysight Technologies LLam@fﬂgﬂﬁ 3.8

&z Al Y o o/ g v = = | & o Y o 6 ¥ 6 Y ¥
nansiiluenarsnanulidwiunisldanuiionisfinyiintu leygelihllduselesismunisi

Lidnsdllagvisau Snvvnudividauwdaciion wasseee1sddisdvesenarsynasaniinisuntuly
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sUil 3.8 eesdalaalay

& o £ = a s o (% a ¢ 1 Y Y
wsevinAnulLawsellladitnes (Photometen) damsunsiesierAnAnududu
v 5luuidelding a38ve Hanna Su HI83306 Environmental Analysis Photometer

YBIUSEN Hanna Instruments (Thailand) Ltd. LLamﬁﬂgﬂﬁ 3.9

ﬁmh‘-ml

s

UM 3.9 wsesinanuduuaaiselnlndines

w3 psfdneatandines (Digital multimeter) d@nsunisimainsualuas
wsanulnfnluauide 1dnTesd e Keithley $u 2100 Series ¥93UT¥N Keithley

Instruments, Inc. LaAsRegUR 3.10
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JUN 3.10 1A309Anaasianilines

Lﬂ%'aﬁﬂmi@ﬂnﬁuLLaw%amﬂImIMmﬁma% (Spectrophotometer) @1%15UN3
Aasidatanudtuvesansluauideldies padsie Shimadzu $u UV-2600 UV-VIS
spectrophotometer a3UTEY Shimadzu Corporation

ISauanesSANLIs ATUIEONSBENULSEENT (Xoray diffractometer) e

Rigaku 31 SmartLab ¥83US¥W Rigaku Corporation
NA0IyansIAUBANATEULUUABINTIA (Scanning electron microscope) %o FEI
U Quanta 250 YedUsEnFeLEN)
e Y I & O A ! o g = v a o !
wsoetalni WuesestsnanunsnauddmtinanLasBealiyanatioy 4 dums

890 Sartorius

3.2 MIASPUNTEUIUNITANINITATad M T UM MASDS
Tunsiwesnszuunnsdidninsadadmsunisnases gunsaliildusznause

unasaelnnszuanss (DC power supply), bA3OINT A ey Uil 9A TU  (Function

o

v
Y

generator), 193583 R4 8Lannsating (Electronic switch circuit), ¥ 3111 (Electrode) Lay
waaslaninsada (Electrolysis cell) JausavosAusznauiiunuind1Aymen1syea1uve

! ! o v a & J % % J Y Y a
REANY LL‘Via\‘i"U'WEJIWﬂiSLLﬁG]N‘VI’WMUTVILUULLMﬁQ‘WﬁN’]‘Uﬁaﬂ1Uﬂqiﬁ]78LLiﬁ®u1WW11MﬂUiSU‘U@

[ aa [ AV Yo a fa & A & = = o v
WBnlnsaaa IWFJW@QQ']UVLWW?WVLﬂiUﬁ]%gﬂﬂﬂﬂﬂu’l\?'ﬂia')m%@LafW]ﬁ'EJUﬂﬁ ‘U\?NUVIU'W]?VW]QJIU

a

msuwlasdyanansenansabidudyaiuiad amnuduazanun e vaduosdygyi adilaan

Y

muAulaersasinindyarailendu (Function generator) welvilianwavyoddey i ol

<

fa

wngauiunInaaes ntudyaaliihiiiunsysuwiudirggnaduduvadBidninsa

Fa aneluwaduszneudietalnihdiuin 3 d Faseneunietusluniaskalna vinain
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a oA

pvglilleuiiinnuuIans 99% Pilviihusazuiuiivunn 8 x 10 MIugUART wazdiadNy
U1 0.5 Jadiuns lngd i usavuiugnimieslud nuwue i dssueri1asendnedy 05

fadiuns feguin 3.11

Function generator DC Power supply
oooDomoo
g GND +V
Electronic switch
o §oooo gy . ectronic swite 50 S
L in [ \ i
GND-| Out+ ° I D0
o = 11(¢eD
GND  Vout
Cathode —

Electrolysis cell

sUT 3.11 laezunsuszuudianInsadauuun ad

ATEUIUNISTII N ULS LA ULAB NS 8 UM 8T UINVBNLN AT WAL AN ST
] fa «@ aa a9 fa aa = d v 3 .
Teluavesvaddianinsdta vugntualnavewassinninsadagniiaudenuds Drain
(D) vosluga MOSFET D4184 uagaa Source (S) 494 MOSFET gnLteusiafuniInue sz uy
wsesnlindayniliidug nldiven uaunalnnsiUa - Unuas MOSFET legdsdynyiaiad

Y

AU UUsUAnLE . (Pulse-Width Modulation: PWM) 1usat - Gate (@) ves MOSFET

v Y

A 9 v o 1 = ¢ - i v I -
Wial9Rsi Ut IEies FFIUNIUYLIN 100T,a‘vmgﬂLsuamal,wuauﬂimum Gate o

U v '
N =

AIUANNTEUAT A 1g U § sred astunseualuivuaniiulug senavinlyl MOSFET
Aoy warannansenuvesd a1 asuniuludyai s PWM A nwNuRRsikan sluguy
3.12 §imsld MOSFET d1uau 2 faluniseueuindalnihfidedl udueaddidnlnsdda ndes
Alladyanailaiduimih fiemuaudgaa PWM Jadufmmuuagaiugn15v a1 ueeg
MOSFETs il odsygy1od PWM 8¢/ luan1ugga (High State) MOSFETs azgnilaldenu vilv
3 1 1 v 1 fa = aa
Jeasanysaluasnseualii vannunasanglinszuansudrgigad Biannsdda lums
naufiu diedyayios PWM agluaaiugsin (Low State) MOSFETs 2gmean1svinay dsnalu
wasgndakaznsekalnihvealva nalnmsiia-Uaves MOSFET fignauaulae day o
PWM & vinlinszuanidngiwaddianinsddall dnwasiduiad (Pulsed Current) ¥ 9iide

Iosevagrannlusmulszans nmnwnazanuiiuglumsinnu leensida-Uansewady
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=1

29 9 5ﬂ1ﬂm%®\‘m§&mﬁaﬁﬁh&aﬂﬂ’liq@LﬁﬂWﬁﬂﬂﬁUﬁLﬁ&?%aﬁﬁUﬂSBLLﬁG’]NLL‘U‘UGiE]L‘L!EN
(Continuous DC) wenanil mslnavesnssudludnvaeiadd el dlossunigluwaddidn
58%anszanesetatniate anmudsmesnnudouazauididnlnsn uagtheann1sdn
nsefiliaugauesdaliih fomseonuuuiidfisisssdviawuazanunuusestag
dnlnsn ssuuilfeelinssuiunsdidninsadavnanul ferneiivssaviangean nieuis

annslindsnulvidesian

100Q
PWM/TRIG \; D 4184
i
1000 1kQ D Viat =

Function RN 2

generator S
N
LED |
[ENEZ
GND @ 1
Electronic switch circuit 2~

DC
Power supply

Electrolysis cell

JUN 3.12 293saindBldnnsaing

3.3 mswleuidesanse

nsnwdaiuluimsdaatusselunanings Taeldnseuiunisdidningdda d
dielvansnsamuauiuUsie 9 Weghssiuduavantadesuniuiienainainasuuiuass
warn1sUud suvetarsusznaudu 4 uide93 15y weaneTa 5 9 n1simsounde
duesgitunlduny ddedues sif 15 lumamaaesin e oulasldansinun aide uly
W3RN 0.1647 13y Feruan naun s aAiiite Lt g dsT mn s uture sluLase
wihiu 100 Sadndimedes aniy asTnunadoslumsaiidainadnlfzg nazareluth
Us1#31n 100U (Deionized Water) USinau 1,000 fiadans vt ol ldvndedansesing
peUsvnevanEmeuast M ALY lumse LT fuuslunsvea ssuenannd Moy
vdedunsvifitia mnududulum sadisu el fogn swslugnd waelFaninsaUssuiiou
WALAATITRUSEANT AMNVBINSTUIUNSBLaNINTATa lun s dnlums nldagadaau

dumnarmmudiduredlumsaildannmswiougnimmiududuveduinsn i

Ya o Y o

Aidelanvualilunwide ddunilamvuemenudutuvedluwsalivseinn 45 Tadnsy

fedns feaiundsdunsissiduanyinnsidearsnensuandiusiantessut lUlrla nny

USunaunlaannniseuiuseaunsy (3.1)



C,V, = C,V, (3.1)

o ¢, fomamudiduresansazaieisudu
C, Femanududuresansazansfideans
V; AaUsinnsvesansazanefifestiunun
V, AoUsinnsvesansazansiifiosnis
yonantinswsenidedanszimanudiduredlunsn 46 Tadndudedns deq
wipansTnunadenlupse 0.0371 N5 Fweldindudaasisivsna 500 Tadans 19l
mMsnaaeuldifissesunen iewinnisnaaeundndsldindodunssiusina 500 adans
wagnA LUl uesn T 100 Haansuredns YSinal 1,000 Sadans Kieldeaislilaan
audiduvedlunse 46 Nadnsudeans avldndedauasisiusinn 2,222 Tadans 14ly
msvageuldUsvnaded winliasananluinieaansindedauns i ssmnnsmaaeuly

NUITYABIETINTNAFBUTIVANLATY FITURBUNISMS s LdedAs1zvsnese Ul

3.}1 a g = o 6 5

FuRoUMIRsELLEs AT sl R o ulunTe

1. W3euaANS Iwna LD U luns Al agn15 1Y 1AS 8979 NEN FIARSTIaNT AT LA US 11 o
0.1647 n5u wisulalukniUnnesusuins 100 Jasaans

2. wihnUseantessutiievinazatvasuwaweuluwsa luwimd nnesdsuing 100

=

fadans Awdeuls TrleiUsina 50 fadans Fslathdunsielumsa

3w daaTeiluimnanuiatnLnesd1easg vanti viaU3aIns (Volumetric
flask) 1,000 fiaddns wazmsldvinUsaranlessuiidusiyhazaisdsidnnedudimld
YINMRUAUSLINTY Lﬁmmﬂmﬁ]ﬁmwwﬁ’mﬁamagﬁnmmﬁwmuﬁaﬁﬂLﬂa%

4. vmsuuusmasiidasdhus e anles sulildmat auensinmain e au $u
Usines Tnelanldssmesseiuliinani s anle sausg uinadalissiuaom dald

a

Prduasebumsaamutuduluwsai 100 Jadnsumaans Usuna 1,000 1adans

1%
o

5. ¥msiiennsdneinuseanlossy 1,222 Tadans Tagfuasinaigeald
nauns? 3.1 dlldhdedaassdivuideuluasafimeanudsduluesawindu a6
Hadnsusodng USun 2,222 iadans

6. dnhdeduassiludevlumsailuviafvansiail (Reagent bottle) WieLfy

Bansunmsneaeaussld
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3.4 /MINTNATU
MnmanageumsmdalumsndenssuiumsdidnTnsatauazinlniho s g iud oy

Tnofideldmunteuluiiazyimsfnuniinnuniiaiad 50 uay 80 wWesldusd fmnud 1

wae 10 Aladsnd Wisuieuiuuwasiidauuunssuanss Tunsvaaeuituneusasolud
1. Aewvhmsvaaoudssiuduezaiido il duda v msdadindn ite

Y

Jufinihwdnnewinunszuiunsdaningada ndwiniuhuiuevalideuldidud 2l un
Usznaufudidninsddawad
2. sogunsalunasindanseualnih, n3eaiuladygaumazinsmuaud miuaiig

WadidnfuBlaninsadaad wanwisgun 3.13

)

AL T N
Cal A
YA N7\ &

JUT 3.13 seuuBianinsdauuuiiad

3. thidedaaseindedl Anlasidnnsdlawad mssgidlalvhlauusinag e
Feudefiuiees

4. tviunenuniniaduaz A aa nesesiriila S TRTRTY wieulafisnnualily
s fdoulusiwiolud

wasr L lawUURad mund1e 50 Wasidud aud 1 Aladsed

I o a v ¢ Y s & & = a a s
LIARINILUALUUNEE AINNANY 50 Waswus Amun 10 ﬂIaLaﬁ@ISU

I o a v ¢ v - A = a &
wWAIN LA UUNAE ANUNINY 80 WasWuA A 1 Aladsnd
I o a o € v ¢ & & a a a &
- wyaan ek uuiad MNunIg 80 Wasiud AU 10 Aladsad
- WAL UUNTEANT
Ueadadueawnasmidansewabniinazyinnsdunaitunismantunse lne

