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Abstract

This dissertation reports using eggshells as a new hydrophobic material for
fabricating a hydrophobic barrier of paper-based analytical device (PAD). The surface
of eggshell particles was hydrophobilized with stearic acid and this led to calcium
stearate. Then, the modified eggshell was suspended in a polystyrene binder. The as-
prepared solution was employed for patterning of the hydrophobic barrier on
laboratory filter paper (No. 1) by manual painting with a paintbrush (No. 1). Results by
scanning electron microscopy technique confirmed that the modified eggshell adhered
to cellulose fibers and concealed the porous amongst the fiber networks. The
hydrophobic eggshell coated paper provided the water contact angle of 131.93° (=
1.04°). This indicated superhydrophobic feature. The developed PAD was then applied
to measure the ammonium ions (NH4") contents in natural water samples based on a
modified Berthelot's reaction. Colorimetric detection was performed by image
capturing with smart phone. Dynamic working range of 5 — 100 mg L™ was achieved
with good linearity (R? > 0.99) and high precision (RSD = 0.85 %). The limit of detection
(LOD) is 1.35 mg L™. The analytical recovery was in the range of 98.57 — 101.09 %. The

results were compared with the ones obtained by ion chromatography. There were no



significant differences at the 95 % confidence level (ty,: = -1.80, t,; = 2.57, n = 6). This

implies that the developed PAD is accurate and reliable.

Keywords: Natural water samples, Eggshell, Paper-based analytical device (PAD),

Ammonium ions
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war Warangludiviaie feazidenldlaefansuianninue s vinlvraldsnlinsgaieii
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& A v A P~ < ) a
wos 1 anngidenldimaianisiea insie dauazain 590157 wazausausuldsu
awanglavainratemiuaNudiranlunsIasIei Wevinnisaseainalgdiud livauin
Laas azvihnsmegeuauaulfnulitevivemaldenlivunszay lagfiansanain
AsUdNdaYa9HY (Contact angle) UNNURRNTEATY Hagyin1siigadiendnualaiewmaile
ca & ' : - A A
ANTIAUBLANATOULUUABINTIN (Scanning electron microscopy: SEM) tN B8 UTUNTT
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3) annsndnadentefiUiuussnuantings lldadeamansduiliseuth
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2.1 qﬂnmim'aa]"i'ﬂuunszﬂw (Paper-based analytical device: PAD) [9,

10]

gunsalnTantauunszae vie PAD Wugunsalilldnseaudutaaudnlunisaing
nszvuMsHAAligse1n Mgunsalilvuindn namnluldauuenaniuiliazain aa
Aneildednnnii dssgnldenuldvainvas suyusi oswinnsznwiuaniimie
16918 Tnensearwiideoutuldlunisndn PAD Ao nsza1unses (Filter paper) 741y
wosUfuAnts fdrutseneundniduidulowaglaaddauaiisnlunisgaduuiléa
AuavTRTdAUeInsEATaie AnuAmuleen, suinyegngy Fullvuinuaniaiy
vannyanerun Madenlduduegiudnunzresiuudazade, auannsoluningos
ouMA UazdngINITviavesansiFonsnges

(%
] [y

Tugunaun1sasna PAD @13150MNUATBUIAUSHIINSINIALA Laen1Sas19aiunu

=b.
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& o =
AU 9 ¥4

pd)}

lalgouiin (Hydrophobic barrier) Toiduaanaienig 4 Aungduunnisias

ee

ada o o F% 1 v v a a A o = 1 @3 ] PN
Mﬁ’]ﬂﬂ/iﬂ’]ﬂ?ﬁﬂ’]iﬂﬂ‘ﬂﬁ]ﬂﬂﬂﬁ']’ﬂ‘u‘ﬁ’)“UEJVl 2.2 “UiL'JiUEJ‘L!‘VIL‘WﬂEJEJE{JJUNﬂi%GﬁUQ%LﬂUﬁ’JUV]‘U@U

v |
o (% &

& = Y & Ao [y Y i a A [ a
11 (Hydrophilic area) Fsldununid s urena1IiIDEaLAAT LDRTITANANS U
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@) cytiva 0 ' .
y _ r

i w
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2.2 A8nsasivalnanedlrulivaviivunseany

2.2.1 F5alnnsiuvulduas (Photolithography) [1]

Falnnsfluuulduanfunsassanarsduliveuiilngldanslues saufuuas
Fansillotan (UV) nszaumsadreananeduliveuiitunaunsn 9 el Sumouusnay
yhanuazewiiuivesTagnou niuasedeufnthuesTanseasluaduiesusiaain
AuazeslazeynauIuasslueinie (Clean room) Mifluasdindes snoindoamyuindon
LUUVLIIBS (Spin coater) TiAu3aseuLazAIA AN IZAN 9 Wlelrldaumunad
Foennslianu ndsnnindeuimiifaguds vinisevanshuasiitmilviusssomnlinim
39U (Hot plate) FumewsielUiemawSeuninniiuues (Mask) ivihnsesnuuuduainais
f9 9 FIN15aNEka UV RAuntinIniuias vdae1nn1sanenas @ansadnensianasly
asailldiay onduashuawiswiin Wy SU-8 idewhnseundwinmsaisuas suney
anvnefensdianshuasheasefifiiondn Developer wag nswiuea WielAnainany
mumnnfusas deihukeoutalulasay wazdhlvovuiuds svldnsyanuiiddlyl

96/ I ! dl ¥ ¥ o ¥
RUUWIURINAIYA 9 aufteonuuuld wagnieululdeu

4

4 (Wax printing) [2]
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A @ v ! aa & Y o a ¢ =g o
Radutaniveudindsinign wasmelanily msiaimetisaunsailalaeg

4

[

3 M39YlAEN1STATRIAIUUAZENTIVDIANTU Ui ALWNA14

a

aguunsyaynses ntuhlulianuseulumieu 3eun Hot plate Mgamgil 100 oeen

Y
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¥
v
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wnsnfudndidulevesnseaunses ineasediuiliveutvunseay

2.2.3 1135210 (Plotting %38 Painting) [3, 4]

o 1%
U U a

aa = o | an % A ] ~ o B
'Jﬁﬂ']3'3']WllSUum@uﬁLUﬂqﬁﬁﬁqQﬂjuvaNGUaUuqLWENGUUG]EJ'UL@EJ'Q I@EJIGU‘LJ’]MW@JMUU’]

1

wazkuwuulun1saseadnatediulivauin WisUseiwsaunsalnsiainuunseany Al

3 9
[

Slazdianuing uazsinsa wimuauauazdea (Resolution) Vo9

a

LANNEY 1 W k70D
1 d‘ 1 %}I Yal é v o ¥ aa ¥ 1 v

arnanedun llreuinldaualaualaenn N1seaNnsavinleaadads lewn n1sIneae

19 (Manual plotting) Lagn19211aLUUE MUl @A 8uIUna (Automated robotic arm

plotting)



2.2.4 n15U5eNURI (Stamping) [5]

o w

) [y 14 ] a 1 Y v aa v 1 A
MY L‘U'U’Jﬁﬂﬁ']ﬂ IUﬂﬁiﬂﬁ’Na’Jﬂa’]EJﬂ’J‘lJV]l@J%@U‘L!’Wﬂ’JEJ’Jﬁﬂ’ﬁ'lJiS‘Vl‘UG]i’] NYUDU

<

Fosvhmssonuuuanasduiilivouihuunseslvaumingantunsldou deld
p91e19uE deluagvhmaifuninfuihasludielisiunsensgaduniinely aniudah