NruAANAUEALIN 3 Fla



44

6. wdtannawiuly 60 uit Thmsiiushegrnideduns g smstidana vin
dilglurmsnseafiensnazneufureanan dsaiesyimsiiushednadl 60, 90, 120,
150 uaz 180 w1l

7. et vaasumummuaaniinald 3 42lus vinnsUn adndvesuma siude
nssualiihuazirde s dadyana arntui wiuargilLily Wil Sud i 1 &0 ef e
Usanlossunasdaliuis dunsnoudilaluted 6 Tvnseuliuis

8. tidedansisimdmnmsiitaesildinssigerdesanTasinlafived e
@U%mmaqmiﬂﬁzﬂauﬁmﬁaaq

9. unuorgidonndsrnmaiunszummsdiiningddamdwivinua gl
3Lﬂsflxﬁamwﬁuﬁ’;ﬁwﬂé’a@amiﬂﬁ&ﬁﬂmamwudaqmm gAvngdIuTemEN BUILYN

i lUliasgimgiatadenaisdanunntulieAnwilasewinw ewdnlazs zyvilavawmnoy

ad a ¢ a 6l
3.5 'Jﬁﬂ’ﬁ’lLﬂ'i’l#‘VIW”I’i’]%JLGIa'i‘VIﬁﬂ‘I?}’]

(% (%
P

AMFIATIEMUNUVITeLILAN LA 2 dufedns1zUsunamesansusenauluuiLde
dUATIZINEI9INNTZUINN1TOLEN W Ta Taua A 31 8imsannT ouvs odquid e U1 Nl nv ey

Talihevgilew

3.5.1 NSAU0E1NLaEATIsRNdy dAs1en
PAIAINMINISNAFDUATUAIUIAN T ANAUR r;:ﬁ%’a%ﬁwmi@mﬁﬂLﬁaé’mswﬁ%umﬁa
A 30 Wi NNUUIINlANNTRIETINBLE NAENaUAUVDUMAY hastAuuLAY
'Y ' M v o ° P P v A a & o | v v
megelmhluyihmyindimsgandukaswneiniss awnlastiflaiines eviAaududy

yosansUszneuTsgluud@eduasigindaiiunseuaun1sBinivsade

352 MSuslegasimser i funsnoumn ady
aIINLenAznaUfiurasval. JIduarimstinenounlaininsasouiivelin en ou
Yuwmaindaasyinilsdunwenausanyn ntuIwiinsilinlesias1wewenausae
dll fa U d‘ a -ell a dg( 1 g.’/ gj o QIJ 9:; o
P oueNYIER LN ndu eI sy sinvewmenouniinlu  dwtalihuuazyiinas dauamiln

Wisuleunauwagna N unszuIuM sBininsadalitevnAnsgaydernmin



UnNN 4

NAN15228LaLN159AUsS19NA

Y va

Tunuddeilidelavihmsmeasumsmialumsaludwdedaasignlagl gyl
avglifleunasnszuiumsdiininsdfawuuiad Fsfnwlusemeanssdnsnmlunisniidn

Tuwssluinideduesizidmens vuiunsdidninsd daguwuudyaralihuuuiaduaz Ainw

1% [
Y] o

A5ENNTAUNLARTUIINATEUIUMS U TR Eev a9 Wi ezalvloun A uainnis iy

Y

4
YA v = 1 ] [

NSELUIUNTBANINTATALUUNAE  fatulIdedauinsimssmunuidoteonidu 2 dude

Y

druinisneszianuduldlsvesnismidaluinsnsens suiunisdidninsadanuuwad

a

druiaesasilunsnsussliunsaydensensdnnseurestikelunevgiilonannnng

Y

(% '
= A

UP1UAA18NTEUIUNTDLE NINSAT AUUN A 27015 aaaUluIud Yot avndaulen
winzaudusunsmTalumsalud1ide s edidnInsaganuunadasdaninn e zailiiley

lonan1sneaeusane Ul

4.1 anudululduasmssndnlunsalaalddiannsadauuunas

4.1.1 MsIwsienusgansannsmanknsalagldnssuaunisdanlnsatawuuiad

anmeszinndullsdnssuaunsddnlnd sauuuiadeviussan s wly
msmdalumsaluidedaunsasd Tagmsiessituldisnsadalasinlames (28] 1Ju
BnTiaszinldaauiinisganautam ssnsmulnmnUsnavo s wénnisren sl
LLmﬁﬁmmmmm?{ul,aammﬁqmuLsﬁﬂUgjawiéfaaem Faudazanstiuazddnwaslunis
Qmﬂﬁuuaaﬁlmﬂmﬁqﬁu 5 sdawalfiAnaaududunasiiuens 19 uan1s 0t A a1 g e
funamentaadumviinumiududuiedluaisdiedns venaintainnguesiauid 9o
(Lambert's Law) nann b inuasdiin ) s aauiewauian araide me e iinin 1o & fus
AUAEIUUDIAIUTNY aﬂLLaqﬁQﬂ@mﬂﬁuhm gliFuetiumn uduwewaniionan npANaY

Y Y

Tudn Lwi%uagjﬁumwwuwaaéf’maw Sadumnganarsdiaramunsifusasiiinuganans
wfiinnsgandunasiivi fu TumAdedldldmmiueniaduuasd 218 uiluams eglugag
vosdamsrhletan (Ultraviolet, UV) wasalnmialumsnaasutiiomaAnnmsgnnduua v os
aslunsndi egluvesmainaziinmnmurndvauning i ldannsiinswlunnsgiu
(Standard Curve) FeagldmvesUiinamnudiduvesenslunsaiegluve avaivdaainnisg
yiedeU WansiesUl 4.1 way 4.2 lnemsneaeuimusmenudiduvedlumsaduiui 46
TadnSusiedns Anuvwwiunszualiih 5.5 Taduweudsegnuianwusiuns USmnmuiide
duesesi 500 Taddns nafldlunisthon 3 dalus lunmeseniitathideduaseiiins

d 1

190520 TDENNTAT AN TWa 99 18ALAN AL WS suisunszuIun1sald nlns aaa



a6

wuuiadiukuunseuans wagmaulynivsgdvsnwlunisaraweslumsnun niigaain
nszvIuMsBianinsddauuuiad JIdelalimsinuaReulunmmeasasuduiianuniiaiad
50 Wostdud A1ua 1 way 10 Alatdsnd WS suleuAunNs2UIUNITDLANINTAT ALUU

NSTLENSY AUSEANSAINNSaRawedlunTRa1saAwIalaanaNnIS (4.1) [13]

No3 lg-INO3T ],

[
Rino;1(%) = X 100% (4.1)
NO = :
INos] [NO3 T,
5o Riyos1 AoMUsEAEA MM SAnaswesluase
[NO3 ], Aomnuduvureslulmsaiiianiagsiu
[NOz], Fomnududuadluwspiivaila 9
45 :‘ —=—f = 1kHz,Duty cycle = 50%
r —+—{ = 10kHz,Duty cycle = 50%
40 r —— Direct current
3 f
Lo L
EE:
@ :
E s0f
= :
s N
< 5L
£ .
5 i
£ 20
z -
2 -
E s -
10 F
51
0 . | L 1 L 1 L 1 L 1 " | L 1

0 30 60 90 120 150 180

Reaction time (minutes)

JUT 4.1 wwugiienududuvaslumsafisuiuamiianunienad 50 wWesidud

307 4.1 Junsviuansanuduiuss sn s anadutuvedhuwsaiuiaannly
lunisvrde dunalddnnisldnszurunisdianinsddawuunszuanselunmsanlunsed
Usgdnsnmadlugisnainidetaluwsn lneamnsoanmanududuvedlunsasudui 46

[

a a a A - a a v o1 a a [ Y
UAANTUFABANT aPAWNABDLINY  19.016 UAANIUABARNT Andumansin1sanasrealuLns m

WiNAU 0.45 DadNTUMABanssoauI 4A1USLEaNS N INN1980a9909 b ULASALYI AU 5852



47

(3 A

s & = = Y] aa aa o ¢ = = 9 Y
LUaTLgUR LﬂJaLUsﬁJULVIEJUﬂUﬂi%U'JUﬂW3@LaﬂIV]§asUaLLUUW@aLLCﬂaSNE’]UVLGUVIﬂ'J']ﬂJﬂ'J'NV\Iaﬂ 50

- a a a ¢ ! Yy v a v | W A a o
Wasum AU 1 way 10 ﬂiaLﬁﬁ(ﬂ"?J 30'1ﬂ?’ﬂﬂ']']llmlmum@ﬂlumimﬁllmuL‘V]']ﬂ‘U 46 1agansy

I a 1

foans WulUNTetIlusa IS oanm AN LT UV B LA LeL YN AU 29.996 LAz 31.760

a o 1 a a [ I a 1

adnsuredns AnduATRIINITanatwedlulasAWINU 0.26 Lay 0.24 JadnSufoanT A

)]

U9 BenuseansannsanasvedlunsnAnnduwindy 34.57 way 31.09 Wasiud suaeu
windaa1nuieialusrinu i nsruaun s Blanlnsadauuuns suansedl MensnIsan asve vl
wselanaayiniu 0.15 fadnsusednsaeund A1UszAVS A InIsanasesluLes A AU
47.98 Wosidud nnmanududuvedunsayindu 19.016 adanfusedns AuvaeA1IAINY
duduvesluwsawiiu 9.892 fiadnsisedns drunssuiunsdidninsadauuuiadiiouly

o

auniavad 50 Weddud a1l 1 waz 10 Aladsed Sasnsinisanasvedlumsniianas
WU 0.18 uae 016 Tadnsusodnsaoutdl mudisu Fedimsnsimsanaswesluinsai
1NANINTLUIUNTDLAN NS AR UUAT suanss AmduA1UszdnSannisarawesluinsm
Wiy 3663 waz 30,76 [Wosldus usmernidudusaslupsadianasain 29996 uaz
31.760 faansufedns  AWraeAIANMTNTLYB slUmSAWNAU  19.007 way 21.989 Tadnsu
fodns mua1su Wladisummnud N TuREINs SUINTBLE ANS ATALUU NS LERSIAT 11 50
anmmadutuléiinnndl tazgavhefianamalinnssuiun1sBiEnlnsaBauu uns T uanss
A11508RAAN WU UTUY DL ULASALYINAY 5.456 Taansunedns dA1ensin1sanaavedlu
wsnilanasyiiu_0.07 Heansuseansmeulfl ArUsEAVS A INIsARaIraluLAS ALY AU
44.84 Weosidus dlaflsusunszurumsdidnlnsddanvuiad Jeulvanuniiewad 50
Wodldus A 1 way 10 Aladsnd uds manudutuveduesafinssuiunsdidnlnsa
Fauvuadiouluanuniiavad 50 Wesiusd maud 1 usz 10 Aladsas @a1u1saanls
whitu 13.552 tlag. 16.143 fadnsuseans Simdnsinisanaveslunsafianasvindy 0.09
wag 0.10 Naansusieansseunyl AndumUseansa nnsanaseadluasainiy 28.70 way
26.58 Wasius muaay

NNTNARBINUIINTLUIUNT DLANINIATAWUUNTLUARTIANIN S0 aRAIANL LT U U
vaslumsalduinniinszuiunisd 18ninsadanuunadiiianuninewad 50 Wes§us
Wlosnnunassnenuunssuans sfidnwasm siens sualiihuuvaiaue vasfiuvasang
wUUadRnsInensesalniuuvaduseninamsilawarnstn agalsiaunsenanseiinig
Tndsnulwihiinnm 22] fafuaniagussasivosnudseilfidednihmauiudeuly nns
neaeufiueunetad iy 80 Weddud wardunansiasuulamwesmanududuresly

WSALUNNTNAAB



48

45 _ ——{ = 1kHz,Duty cycle = 80%
[ —v— = 10kHz,Duty cycle = 80%

40 _ —— Direct current
5
£ 35
£ C
E 30 |-
'S
b
= 5
2 -
w C
=5 20
= C
@
= 3
e 15 F
U 3

10 |

sk
0 1 i b=\ 1 . L — & 1 i ] . |

0 30 60 90 120 150 180

Reaction time (minutes)

U 4.2 wwugdiemududuvaslumsafisuiunaniiaanuniewad 80 Wasidus

mﬂgﬂﬁ 4.2 QunsluansnuduRuss s sen R dure sl s st v a1 Al 4
Tumsthda Tnennsvmaesldnsyuiumsaidninsadantiuvasdenuanssiy {3deliinnns
USuleulumsnaassainamnuniiaiad 50 wWesius Buemuniisvad 80 Wesdud 4
A 1 uas 10 Aladsed Wiedaunanisasundasvesmanududunoduns alunas
VAADY WUIATLUILNSBENINTATARUUNad oulum uni1awad 80 Wasius fianud 1
was 10 Mladsed Worunailunilwhlusdliasns msanawaslunsnianawinfu 0.26
way 0.26 Jaansusieanssewn? Andumusvansainnsanasvasluwsawindu 34.14 uway
3341 Wosus nmmaudiduresluasaiBusuvinty 46 faansusedns a1usaanan
ANUTLTUVD Sl SR LA W U 30,355 wag 30.527 Taansufadns MNaIAU Madanded
Flusihulunszuiumsdianinsadawuuiaddouluanuniieiad 80 wWesiius finud 1
way 10 Aladsed dansnsinsanasweduasaiiananyiniu 0.16 uaz 0.20 Jadniusedns
Aaundl AnduAUseansannsanawedlumsawindu 32.60 way 39.37 wWasdus Ay
daduvedlumsainiu 20458 wag 18507 Tadnfudedns muddu gavineidienainiuly

1y} a & aa o e Y YA s & ¢ o a
ﬂrlﬂJGU'ﬂiNﬂig'UTUﬂrﬁE]Laﬂiﬁ/ﬁaeﬂjaLLUUWﬁaN@u'lsUﬂ']']llﬂ’J'N'Wﬁﬂ 80 Wasus AU 1

way 10 Dladsed fdA1ansinisanasvadluasnianawyindu 0.15 way 0.24 Nadnsumneang



a9

poudl AnwduAUsyanSnInnITanasadlumsawingy 43.85 waz 76.95 Wasidud A1Any

Waturaalumsavinay 11.487 way 4.265 Nadnsusedng amudlsu

15199 4.1 NISAUIUAIUSEANS NAINLAL DN TINT5aN a9V UL SH

Seulunsvegeufdnlumss ARauSTINIsanas AadeUsEansaanns
PENTTUIUNSBLANINTATE voiluwsa (me/L/min) anasaslumsn (%)

munde | @@ | 0-1 | 1-2 ] 2-3]0-1|1-2] 2-3

Wad (%) (kHz) Falug | dalwe | dlue | ol | dolwe | ol

bUU 1 0.26 0.18 0.09 3457 | 36.63 28.70

ad >0 10 0.24 0.16 0.10 31.09 | 30.76 26.59

1 0.26 0.16 0.15 34.14 | 32.60 43.85

7 10 0.26 0.20 0.24 33.41 | 39.37 76.95

LUUNTEUEARNTS 0.45 0.15 0.07 | 5852 | 4798 | 44.84

nnuansveaeuiindndasiul dethinasiilusssd a1 wuiinszuiunisd
‘nlnsadanuunsziansaie Wivuieudulu uiadr milsdalaisniia snmsanasves
luwsniidoudigs windwinnisdalamsnddnnm sasameslumsatuanaiiiiosain
Hlihiivhufaseluhienssuiunisdidninsadaasinturesin Uszllfhuuiiu A nde
meAslnanswduiifuinmansaifentsngnssillddugdlwihviedd aviareadui aua
wai (Blectrical double layer, EDL) [4,30] maiiasugliihdodidnvinfudaiaiwesdana
Tinszuai luasiusznindaliinanas 21n3U7 4.3 day 4.4 asdunelddwiunaves
nszudlnihiuanauionarhuliainnssuiunssidninggda lnewuinssuiunsdidning
dTauuunszuanseiinisanas oans sudlnlihimn igndsa enadosfuysang mssimsifal wan
lswduiiufivestasegliiniBenidudluihuiedidnni ndudame e Tumendutunis
Hnsruiumsdidninsddatvuitadiuasnsaanniziiedug i lududld dounnaindd
Snmnsanasvedluwsafiisdundinnmiidialuw nuasUinavonssudli i fLin g
NnHamsvaneduzuil 4.3 uas 4.4 fiviinameansuualiinainnszuiunsdidnnsd da

LUUTRATINNNTIHUUNT 2 anT e Ingaus0e5uIeavnnIsinssuIumMsBiantvsadauuu

Wadluamnsaaan siiatuglniale Jdessnguuuudyaralnihuuuiadii dnsidqu

[
I a A

SEMINANUNTINAEURITI AN TIINNURI Blen MR Lawda (Duty cycle) Fslugasan

[

a v = & [ 1 A =
YDINAATOUVIBTOE Y I AR WU U TUT sdy raua s Tugs v il nssual Wiln

Inarudegvseanasdmalidiuszalihvuiiurnim geg vgaeenanta b wila Ugym

maiatugtitihvesdalihainmsldnszuiunsdidningddals 25,31



50

0.25
[ *  f=1kHz, Duty cycle = 50%
H +  f=10kHz, Duty cycle = 50%
- + Direct current
0.20 -
—~ 015 F
« !
S
=
[
E !
o 010 F
0.05 | . -
1
* -
; N
0.00 -
1 L 1 " 1 L | M | M | M |
0 30 60 90 120 150 180

Reaction time (minutes)

JUN 4.3 wiugfiviunavasnszudlwilidisuiiviamiianun Sewad 50 Wasidus

025
f * f=1kHz, Duty cycle = 80%
M v t=10kHz, Duty eycle = 80%
- ¢ Direct current
0.20 |
—_ 015
- I
S
-
LB
E |
o 010 F
0.05 . v
I
N 3
* *
*
0.00 -
1 . 1 . 1 . 1 . I . I \ I
0 30 60 90 120 150 180

Reaction time (minutes)

UM 4.4 waupfiviunavasnszudinindisuiunaniiannundiewad 80 wWasidud

UYBNAINTNANITNAADINUINNT EUIUNT TDLAN NI ATAMUUNAaN I do ulvmq

Anaiad 80% wagA1un 10 Alawdsnd anunsaananutuduyadbumsaludde Lo agqall



51

UsgdvEnm legaeudutuveslumsafisnunmsdidesnirmmesguimnuelia
UsenAnLEN I TN SAMIAdo M A atufl 8 (we. 2537) Tatmuamnasgruamnminlu
iRy TesnmewannlduiininianssunsUsananiidesiiianud uduve
lupsaliiu 5.0 Tadniusiedns Usvdvinmvesloulvildanunireiad 80% wazadnud
10 Alawdsnd eatnauaansslumsmuainsindulseg wihaus nadalwitld o el

UsEANSNIN daalminn1sangmuUsLa NI ukazannIstAnwIadty (Passivation) #9814

9

= s A = = o aa o ' | a a ¢ & o o § ¥ a
FUMUNTLUIUNTINDNY  LUBLUTIUNEUNUANUDNATNIN LYY 1ﬂialﬁ§m“ﬂ %QﬂﬂﬂﬂﬂqiﬁLﬂﬂ

' ' v
I = =)

Fuvszqliihgeg 4 uiouleildlummenesilvinadwsilndifemiofniinszuanss
yenNiMsiumLaRUNI 10 Aladsad sravilinsemsliiauleglaisndu wh
AszuansRaInsaasluesale udadandnuestiufonsiinmadndusgiesaiio @
dsnalilseansmmuosinlriihanadussovens fatu msldnssiensuuuiadfinaun uas
AU saET N Taus LB e WitUs AV AN i lumsan A dusesluLase

T3y

412 mswesrenansailulasy, wenludotastelulaswudilsainns suaunsdian
Insagawuuiad
MIIATIEINERSeiTld A nNs BN TBLanIns Adawu uRadne Tulasyi weuludly
wazialulasiau legladnsaualnsiflau a3 ulng nuiun1TIATITR AN U T U B 9
Tumsnantde @11 Faansimnzdn i unsnageum Anudaduy asa15imod 1910
m'i@mﬂﬁuiuszmsuamguLLamazﬁmmmﬂ'm’nm’msﬁumaqmsﬁaasmmmmaaLLamLﬁ%@
%ﬂé\’mamamaaummﬁqgﬂﬁ 4.5 wilumsdesgiluiate 4.1.2 fRAslayadunisimsnei
W ludruremadnsfilendmnnistidadudunataatalas Weimsiioudisunadws
aai1enmsuaaswazv ouluiimmnsandniunasmdalutnsalunde dae
330U BN INs AR auU vadn 1ing Us vdeduasanide Taglunuidelimse uiaen
ANHENINSOTRINTBUIUMSIUMsanMelulnsiau (Selectivity of nitrogen) anaunT 5

(4.2) [13] Wieltiludeyasrduiiufudmsunsmndeasusndie

N031o-[N031-INO5 ] ~[NH] |

— tx 100% 4.2)
[NO3 ],

[
Sn, (%) =

Wo Sy, FermmansavenszuIumslumsmdamalulasiou
[NO3 ], Aeeanudinduvadlumsaiiianisusu

[NO3 ], Aermnuuduvaslumsniiviaila ¢



52

A Y v

[NO; ], Feauaduveaslulasiiinaila

[NH}], Peanudutursswonluieniiaaila o

55 5 120
s0 | [ INitrogen pas[ | Ammonium[_| Nitrite[ | Nitrate — 110
3 3100 =
45 ] 5
1
5 4F 19 @
~ 80.08 79.01 k n
ah 4 80
g 3F ] 5
= 69.16 h
470 <0
g 30F ] =
= 57.63 3 60 *é‘
o] ]
] 25 [~ 5 . [
2 ~ 150 ©
g ERE
O 15 F : +
30 8
1 Q
10 F 420 wa
SE + 310
0 1 1 I 1 1 ] 0
f=1KkHz t=10kHz t=1kHz t=10kHz Direct current
d=350% d=750% d=80% d=180%

= Trequency
d = Duty cycle

JUN 4.5 newinsiffeudisudssansnmuainssuiumsBaninsada uazaanumunse

YBINTTUIUNITLUNNSAN A ula 5 AU U lun1sNAa s

913U 4.5 1unsasiuamsranududuvedlumsn lulasyuazuonludeoy
Wisudiouiutsazfeulalunmsvedeudhdainide daas vide nssuauns L énTns a3
TneiAdodvmndeululumaveaeuriann 5 Soulalided nsvurmnsdidninsadauuuiad
Feunneiad 50 Wesidus mud 1 uaz 10 dladsad Arnuniteiad 80 wWedidus
aad 1 uaz 10 Mladsed LaraszuIuNII SIaNSATAUUUNSEUARSS WUIMEIRINATS

I

negeulunaaulnimanudituvesunsg, lulasiuaswenluilonnvdseglusz uy

€

'
0 v aAvu a A

Urindieedl Mannuninaiad 50 wWesiud Aud 1 Alaldsadae 13.552, 1.0, 4.8 way 26.49

Tednsureans NANUNINEd 50 Wasiud Aud 10 Nlawdsed Ae 16.143, 3.0, 3.8 wag

'
v 1 a I

23.17 fadnfudedns fienuniievad 80 wWesdud mnud 1 Alawdsnd Ao 11487, 1.0, 1.7
waz 31.90 faansusedns finnuninavad 80 Wesdus mnad 10 Aladsed Ao 4.265, 1.0,
3.9 uay 36.68 Tadnfudedns Feulvanvheurdsiiouuunssuansafie 5456, 0.0, 4.2 uag
36.19 §aAnSUABAMNT 1NNISNARBINUINATLUIUNITDLANINTATALUUNTLLARTIN

Usgdvanmadlunisananududuveduwsn wadluvamfeidunszuiumsddinlng 84



53

o e Y o ¢ s & & = a a ¢ & Y & = a a =
LUUNAENANNINNEE 80 1Wastgun Aun 10 ﬂIaLaimslj ﬂLLaﬂ\ﬂMLWUQ\TU'ﬁgaVIﬁﬂWW Ej\?

Tumsanmanudituveslumsngasuiu Jamsldnunszuiunsdidninsadawuy Wadisl
alaarulumsannislindsnuiiesannszualiihlaildgninograsedes uidunis
drensvualnituuvadu @ il sldndienulunssurunisdidninsddadanas Wle
Wasuluiunszuaum s BLan IsaTauuun st uanss [2] Uena1nimsiesIsiiist@uan n
ﬂiﬂ‘l’\lmiL‘UﬁlEJ‘L!E‘U?G’]ﬂVL‘lJLGlSGlVL‘IJL{Juﬁ'l“diuiﬁﬁwmﬁaﬁﬁll’]L‘LJ%‘EJ‘ULﬁﬂUﬁUi%‘M’jNLma‘%ﬁ’]EJLL‘U‘U
nszuansiuLUUWad 80 Wedldud mnad 10 Aladsed 9 nnsamsiuliitnsiudsugy
nluwselyBuielulnsouve wunasgneuuuiad 80 wWesifud anud 10 Aladsed Tian
ANANEIINTOVDINTTUILNSIMSTdamatulastaul ndAssiuluUNT Tuans e lneuuy
Wad 80 Wesiius mud 10 Aladsed Ae 80.08 Woslud wazuuuNsTUaRsIAD 79.01

Wosidus

4.1.3 myinssidinamasnuildlumanluwsaluindeduns ei

91NMIIATIEALURITN 4.1.2 WUIINTZUIUNISBaNINSATAUUUNTEL AN TILA S
a & aa o e v o e ¢ @ s a X a ¢
N3EUIUMIBDANIMIBTakuURadnaNUANWiad 80 Wosdud A 10 Alaldsad I
Usgansandiadlunsansminnudiudurasiuns alivdoaaumdutulanin aeiinn s gou
AN NHITIAUALINNUSEN ARMENITNNITAIL NG LN aTUN 8 (WA, 2537) uagen
ANHENINIVBINI BUANNIsIuMIM T glulasiauadlunsguaun madeure $1 U3y U
AalugRdedsivinmsiwsrgiinifsluGe o matnuildlunsruaunsdianinsddauuy

o edl v w e ¢ < = X a ¢ A a
nszuaRIazkuUTRANANUNINHAd 80 Wasldud Anua 10 Aladsed ieUsuiiuainy
AuAThudrannsldndsny FuluniiduingUszasdvesnuideaduiifisenisan wd s ui
Tluszuuidaindelumsemenssuaun sBianinsida e sansgiuTinamds uild
TumdnlunInagAUIMAI NS $9TUN 14 (Energy consumption) 91nduA1S7 (4.3) [37] 21n
MIMUINNUIINTEUIUNTDENIMTATARUUNTZRANTTANG UAlEINAY 113 Taddalua
sefiadinsy Fsgendinsstaunsdwinlnsadan uuieditenlyanuninaiad 80 wWosidud
a ay a & Aqv o = U ea I a a o = B o
ANaA 10 Aladsed Aldndanuiies 2.0 Inawiluweliadniy Anuuanenelldiugi wll
a & as o ea A Y o e -
N3EUIUM BN INIATaL UUNITTRansaLasiuuiadneuluanundaiad 80 tWeasidud
Anud 10 Aladsed awdivsednsnmadunisanlunsalalndifisadu winislindsuaes
NIEUIUN BN ATauuUnssiansedinsgen I aifisudunssuiunsdiannsadauuy

Y

adnReulvaunIeiad 80 Wasidus mnud 10 Alaldsad



54

. i-t-v-yz
EConergy = mibes @3)

We EC ADAINAINUNLY

Energy
i Aonszwalninede
v Apwsasulninade
A a .«.&J a
y fofad loida
t Asnannlglunisundn
& a 9; a
v ABUTUNUNLEY
C, FoAuuTuEuAuYDIlunTH
C ApnutudunainsUrtinuadluwmss

=

4.2 maUszdiumsgifeuslunazaiitduuuasmsinszinznauiiinduain

LTREY)

a

NIZUIUNTTDANINIATE

nsmdaluasamens suaumMsdianinsddauuasian sgaiderewatiiiuelun
\Wasnnszuiumsdianinsddalaeallilunszuiunisildnssualiliiienssgunis
Aaufsemaaiiluarsavarefe nsmalwihazgnduinluaisasaeandiluinndu
welunlugaialwihmluwalvassninensed wiiurens sualihtussiinmsideundasannie
aunAluaNTazateLty MIiaUiseIeonTedukasIindu FNseUINnITaanTLadue
Angunvaln i weluntdurin lvinsidevan nasdivi bl Tuawide dldalfii fe
a = v & = a v a o P = a ¢
avgllley Aatumunguiniueiindrerglideuldiluvaliihmsivzgneendladnig
willnialdnadns i duevg diflonlooau AR muauni159l (4.4) [13 23] azluniangug
a a = a & =i a o aaa a @ an [
avglifleuleoaungnaend ledliuilonanaufamsyiugisenaelussutddnivnsddaiule

psanlanlosau OH: auENnIsh (4.5) [3] vinlwAssznounteluseuudianinsada

Al = A3t + 3e~ (a.q)
Al3* +30H- © AL(OH), (4.5)

nnaansuLlusze 2811919V s uTB weluAka s US EANSAINAT AN a9 bu
wsnanatld Aalugidedslaiimiiengiludinve snsgydevestaliihuelunesgivie u
d‘ a dy o o w % 5 a a a 1 19 I~3
waggnauiinvy lnevinisnageumsmintumsameddiihergillewfademuduiian
12 Fla9 WSeUie Ui emiNanseUIU M TBLENINTATARUUNT shansIfuwuUNad N 13 aule

AUNINIWAd 80 Wasdud mnud 10 Aladsad



55

a a

4.2.1 MyIRIEinsgadsuelunavgiiiley

Tumsveaeuiideliiusivezglileuiia I dudalwih invinmsdanhudnie e
U a s 1 (% o w oY a B = :j
FAnemansnouLazraInmsUite eaglinsgiluisewesmsaydetilwiliwelun
NINENN LiNaNINAFULERIRIUT 4.6 1ABRINHANINAREUNUIINTZUILNITBLANINS
aa o ool Yy o & s & a a a ¢ = % @
dranvuiadnReulunnunIeiad 80 Wesiud anud 10 Aladsed Insgaydeuniin
wasn1nnsiidawingu 0.0801 niu Aalu 0.8 wWesiiud anintinveswivevglifiouneu
M3t dunszuiunsBidninsadauuunssuanssiinmagadeinninug winnis Ui dn
Wiy 0.1469 n¥u Andu 1.5 Weosldud wenaInn1sAsIinIsgaydeniesnenIng18n1s
Faminuds lednsewinainasggde8ianinse - (Electrode consumption) #ilsia1nnas
AWIMEANNTN (4.6) 91 1vihmslasiginmsgadetalaiiuelun wuddinisgeyide
81anlnInveINsLUIUNTI DA NnTaTawuuiad iiteuleanunianad 80 wWesidud adud
10 Alawdsed windu 0.0830 A5y @IUNTzUIUAIBANLNTATALUUNTTMART WU 0.1510
N3y Fadlphmmsasdetainihuelusilianmssahvinawsa uieuiumnisgey e
a a ! v s 1 a v a v o & P a aa
SlanIamgunUINaans LA lng g sy AauasUliiInssuIunsBenlnaganuu
nIzkansdinsdedesvestnlnihiueluninnniinsy viunsBkn Insavauuuiad

it-M

ECElectrode AT (4.6)

z Fv

= EC & A aa I
8 ECppeeroqe POFMITARIESBIANINIA
i Apnsrwalnade
& d‘ o £
t Asannlylunisunyn
M fauraluanag
Z AotaudnuIudannsaunaelau (The number of electrons transferred)
F fammsinassnag (Faraday constant)

v ARUSINUNEY



56

1‘8-_ e Anode

0.6
0.4
0.2 +
]
0.0 /-

f= 10kHz, Duty cycle = 80% Direct current

Weight loss (%)
(=)
T

JUM 4.6 wan1sannseuvasdianmsaezedl disuvesssuutnualumsauwuunadiv

NISLLEN I

4.2.2 - ywgnnumtaitihielunszamiideoy
INNIRaeIie AT simsddeneluneza oy Wadeldtinisiudu i
welunevglideuiiliing wrnnnstndauniesisine e naliaganssaudianns sulu UaK Ny
114 (Scanning Electron Microscopy: SEM) &sgagliaunsafne1i1saztdsnvasiuibiafmedn
16 Tnennsimsnsriinnadvene: 200 Wi wuiiuRvestwolunevglillvuinnisiansau
MHINNILATFUAUNMTBENNTATE - lunsdlveaBianlvnsaTauuuiiad wuin1sinns ou
Unngludnuasvemauuuinlnginssaresaluls i adesuuiiui 193lnih duanslugudn
4.7(p) anwadnaliannIsTiensskailugin q luriinsguananine (off-period)
FuUs¥aliihg (Electric Double Layer: EDL) fllemandududauna dawaliilonssuagning
= & . a o A o X o § v Y] | a X I
3nA33 (on-period) nszsalnihinisnsvaremnadiatexniu vilinisianseuindueene
auna Tumensaiudny BildninsdTauuunszuanssdsnalininnsinnseuludnvazs gy
< o & a & v A ! 1 ' d' o 4
PNABNTIUININAULIETILelUA daandlugun 4.7(3) M3Tnenseiaetwalloavinli
\AansazanvadlesauLazasinimusnawelun duhlugnmaiatudselnihgniaiiy
\Wudugs (concentrated EDL) demalinmsnszanedivesnseualiadiauenasinlinisin
] v & ad as U e ANV VY A % ] iy
nFBUULIIAMI A Ay Bdninsitauvuiaddsidelaiieulumsannisiansauinly

adnanevestikeluneraiiiley ewinaunsamuauaunavestul s lniiglasnid

Y



57

= 1 N 4 & o 4 a & aa A
ATTLERTI YIYIYLN lIE]']EJqﬂ’ﬁI?NWU‘?JEN“U i wagynlinssuiunissianinsddadl

UsLaNSNININNTU

JUT 4.7 3UanndasganssAuBianasau (Scanning electron microscope) UMy

a e o o 1 1 a aa (v a
ANNTA MAIVEIE 200 Win (N) ABUNTEUIUNNSOLAN WMSATE (V) NaINTTUIUNISOLAN

MIATARVUNIZHANTY (A) NAINITZUIUNITDENING ATARUUN AT

4.23 MIIATILARZNAUNNATU

INNITUAADUNITAA A LU AT AR NTZUIUNNSDIANINSATaL UUNadLa U2 1w A

¥ ¥
a = o

avgiilleyl viawnmsvadeulwienzneuduaelus s uthdangn aunifievullazg nuan

Y

a 6 Y a &a U A aqa a L3 d’l v A & 6 3
WATITNAILLN AUALD NYLTE AN NI NTUNI BITNITILATTIZINTLABUVUVDIALONTG L UuUNT

£
@ 4 A a

ANFLNANNITNITHNNTLNUVDISIFLONGUUNURIAISH 1981 IbA DA NITNTLLANLALALIUY T

wdlumsifenuutiua guani iUl neg AUlAs @I MY A NLaETEUI U | lAgN131a8LUNY Y

9
[ 4

L@ ndvetansinet e sdntuiims Boruuiiam sengas safuainianstissnuise
ihdegafinsaaialiuuisfieuiudsgaduisiuumaspuresaselaig qiidogain
gﬂumyaﬁgjammgﬂu (Joint Committee Powder Diffraction Society : JCPDS) L‘V’T'aiz‘q
TnssasnsvesansUsgnounasnsradauvnain. Tnodaaslsvhnmeiagm 26 s 10° 89 80°
THmuS1v0sn a9 inwiifiy. 10.00 a3/l mINasdeavasmsLAdeufivindu 0.01°
NUT11NN1SILATIEALATIRS 19U89REND UL B nwMlanIzUe9laTIds 190035 1ssaudn
(Orthorhombic) Fsuansfiavesszuny (011), (110), (021), (112) ua (212) ﬁgmmslﬁymwu
15.2° 17.1°, 22.8°, 364.1° uaz 45.1° mudiu Seudenadestuiiowssuiiisuiiafu
F1udeyainnsgIu JCPDS inelay 01-081-0070 UBNNNUULEITI NS LA 2L T3 LR
wuhddidnwaziamsveslasaddaluadin (Monoclinic) fuansiirvasszuiu (002),
(110), (022), (-132), (204), (-313), (332) wag (017) ﬁgumsl,??mmu 18.8°, 20.3°, 27.9°,
40.7°, 53.2° 63.3°, 67.3° Way 70.8° MuUAPU FeflmnuaenndssiuiiiowSouliioufiafy
s1udoyaunsgIu JCPDS Mmneiay 01-083-2256 uansisguil 4.8 Frfudlofnsan dnvae

lassainavemnznouna {Iiededulivgiuineneuniiaduiidiunauvalnunadeu luinse



58

KNO;uazezaitilulansenlen Al(OH); Ustuiuee 1899 nlAseasauesngnounand

ANWULIATIAS 1 NANLUUNELTEIN9LAS 98519905 550 uTnwaslAs 9@s19luluAain

Precipitate

z
> = - ;
S o v Potassium Nitrate (KNO;)
S a JCPDS 01-081-0070
= -~ S a2lla
e — ~ o~ b=
S ™ ~— ~
T M= 10 |
:g' | ¢ Aluminum Hydroxide (AIH;0,)
~ o E
= = JCPDS 01-083-2256
= A ; g -
dz a 8 E g s
3 Q waig S
| s 1 4 3 |
T L T A
10 20 30 40 50 60 70 80
26 (Degree)

JUN 4.8 sUnuulenusdAnlunsnYy (X-ray Diffractometer) ¥a4nznauaInuIeiung

Yrun e



uni 5

asUuNan1sIdeuasdaLauaue

5.1 @3Unan1sivey

nmsanmUsansanlunsmdalunsaludnde dasisddaenssuiunis 5180
Iﬂiﬁ%ﬁgﬂLLUUﬁ@@?NlWﬂ?LLUUWﬁ?‘ILLab’migﬂﬂ’iauﬂlLﬁﬂ%ﬁﬁ]’lﬂﬂi%U’Jumiﬂﬂﬁﬂﬁ’lL?{EJGUEN
lwihesgiideudifietuatnmsldnssuiumsdidningdlauuuiad lnensveaeurdaly
wsaTitimAnudituve sluwms aduFuWinAy - 46 Taansudedns Usinaminidedeinsen
Wiy 500 faddns enuviwiunseualnih 55 TadueiddegnuiAfiiaudiuns wuin
n3xUIUMIBanNNsaTawuuNad iussanininlunsman lues lafwavaguledng Soulvw o
Waddwnzaud wunsidalupsadldattunsdade 3 $lue 9neuddedaefiniiy
Asied 80 Wesidus mud 10 Aladsed fmsasinsanasvesluiasaindy 90.73
Wasidud AAuadnsaueenssuIums i smiatylulasiauwindu 80.08 Wosidud
Lasndsa uiinsxuaums SLannsadawuuadiinarun i1 siad 80 Wesldus mud 10
Aladsnd Mlunmsmanaluinsawindu 0.0020 Aladasdlisrefiadnsy: Faauninnasle
WA LUOINTHUIUNNTDLA NINTA FALUU NS Zikeins T s wasulunsianlumsawin fu
0.0113 Alatasirlusefiadndsl UONIINTIANHAN SREBUNUAN NS BUIMIS BB NTNSaT d
wuuiadianun eiad 80 Wesiud ad 10 Aladsed dnsdnnseuns egayideos
FalwhuelupiitosniinszuiumsBianinsadaluunssuansd usnanimgnauiiatudagy
7l 5.1 wuihidnuurlassaadniuunatsgninoeslssestnuaslulundin fedudugiuld
avneuiiRetutiinunaidenlutnse KNO, Atinanmswdsuidodunsn siluins adae

anslnuvadedluinse wavevgliilealansenlyn AOH), MiAnaNBiantnInezg T fle uyh

ad
Y
ad

Uinsenneludidninsddaa WnouLVAILAIN TN TseRnaINiTlA

{ { a g a aa
JUM 5.1 aznauiiaduludidninsadawag



60

5.2 YoLaUDMUL

Inwansneaain1smdnlumsaluindaaszise nszuiunsdianinsddauuuia d
NuI1AITINsVe18n15Anu W SIUFeasaannunasyuyy i oU el uysednininves

[

nsruumsnelaan1iensldauats Feenaliesdusenauiviainuateuasdudauanniu 1wy
AU uLYsTsANudutulumInnuggna nsilegvesarsdunignseollun3gau 4
MENBULYINADY SINTIRUNTwazA1 pH vosundy Fedududadedionvdnasie
Usgdnsnmueanszuiumsdianinsadalunsanluimnse
dy 14 o o v =3 v P 1 1
wenandadsiiarudidyiunisfnwidnvarvsnsvualiin lvasusening

a a v (%

dianlnsn ImmawwﬂmmﬁLﬁm%guﬂizﬁﬂw%@' Fsor1adluguassedensiinUf A3en3dndu
LAY IO S siinansardnTnsladluUiinaimn sauty NaySO, wie NaCl Lile
Wi sun i lussuuR dusnuumeni siiasnsatielins suaaunsalvanulda i ue
Tuwaddianinsada lavwmelurasiisyeans suaums finiswas uuaswesa sUs s na

wu weuludedululasauldagatiuszansni nunndedu



[1]

61

LONA15D1994

Ahmed, SF., et al,, Threats, challenges and sustainable conservation strategies
for freshwater biodiversity. Environmental Research, 2022. 214: p. 113808.
Atkins, AP. and AJJ. Lennox, Application of pulsed electrolysis in organic
electrosynthesis. Current Opinion in Electrochemistry, 2024. 44: p. 101441.
AUaberi, F.Y., Operating cost analysis of a concentric aluminum tubes electrodes
electrocoagulation reactor. Heliyon, 2019. 5(8).

Bergmann, E. and M. Voinov, Extension of the Gouy-Chapman double-layer theory
to the interface between a liquid and a solid electrolyte. Journal of
Electroanalytical- Chemistry and Interfacial Electrochemistry, 1976. 67(2): p. 145-
154,

Chen, Y., et al, Identification of point and nonpoint emission sources of
neonicotinoid - pollution in regional surface water. Water Research, 2024. 248: p.
120863.

Dahleén, J., et al., Determination of nitrate and other water quality parameters in
eroundwater from UW/Vis spectra employing partial least squares regression.
Chemosphere, 2000. 40(1): p. 71-77.

Demir, N., M.F.- Kaya, and M.S. Albawabiji, Effect of pulse potential on alkaline
water electrolysis performance. International Journal of Hydrogen Energy, 2018.
43(36): p. 17013-17020.

Focht, D.D. and A.C. Chang, Nitrification and Denitrification Processes Related to
Waste Water Treatment, in Advances in Applied Microbiology, D. Perlman, Editor.
1975, Academic Press. p. 153-186.

Gatsios, E., J.N. Hahladakis, and E. Gidarakos, Optimization of electrocoagulation
(EC) process for the purification of a real industrial wastewater from toxic metals.

Journal of Environmental Management, 2015. 154: p. 117-127.

[10] Georgantas, D.A. and H.P. Grigoropoulou, Orthophosphate and metaphosphate

ion removal from aqueous solution using alum and aluminum hydroxide. Journal

of Colloid and Interface Science, 2007. 315(1): p. 70-79.



62

1 =Y 1
LONE1591999 (M)

[11] Ghafari, S., M. Hasan, and M.K. Aroua, Bio-electrochemical removal of nitrate from
water and wastewater—A review. Bioresource Technology, 2008.99(10): p. 3965-
3974.

[12] Govindan, K., M. Noel, and R. Mohan, Removal of nitrate ion from water by
electrochemical approaches. Journal of Water Process Engineering, 2015. 6: p. 58-
63.

[13] Guo, M., et al, Electrochemical simultaneous denitrification and removal of
phosphorus from the effluent of a municipal wastewater treatment plant using
cheap metal electrodes. Environmental Science: Water Research & Technology,
2020. 6(4): p. 1095-1105.

[14] Han, W., Y. Tian, and X. Shen, Human exposure to neonicotinoid insecticides and
the evaluation of their potential toxicity: An overview. Chemosphere, 2018. 192:
p. 59-65.

[15] Hariri, M.B. and G.G. Botte, Simultaneous Removal of Ammonia and Nitrate from
Wastewater Using a Pulse Electrolysis Technique. Journal of The Electrochemical
Society, 2023.170(5): p. 053502.

[16] Kim, K-W., et al,, Electrochemical conversion characteristics of ammonia to
nitrogen. Water Research, 2006. 40(7): p. 1431-1441.

[17] Koparal, “AS. and U.B. Ogitveren, Removal of nitrate from water by
electroreduction and electrocoagulation. Journal of Hazardous Materials, 2002.
89(1): p. 83-94.

[18] Lacasa, E., et al.,, Removal of nitrates by electrolysis in'non-chloride media: Effect
of the anode material. Separation and Purification Technology, 2011. 80(3): p.
592-599.

[19] Li, M., et al,, Simultaneous reduction of nitrate and oxidation of by-products using
electrochemical method. Journal of Hazardous Materials, 2009. 171(1): p. 724-
730.

[20] Li, S., et al, Reduction of nitrogen and phosphorus loading from polluted
sediment by electrolysis. Ecological Engineering, 2021. 159: p. 106088.



63

1 =Y 1
LONE1591999 (M)

[21] Martinez-Villafafie, J.F., C. Montero-Ocampo, and AM. Garcia-Lara, Energy and
electrode consumption analysis of electrocoagulation for the removal of arsenic
from underground water. Journal of Hazardous Materials, 2009. 172(2): p. 1617-
1622.

[22] Mazloomi, S.K. and N. Sulaiman, Influencing factors of water electrolysis electrical
efficiency. Renewable and Sustainable Energy Reviews, 2012. 16(6): p. 4257-4263.

[23] Mouedhen, G., et al, Behavior of aluminum electrodes in electrocoagulation
process. Journal of Hazardous Materials, 2008. 150(1): p. 124-135.

[24] Mousavi, S., et al.,, Development of nitrate elimination by autohydrogenotrophic
bacteria in bio-electrochemical reactors — A review. Biochemical Engineering
Journal, 2012. 67: p. 251-264.

[25] Olmstead, M.L. and R.S. Nicholson, Influence of double-layer charging in
chronopotentiometry. ' The Journal of Physical Chemistry, 1968. 72(5): p. 1650-
1656.

[26] Palahouane, B, et al, Cost-effective electrocoagulation . process for the
remediation of fluoride from pretreated photovoltaic wastewater. Journal of
Industrial and Engineering Chemistry, 2015. 22: p. 127-131.

[27] Polatides, C., M. Dortsiou, and G. Kyriacou, Electrochemical removal of nitrate ion
from aqueous solution by pulsing potential  electrolysis. Electrochimica Acta,
2005. 50(25): p. 5237-5241.

[28] Pons, M.-N,, et al., Nitrates monitoring by UV-vis spectral analysis. Ecohydrology
& Hydrobiology, 2017. 17(1): p. 46-52.

[29] Rajta, A, et al, Role of heterotrophic aerobic denitrifying bacteria in nitrate
removal from wastewater. Journal of Applied Microbiology, 2020. 128(5): p. 1261-
1278.

[30] Reyter, D., D. Bélanger, and L. Roué, Study of the electroreduction of nitrate on
copper in alkaline solution. Electrochimica Acta, 2008. 53(20): p. 5977-5984.

[31] Shu, J, et al, Manganese recovery and ammonia nitrogen removal from
simulation wastewater by pulse electrolysis. Separation and Purification

Technology, 2016. 168: p. 107-113.



64

1 =Y 1
LONE1591999 (M)

[32] Sui, M., et al., Sediment-based biochar facilitates highly efficient nitrate removal:
Physicochemical properties, biological responses and potential mechanism.
Chemical Engineering Journal, 2021. 405: p. 126645.

[33] Tanada, S., et al, Removal of phosphate by aluminum oxide hydroxide. Journal
of Colloid and Interface Science, 2003. 257(1): p. 135-140.

[34] Vangara, R, et al., Electrolyte solution structure and its effect on the properties
of electric double layers with surface charee regulation. Journal of Colloid and
Interface Science, 2017. 488: p. 180-189.

[35] Zhang, B., et al,, High N2 selectivity in selective catalytic reduction of NO with
NH3 over Mn/Ti-Zr catalysts. RSC Advances, 2018. 8(23): p. 12733-12741.

[36] Zhang, L., et al, Electrochemical behaviors and influence factors of copper and
copper alloys cathode for electrocatalytic nitrate removal. Water Environment
Research, 2019. 91(12): p. 1589-1599.

[37] Zhou, R, et al, Comparison of Cr(Vl) removal by direct and pulse current
electrocoagulation: Implications for energy consumption optimization, sludge
reduction and floc. magnetism. Journal of Water Process Engineering, 2020. 37: p.

101387.



65

Nx*x»m

L - Yo o v = = o i v o o 3% 1%
wenansiiluenansianulidmsumsldanuienisnwivintu leugslmhlldlssloviaunism

Laidnsdilaensdu dnvevnuiilvnaudadiien wagdesdddiadiveaenarsynasaninisiluly



66

ATARNUIN N

U5ZNIAANZNSTTUNISAILINADULUIVIR 2UUN 8

Yszmanaenssunstamadounvana
iUl @ (A, b&ed)
sonmuA sz iugRtuaiunSnngan miudadeumma
WA b&n&
304 Muumiasggamviinhmdahi e

AAEO 110 AN TUYIAT ole () 1HINE ST T golRdI S U TN N
AUIARBMINAYIA W&o  ANEZAT T UNTT TWAAADUILINIRY ST N T WIS

¥ 4 ¥
iR gnnusivhi lusd shisan PRede i

MR &
pmiall

&

e Tudszmimi
”" S S =3 N e ' =
wnanhiAr” wnells wnil Mnaos wuey 41 nadan sny
z S > el b A i g
U1 iswiann@ifiauzoug  negmeTuiuusiuau _ F@nsnatusiutaumani
» v . b4
s uzodng M ud @M A e, ua it ninnatasa: Tunstiiumani

iuagasiunziabivinea Wiwkaninogawllinmithviothamzaan

v .
tiniinazthnmzamu oenuaainsumd minmua

o

&z al' ¥ o o/ ¥ = = O 1 Y o v 6 Y 1%
nansiiluenarsnanulidwiunisldanuiionisfinyiintu leygelihllduselesismunisi

Lidnsdllagvisau Snvvnudividauwdaciion wasseee1sddisdvesenarsynasaniinisuntuly



67

A s
Wszinmuazanasgmanilumanihioay

bl v
. . 2 & o \ - ‘ 1
Yo Mnjumaninmaueemilu & Ysznmie unanindiziani o unas
b d

St /;m,,

mm.. BABIFITIN 159 1A

» .
unlsziani e una

A'AAN
‘ Va'e o5

M

a UMY Mmu.mma'

"'""

Dol 'S

f.'n"i‘\ AN .‘

dnidiznni ¢ ldun-1ia Fnmhnmnfansang

Uszimuazamnsaihnlsz Temiing
(n) msqﬂlnmmzuﬂnﬂTnué’om‘mmsehl{ohnmuﬂna

unzﬁmmzmumsﬂ%’mlgmmn1mf1n'i'luimmiou

(W) M5SYATMNGTTY

lom&

e = Y o 1 v - = & 1 Y o v ¢ v 1%
enanstiiluenasianulidmiumsldnuienis@nwiwintu leugslviluldussleviaunise

Lidnsallagedu Snviaviuiilvidauaailen uazdesdndiadnvesenansynasaninisially



68

(@) unanidsziond & 1dun idnii @S mhR i
szinn nazaunsadhulsz Temfiiensauuny
Yoo  pummmhlumaninlszinnil o dosianmawsisuna uazannso
1l Tonlldando o (a)
Yoo  nuammhlumaninlszmi o dodinasgudaiolil
13 04U BRARINNTIN: wowuuuén.m'lﬂ @ nau

ATUEITUYIA

&Y\WW‘ g SUNAIY @

BIAN0ZAN k) Tiva u:m 0-8.0
j’:,._-‘mﬁ«- 9' Egnns‘mio

=afe].

| 3naenen %m""
"Il"

1

=,

) m‘ L
@UNI Z600 10UN.ID
- ?"n‘

) 113
(&sﬂ:llﬂ! (Cu) UM unn 0@
@@)ﬂfﬁwwh@u

o AINANT UADAAT
N e.0 NAGNTUADAAS

(oo

(ec) @IS (Zn) 1
oo |
(e&) unation ) hnhtinnunszdnluzilves caco liiiunh
-oa W . a - =) i a o oa -~ 1 o : J.
oo HaanivAedas UMTNIAUNT o.co& Hadniudodns uarlnnilanunizdn
Tuzilves caco 1hunit soo Hindniudodas ifhifiund1 o.o ladniudoans

boab

e = Y o 1 v - = & 1 Y o v ¢ v 1%
enanstiiluenasianulidmiumsldnuienis@nwiwintu leugslviluldussleviaunise

Lidnsallagedu Snviaviuiilvidauaailen uazdesdndiadnvesenansynasaninisially



69

(@b) Taslouviiadnaudun (Cr Hexavalent) D1 luifun o0&
uaaniuAnnAs
(med) Az (Pb) M Y o.0& LadniuAoans
(add) Asonianue (Total Hg) HA1TMiAUNT o.0ols lAANTUADARS
(98) @13MY (As) i luifuni e.0e findniudoans
(wo) lawr"Wifl (Cyanide) U1 Hithuni1 c.coa faaniudedas
flae)” NULUANMNSIT (Radicactivity) UAYadmaarh (Alpha) Tutfiundy
0.6 IUAMBITAADAAT HATTANDAT (Beta) MU 11 e.o IUARBITARBDAS
(St H']ﬁ‘ii'rﬁhiﬁﬂm;ﬁﬁiﬁﬁ‘ﬁﬁﬂﬁﬁuﬁ!ﬁn% (Total Qrganochlorine
Pesticides) Ui Winundy oo dadnsudodns
(laery” An (DDT) Ddd N1l a0 lirlasniudnans
tse) MosFwinuoay\ Alpha-BHC) - 1d1hilfiuadl e.ole
JuTnsniudoans
(&) AARTH (Dieldrin) v AU 0. WIRIRTUAORAT
(lob) | oA (Alin) IATlulue 0.0 hilniniudanas
floeh) 187 A0 (Heprichlor) ttnzdlmnaoiodon lod
{Heptachlorepoxide) Ha1hitiundt oo 1nIRSASUADGAS
o) DuAsIsEndriny himu soas o ddaaitasasamouiinmua
W & f;.mmmfﬂmmfiufﬂhzmwﬁ o ABIAT N 400 g
(@) - oanguncase ua Tidoands 2o ladniudeans
oy ulea Bmilufiuet se Naaniuaoaas
@) Lmﬂﬁl‘iumiu'iﬂﬁﬂﬂ{u#ma fin At iles coo 181 LI,
A0 soo HAAOAS
(@ utmiisanguilnoaTnarasy Taliituni .ooo luilibu.
A0 @oo UADDAS
105 ﬂmmmfﬂuuwfiufwﬂﬁ;mﬂﬁ & Analhnisaute & @) 01 &)
uas (&) 04 (o) HuLA

(@) oonguazate a1 lideond .o Unaniudonns

loamed

&z al' ¥ o U £ = = O 1 ¥ o £ L% 14
enanstiiluenasianulidmiumsldnuienis@nwiwintu leugslviluldussleviaunise

ldnsdllagvisau Snvievnudlvidawdasiion wazaigeddiadivesenasynasaninisunlules



70

() 1led umluniunh .o Unaniudonns
W0 o qmn'lmfflmmrini"'lﬂﬁ:mm'; & eTmi'Jmm;mihn“immmmf'l Tu
undainlsznni <
doo  mammualfundnhidmumdslamdmiathnlaamlannde w
‘lﬁlﬁu'lﬂmm‘inmmuqnnnﬁyﬂnﬂm“luiwﬁnﬂ'uqmﬂm

WA @
w W
FEnuudles i amazas e unan i vy athid 16y

Yo & T mITUAIBG M oA AU R IS B T 1o o WETENS
dasto Tulif
(o) LTt I3 10 \uaftiaenan 1 3y Tiltfuilgananes
naun itue untdsth s saif adatnnwan (a PATIAREN 1 IulRIUANG on g
'IﬁEﬂm’m’?ﬁm;mzlmni;‘s’mﬁnﬂﬂﬂﬂnﬁﬂai’”u Wit fssfumTuan mo EuAuas
- AR 8oL
(=) ndniniy/Ay Me neldnr i e ta s drdy 14
sz AuaTAn ® WA d gmnmaﬁﬁmi"mmtinﬂﬁﬁmmﬁ'mﬁuﬂ"h o 1WA
uas AU g0 8 LA 0 4R 19T U dYHS DA NI RAN Y o iR
BuildtuniGengulnaresumrtauasuta e quithoaTaasesy  hiuisesu
ATWAN o ITUALAT. G YARTIVABY
YAATINTRUANT (a) 1AL (1) upda nmemurn oo Tidllilawi
ATUA NG MUA AL AIHUA
do a6, “misntreAEURUATNIALTE o B1dD o THIETEMsd e il
(@) A ITASANAOUDUHOL "lﬁ"lir'm?aﬁnqmnqﬁ {Thermometer) TAYWE
Wimsfudedai
() MEAsTMToUmAIMduNTALAzA Wintaadanwdlunsa
tazseveath (pH meter) AAEMIMIAWUUBIAATASIUAT (Electrometric)
(@) masngeudnendeuazme W90 lad TuaThndu (Azide

Modification)
lomed

&z a ¥ o U £ = = O 1 ¥ o £ L% 14
enanstiiluenasianulidmiumsldnuienis@nwiwintu leugslviluldussleviaunise

ldnsdllagvisau Snvievnudlvidawdasiion wazaigeddiadivesenasynasaninisunlules



71

@) nsastaeudmitlon 114550z ledTuafindu  (Azide
Modification) Hagi loo saruraidoa iflunm & Tudndoiu

(&) mﬁﬁﬂtﬁnmi'umﬁﬁfianzju'Iﬂﬁﬂﬁi'nﬁmumm:fi'umﬁﬁﬁamiu
fAnoaTndviedy WISETaRda 721 mofwadu main (Multiple Tube
Fermentation Techmique)

(b) maasavaoum AT luwd o TuTasey 1195 5unmiion

[
[y

FAATY (Cadmium Reduction)

@) msasaaantsuey el uTaswr L4 aaiandu
ruaretae 13144 (DistiTation Nesslerization)

(&) AT aoun Muea WETEAGR AT & - oz lunoualwiu
{Distillation, 4- Amine antipyrene)

(E7 TEATIADUA TNE AL Baha dmild fFeansd wnaidiou
Tas iiubriadnana ndus o <asia T4 550: Ankn uevsensu Tadn uaanisdu
{Atomic Absorption - Direct Aspiration)

(da) M9 Anuilsats shd W IRTsev AR Loy sy Trnd
vnlnd maiin (Atomic Absorption-Cold Vapour Technique)

(s8) MinsIsd@UmIAIHY IR0 Asuiin BN e
Ta'lase (Adomic Absorption - Gaseous Hydride)

(sle) musasiaoud TanTud ilEi1edau niidnia toda
(Pyridine - Barbirurie- Acid)

(ee) MRS ABUA T uILRD NG TW 1435 1a / uflansa
W3 owie s Fuuoa 1Alines-(Low Background Proportional Connter),

(ac) mmi':'n-ﬂ'"lm'ﬁu"1ﬁ’n;ﬁmmxﬁniﬁﬁﬁﬁﬁnﬁa‘?uﬁwuﬁ AR
fiovdriiauoav Faaiu faniu wilmeaoiddenlsd uatiouaiu 118N -
TasuaTans i (Gas - Chromatography )

#8 0o  nuasHADumBondauazawlil4mnlosid nai o (20° Percentile
Value) @rumsas1vaounilod uUﬂﬁl‘innfju'[ﬂﬁﬂn{nﬁ’mm uazILUANGeNgu
flnoaladvedy 11dmulofdulndil <o Taviwuuazszesnardmiumsiy
Fotinihdindn “Iﬁ’ﬁflu‘h]nmﬁmquumﬁur‘iwuﬂ

loen &

&z a ¥ o U £ = = O 1 ¥ o £ L% 14
enanstiiluenasianulidmiumsldnuienis@nwiwintu leugslviluldussleviaunise

ldnsdllagvisau Snvievnudlvidawdasiion wazaigeddiadivesenasynasaninisunlules



72

E ¥
48 olo  msfudndnihamde & uazmsasnasugunmimute so 9
¥ ¥
Aoathullandimsuasgrudmiuns s iziinazindy (Sandard Methods for
Examination of Water and Wastewater) ddﬁmﬂimnPublicHeahhAminﬁmlms

American Water Works Association 111 Water Pollution Control Federation 983 igomim

sawnuimualide

bdo

& a Y o 1 v - = & 1 ¥ o v (53 v
enansiluenansianulidwiumsldanuienisfinvmintu liesygalmhluldusslevdaiunisen

Lidnsallagedu Snviaviuiilvidauaailen uazdesdndiadnvesenansynasaninisially



AMARNUIN U

NaITUNI9IVINS

Science Essence Journal Vol. 41 No. 1 (2025) | 24-38

Research Article

Nitrate Removal Enhancement Using Pulse Electrolysis and

Aluminum Electrode

Prapavit Suwannimit"?, Aparporn Sakulkalavek™?, Bhanupol Klongratog?,
Nuttakrit Somdock™? and Pisan Srirach®*

Received: 11 February 2025
Revised: 5 March 2025
Accepted: 6 March 2025

ABSTRACT

This work focuses on nitrate ' elimination from municipal wastewater by an
electrochemical method with pulsed DC electrolysis. The performance of electroreduction of nitrate was
investigated without alkaline electrolyte addition. The nitrate removal reactor was fabricated from-acrylic
and aluminum electrodes. The nitrate concentration was analyzed by the light absorption of the substance
using UV-Vis spectroscopy. The precipitated compounds were determined by X-ray diffraction technique.
The experimental results with 180 min treatment indicated the optimum condition for nitrate removal
was carried out on the pulse frequency of 10 kHz, pulse width-of 80%., and electric current density of
16 mA/cm®. This-condition was able to eradicate nitrate up to 90.73% (4.3 mg/L) from an initial nitrate
concentration of 46.0 mg/L as well as showed a nitrogen selectivity of 80.08 %. Furthermore, the
weight loss of aluminum anodes was as low as 0.8%. The main precipitation formed in the electrolyte

cell was aluminum hydroxide.
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Introduction

Currently, general wastewater sources are often found to have a large accumulation of nitrogen
compounds. The occurrence of nitrogen compounds in water sources comes from various sources, such
as wastewater from communities that result from the use tap water or groundwater for household
activities such as cooking, dish washing or cleaning. Nitrogen compounds from this type of wastewater
typically arise from the decomposition of organic substances contaminated in the water. Wastewater
from industrial factories may also originate from the production process involving chemicals that may
be released without proper treatment. Wastewater from agriculture can result from the use of nitrogen
fertilizers and the use of insecticides such as neonicotinoid insecticides. These chemicals that remain on
the soil surface can flow into water sources due to runoff or rainwater washing, leading to the
accumulation of nitrogen compounds in water sources [1-3].

The consequences of nitrogen compound accumulation in water sources lead to a process that
converts these.compounds into nitrate. (NO;), known as nitrification. This process occurs in two stages.
The first stage is ammeonia oxidation, where bacteria from the ammonia- oxidizing bacteria group, such
as Nitrosomonas, oxidize-ammonia (NH;) or ammonium (NHZ) produced from the decomposition of
organic matter in the water into_nitrite (NO,). The second stage is nitrite oxidation, where the nitrite
formed in-the first stage is further oxidized into nitrate, which is a stable form that can dissolve in water
[4]. The nitrate formed from nitrification can be absorbed by aquatic plants. However, if there is an
excessive amount of nitrate in-water, it may Jead to-a condition known as eutrophication, which is the
rapid growth of aquatic plants. This excessive growth of aquatic plants significantly reduces the dissolved
oxygen in the water, leading to a loss of oxygen, which can cause the death of fish or other aquatic
organisms and result in environmental problems [5].

Various technologies have been deyeloped and used to remove nitrate from wastewater including:
biological - denitrification, physical process and electrochemical denitrification [ 6-8]. In biological
denitrification process, bacteria was used to transform nitrate to nitrogen gas and evaporate into the air
[9]. For wetlands wastewater treatment systems. aquatic plants and microorganisms were used to-absorb
and treat nitrate in water.  Biological denitrification is the cheapest method for treatment of nitrate in
wastewater. However, this process takes a long time to-treat because the reaction or transformation of
mitrate to nitrogen gas occurs naturally. Furthermore, for-industrial wastewater, it greatly affect the
microbial activity-and.hence biological denitrification fechnique is not suitable for nitrate.remoyal from
industrial wastewater [10].

Among the physical processes, don exchange and reverse osmosis are the most widely applied
treatment methods for nitrate removal [6]. Electrochemical denitrification process has been recognized
as a promising method for nitrate removal through oxidative and reductive reaction into water, nitrogen
and oxygen [11]. These methods include electroreduction and electrocoagulation [6, 8, 12]. In every
electrochemical process, the electiode material is a Key variable to be studied [7. 13]. Good electrode
materials should have high catalytic activity, high stability, good corrosion resistance and low cost [14-

16]. In addition, pulsed- electrocoagulation process-for the treatment of different wastewaters has been
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widely studied [10, 17, 18]. This is due to pulsed- electrocoagulation process is more efficient in
wastewater treatment than the DC electrocoagulation technique [19].

The method known as water electrolysis has recently garnered significant attention due to its
potential applications in wastewater treatment. This technique involves the use of electrical energy to
split water molecules into oxygen and hydrogen gases, effectively removing nitrate contaminants without
the need for chemical additives. One of the primary advantages of this method is its straightforward
operation and ease of control, making it highly adaptable to various treatment requirements. Additionally,
the flexibility in system design allows for integration into diverse wastewater treatment processes,
enhancing its applicability and scalability. [20-23]. The efficiency of the electrolysis process is influenced
by multiple factors, including the energy input, electrode configuration, and type of electrical supply
used. Traditional electrolysis often employs a constant potential or current across the electrodes, a
technique referred to as direct current (DC) electrolysis. For this process to proceed effectively, a
minimum voltage exceeding 1.6 V is:typically required [23]. However, in recent years, pulse electrolysis
has emerged as a promising-altemative to. traditional DC eleetrolysis for wastewater treatment. This
technique introduces periodic pulses of electrical current rather than a continuous flow, offering several
key advantages.. Pulse electrolysis has been shown to improve system. efficiency by reducing energy
consumption and mitigating issues such as electrode fouling and corrosion. These benefits position it as
a superior and ‘more-sustainable approach for the effective removal of nitrate contaminants from
wastewater compared. to-conventional methods [20].

This. research aimed to study an eco- friendly. approach. for treating nitrate- contaminated
wastewater by utilizing the pulse electrolysis method with aluminum electrodes, eliminating the need for
chemical additives. The study examined the impact of varying the frequency and pulse width of electrical
signals-on key performance indicators, including nitrate removal efficiency. nitrogen selectivity, electrode
corrosion rates, and electrical power consumption. A pulsed direct current (pulsed DC) was employed
as the treatment signal due to its potential to reduce the ohmic drop and minimize capacitive losses
during the formation of the electric double layer. The periodic switching of polarity in pulse electrolysis
ensures that.ions cannot fully align or store charge. leading to enhanced operational efficiency. This
method not only facilitates the effective conversion of ammonia into nitrogen and hydrogen gases but
also reduces energy consumption ‘and mitigates electrode corrosion compared to conventional direct
current methods. Consequently.-the pulse-electrolysis technique offers a promising and- sustainable
alternative for enhancing nitrate removal efficiency and minimizing the environmental footprint of

Wwastewaler (reatment processes,

Experimental
Materials and chemicals
Synthetic wastewater used in the experiment was prepared using potassium nitrate (KNOg)

purchased from Merck, Germany, and was prepared at a concentration of 46.0 mg/L. In the electrolysis
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process, aluminum electrode plates (no.1100, purity 99%) were used. Chemicals used for analyzing

nitrites, ammonia, and ammonium were obtained from Hanna Instruments (Thailand) Ltd.

Synthesis of wastewater

Potassium nitrate with a weight of 0.1647 g was prepared and put in a 100-ml beaker.
Deionized water was poured into the beaker for 50 ml to dissolve potassium and synthetic nitrate water
was obtained.

Later, it was poured into a 1,000-ml volumetric flask. Deionized water was used as a solvent
and poured into the volumetric flask. By adjusting the volume of deionized water according to the
volume mark from the volume adjustment bottle until it gives synthetic nitrate water with a nitrate
concentration of 100 mg/1 for 1,000 ml water. Then, it was diluted with 1.222 ml of deionized water
resulting in synthetic wastewater contained nitrate with a nitrate concentration of 46.0 mg/L and a
volume of 2,222 m1.

Experimental setup.

Figure 1shows the schematic diagram of the experimental setup. The components consisted of
a DC power supply, Function generator, Electronic switch circuit, electrode, electrolysis cell. DC power
supply (GW Instek, PSW 30-36) with a maximum voltage of 30 'V was used to supply a voltage of
5V. Electrolysis cell was made of acrylic sheet with a dimension (WxLxH) of 8x10x7 em® and a
thickness of 4 mm. The electrodes inside the electrolysis cell consisted of 3 pairs of anode and cathode.
The electrodes were made of aluminum (99% purity), each one has a dimension (WxL) of 8 x 10 ¢cm®

and a thickness of 0.5 mm. The distance between each electrode was 0.5 mm.

Function generator DC Power supply

r— oLoooow
P caccgt s (EN@)([GND +V
o | pdsooly < Electronic switch 50 =% o

: io

GND=|  Out+
p=gul(ir1)
GND  Vout
Cathode =

o

AT

Electrolysis cell
Figure 1 Schematic diagram of the experimental setup.

The operation begins by connecting the positive terminal of the DC power supply to the anode

of the electrolysis cell. Meanwhile, the cathode of the electrolysis cell is linked to the drain (D) terminal
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of a MOSFET D4184 module, with the system ground connected to the source (S) terminal. A function
generator is utilized to manage the on-off switching mechanism by transmitting a pulse-width modulation
(PWM) signal to the gate (G) terminal of the MOSFET. To ensure the circuit operates reliably, a 100-
ohm resistor is inserted in series with the gate terminal to regulate the current flow, thereby preventing
excessive current that could potentially damage the MOSFET and minimizing ripple effects in the PWM
signal. In the circuit illustrated in Figure 2, two MOSFETS are employed to regulate the power supplied
to the electrolysis cell. The function generator controls the PWM signal, which determines the switching
state of the MOSFETs. When the PWM signal is in the high state, the MOSFETs are activated,
effectively completing the circuit and allowing current to flow from the DC power supply to the
electrolysis cell. Conversely, when the PWM signal is in the low state, the MOSFETSs deactivate,
interrupting the circuit and halting the flow of current. This on-off switching operation, governed by the
PWM signal, induces a pulsed current flow into the electrolysis cell. The use of PWM control provides
significant advantages in terms of operational efficiency and precision. By periodically switching the
current, the pulsed nature of the flow mitigates energy losses associated with continuous direct current.
Additionally, the pulsing action facilitates a more uniform distribution of ions within the electrolysis
cell, reducing the risk of electrode overheating or uneven wear. This design ensures the efficient
performance of the electrochemical process while preserving the integrity of the electrode materials and

minimizing energy consumption.

100Q
PWM/TRIG 8 W D3¢
. woE < Tika =T Vour =

Funetion | =l o

B A

generator S

Y LED |
ENEA
GND @ 1
Electronic switch circuit 57 g 2
DC
Power supply/

Electrolysis cell

Figure 2 Diagram of pulsed direct current.

The duty cycle of the pulse, generated by the PWM, determines the proportion of time that the
MOSEET remains open during each operational cycle. For instance, a duty cycle of 80% signifies that
the MOSFET is open and allowing current to flow for 80% of the total cycle time, while the remaining
20% of the cycle is in an off-state. This characteristic plays a critical role in controlling the power
delivery to the electrolysis cell, as the amount of energy imparted during each cycle directly correlates
with the duration the MOSFET remains active. The pulse frequency, which refers to the number of
complete on- off cycles per second, can be precisely adjusted according to the desired characteristics of

the PWM signal. This adjustment is achieved using the function generator, allowing the frequency to be
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varied over a broad range, typically from a few hertz (Hz) to several kilohertz (kHz), depending on the
specifications and capabilities of the function generator and the overall system design. Lower frequencies
result in longer pulse durations, while higher frequencies provide shorter, more rapid pulses. Selecting
the appropriate frequency is critical, as it influences the efficiency of ion movement and the uniformity
of current distribution within the electrolysis cell. To ensure stable operation of the PWM circuit and to
maintain signal integrity, a pull-down resistor is connected between the PWM signal leg and the ground.
This resistor ensures that the PWM signal defaults to a low state when the function generator is not
actively driving the signal, thereby preventing unintended activation of the MOSFET. The inclusion of
this resistor is particularly important for minimizing noise and avoiding potential erratic behavior in the
circuit caused by floating signals.

Additionally, an LED indicator is incorporated into the circuit to visually represent the status of
the PWM signal. The LED provides real-time feedback on the operation of the PWM, illuminating when
the signal is in a high state and turning off during the low state. A 1-kilo ohm resistor is placed in
series with the LED to act as a current limiter, ensuring that the current passing through the LED does
not exceed its rated capacity. This not only prolongs the lifespan of the LED but also protects the circuit
from potential damage due to overcurrent conditions. The integration of these components ensures that
the PWM signal is accurately controlled, visually monitored, and effectively grounded when necessary.
This configuration is critical for achieving precise control of the pulsed current delivered to the
electrolysis cell, enhancing the overall efficiency, reliability, and reproducibility of the electrochemical

process.

Analytical and calculation methods

The nitrate concentration in the synthesized wastewater was measured using the UV- Vis
spectrophotometer (Shimadzu, UV-2600). The absorbance at a wavelength of 218 nm correlates with
the nitrate concentration. The nitrate concentration was determined using the equation obtained from the
calibration curve. The nitrite and ammonia concentrations were measured by the colorimetric method
using a multiparameter photometer (Hanna Instruments ( Thailand) , HI 83306). A scanning electron
microscope (FEL Quanta 250) was used to observe the surface morphology of electrode. The structure
of precipitates from treated water was investigated by an X-ray diffractometer (Rigaku, Smartlab). The

nitrate removal efficiency (R, ;) was calculated by Eq.(1) [24].

INOg]
Riny (%) = %;][:%]'XIOO (1)

where [NO;]O is the initial nitrate concentration and [NO;]t is the nitrate concentration at regular time

during the electrolysis process. The capability of nitrogen transformation (S_\,2) is estimated by Eq.(2)

[24].

[Nog], = [Nog], - [No,] - iNH])

Sy, (%) = e, x 100 @)
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where [NO,] and [NHZ] are the concentrations of nitrite and ammonia at regular times during the
electrolysis process, respectively. Electrical energy consumption (E) in kW.h was calculated from Eq.(3)
[25].

Ukt

E = (3)

VH(Cy-C)-60

where U is the voltage across the couple of aluminum electrodes, I is the average current, t is the
treatment time, V is the wastewater volume, C, is the initial nitrate concentration and C is the nitrate
concentration after treatment (mg/L). The loss of the anode (m) at a given electric current and electrolysis
time was calculated by Eq.(4) [24-25].
™M
m.=_— 4)
7F
where F is the Faraday’s constant, M is the molecular mass of anode (g/mol) and Z is the number of

electron transfers in the reaction.

Results and Discussion
Effect of frequency and duty cycle

Figures 3 and 4 show the performance of nitrate removal using different applied currents as a
function of time for the duty cycle of 50% and 80% , respectively. It can be observed that the nitrate
content in wastewater decreases with increasing reaction time: The nitrate removal state can be separated
into 2 periods. For the first period (0-90 min) and the duty cycle of 50%, as shown in Figure 3 and
Table 1, the treatment process using the direct current (DC) has a higher removal efficiency (71.78 %)
as compared to that using the pulsed direct current (pulsed DC) with frequencies of 1 and 10 kHz
(approximately 53 and 45%). The nitrate removal efficiency after 90 min still behaves similarly, but
the removal efficiency changes to 57.98, 37.27. and 36.756% for the DC and pulsed DC signal at 1
and 10 kHz, respectively. In consideration of the removal rate of nitrate, the DC showed a more
significant nitrate removal rate in the early period than the removal rate derived from the pulsed DC
signal. However, in the second period (90-180 min), it is interesting to note that the elimination rate

values of nitrate from all signals become the equivalent value of about 0.10 ppm/min.
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Table 1 Removal rate and removal efficiency of nitrate from wastewater using various signals.

. Reduction rate Nitrate removal efficiency
Conditional Duty cycle Frequency X
; (ppm/min) (%)
signal (%) (kHz)
0-90 min 90-180 min  0-90 min 90-180 min

Pulsed DC 50 1 0.27 0.09 53.04 3727

10 0.23 0.10 44.52 36.75

80 1 0.23 0.15 45.74 53.98

10 0.25 0.22 48.24 82.09

DC 100 N/A 0.37 0.08 1578 57.98

Regarding wastewater treatment using the pulsed DC with a duty cycle of 80%, as illustrated in
Figure 4, there are no significant differences in the elimination rates of nitrate between 1 and 10 kHz. Their
nitrate concentrations at 90 min treatment were still ‘higher than the amount of nitrate in the wastewater
treated by the DC. On the contrary, the elimination rate of nitrate of the pulsed DC after 90 min was greater
than that of the DC, as seen in Table 1. The removal rate values were 0.15 and 0.22 ppm/min for nitrate
removal at 1 and 10 kHz, respectively. These rates were larger about 1.9 and 2.8 times compared to the
nitrate removal rate by using the DC. Considering nitrate removal efficiency, the using pulsed DC at
duty cycle 80% and frequency 10 Hz display the highest value (82.09%) for treatment after 180 min.
Meanwhile, the DC has a removal efficiency of only 57.98%. As a result, pulsed DC at duty cycle
80% and frequency 10 kHz was capable of nitrate elimination to about b ppm. These values were as
low as those derived from using the direct current.

It can be concluded that the use of pulsed DC at 10 kHz and 80% duty cycle is the most
suitable condition for reducing nitrate concentration in this experiment because it helps control the
formation of electric double layer (EDL) at the electrode area, resulting in more efficient charge transfer
and less passivation that may interfere with the redox process. Comparing to lower frequencies such as
1 kHz, which still cause the formation of electric double layer, 10 kHz pulses and 80% duty cycle give
results comparable to or better than DC. Increasing the frequency above this may increase the electrical
load unnecessarily. - Although DC can reduce nitrate, it has the disadvantage of continuous passivation,
which reduces the efficiency of the electrode in the long term.

In addition, the final concentration of nitrate did not exceed the limitation of nitrate concentration
in the surface water (5 mg/L) proclaimed in the National Environment Board Announcement (NEBA)
issued number 8 (https://www.ped.go.th/laws/4168/) as seen in Table 2. Furthermore. the remnant total
nitrogen of the treatment process using the pulsed DC of 10 kHz and 80% duty cycle was the lowest
value (9.2 mg/L). The total nitrogen was considered in the summation of the amount of nitrate, nitrite,
and ammonia. This value was lower than the quantity limitation of total nitrogen proclaimed in the
Standards for controlling the effluent drainage from community wastewater treatment systems issued by
The Ministry of Natural Resources and Environment of Thailand (https://shorturl.at/rXNy6). Using the

pulsed DC with these conditions can reduce the total nitrogen over 5 times as compared to the initial
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total nitrogen (46.0 mg/L). This indicates that total nitrogen was converted to the nitrogen gas
approximately by 36.7 mg/L. In Figure 5, the treatment condition of duty cycle of 80% and frequency
10 kHz shows a little bit higher efficiency value in the nitrate to nitrogen gas conversion when compared
with using DC treatment. However, the amount of ammonia in the treated water, as shown in Table 2,
was in the range of 1.7 to 4.8 mg/L, which was relatively high compared to the ammonia concentration
limit (0.5 mg/L) proclaimed in NEBA of Thailand. This issue is interesting for finding a treatment

method to remove ammonia without further chemicals.

Table 2 Final concentration of nitrogen species in treated water for 180 min.
Condition Amount of nitrogen species

5 - . Nitrogen Total
Duty cycle . Frequency  Nitrate  Nitrite .. Ammonia

Current gas nitrogen
(%) (kHz) (mg/L) . (mg/L) (mg/L)
(mg/L) (mg/L)
- - - 46.0 0.0 0.0 0.0 46.0
Pulsed 50 1 13.6 1.0 4.8 26.6 19.4
10 16.1 3.0 3.8 23.1 22.9
80 1 11.5 1.0 =% 31.8 14.2
10 4.3 1.0 3.9 36.8 9.2
DC 100 NA a5 0.0 42 36.3 9.7
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Figure 5 Final concentration of nitrogen species and nitrogen selectivity after water treatment.

82



Sci Ess J Vol. 41 No. 1 (2025) 34

Analysis of energy consumption

The experiment revealed that both DC electrolysis and pulse electrolysis with an 80% duty cycle at
10 kHz are highly effective in reducing nitrate concentrations and possess high nitrogen gas removal
capabilities. However, the energy analysis indicates that DC electrolysis consumes more energy than the
pulse electrolysis with an 80% duty cycle at 10 kHz, using 0.0113 kW.h/mg,;,,.. compared to 0.0020
kW. h/mg, . for the pulse process. This demonstrates that while both methods have similar nitrate

reduction efficiencies, the pulse process is more energy-efficient.

Assessment of aluminum anode loss and analysis of sediments produced from the electrolysis
process

In the electrolysis process, the aluminum anode electrode undergoes loss due to electrochemical
oxidation, resulting in the formation of aluminum ions (AI**) [24, 26]. These oxidized aluminum ions
can react with hydroxide ions (OH™) within the electrolysis system [27], leading to the formation of

precipitates within the electrolysis system.

Analysis of electrode consumption

Figure 6 shows that the pulse electrolysis process with a pulse width of 80% and a frequency of
10 kHz results in a weight loss of the aluminum electrode after treatment of 0.0801 g/m® or 0.8% of
its initial weight before treatment. This weight loss is less compared to the DC electrolysis process.
which has a weight loss of 0.1469 g/m® or 1.6% of the initial weight after treatment.
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Figure 6 The precipitate results from aluminum electrodes in pulsed DC and DC nitrate treatment

systems.
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Analysis of electrode surface

From Figure 7, it is observed that the aluminum anode surface exhibits corrosion after
undergoing electrolysis. In the case of pulse electrolysis, the corrosion appears as large pits with a small
amount on the electrode surface, as shown in Figure 7(c). This is due to the current being supplied in
pulses, where during the off- period, the electric double layer (EDL) has the opportunity to return to
equilibrium, resulting in a more uniform current distribution during the on-period.

In contrast, corrosion resulting from DC electrolysis shows small pits with a large amount on
the anode surface, as illustrated in Figure 7(b). The continuous current supply leads to the accumulation
of ions and chemicals at the anode, forming a concentrated EDL, which causes corrosion to occur more

intensely at certain spots due to the uneven distribution of the current.

Figure 7 SEM images of the electrode at 200x magnification: (a) before the electrolysis process, (b)
after the DC electrolysis process and (c) after the pulse electrolysis process.

Analysis of precipitate in the process

From the XRD analysis, which was performed over a 28 range from 10° to 80° with a scanning
speed of 10.00°/min and a step size of 0.01°, it was found that the precipitate exhibits specific structural
characteristics.  The analysis revealed that the precipitate has an orthorhombic structure, showing peaks
corresponding to the (011), (110), (021), (112), and (212) planes at 15.2°, 17.1°, 22.8°, 34.1°, and
45.1°, respectively. These peaks align with the JCPDS standard database, number 01-081-0070.

Additionally, the analysis also identified monoclinie structural features, with peaks corresponding
to the (002), (110). (022), (-132). (204). (-313), (332). and (017) planes at 18.8°, 20.3°, 27.9°, 40.7°,
53.2°, 63.3°, 67.3° and 70.8°, respectively. These peaks correspond to the JCPDS standard database,
number 01-083-2256.

The structure of the precipitate thus consists of a mixture of potassium nitrate (KNO;) and
aluminum hydroxide (AI(OH),), as illustrated in Figure 8.
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Figure 8 XRD patterns of precipitate produced.

Conclusions

The study on the efficiency of nitrate removal from synthetic wastewater using a pulse
electrolysis process with aluminum electrodes found that the optimal conditions for this process are a
pulse width of 80% and a frequency of 10 kHz. Under these conditions, nitrate reduction efficiency
reaches 90.73%, nitrogen gas removal efficiency is 80.08%, and the energy consumption is 0.0020
kW.h/mg, e

In comparison, the direct current electrolysis process consumes 0.0113 kW.h/mg ;.. Thus. the
pulse electrolysis process demonstrates significantly lower energy consumption. Additionally, the weight
loss after treatment with the pulse process is 0.0801 g/m® which is 0.8%, compared to the DC process
where the weight loss is 0.1469 g/m® or 1.5% of the initial aluminum sheet weight. Therefore, the
pulse electrolysis process is a better alternative for nitrate removal as it is more energy-efficient compared
to the DC electrolysis process.
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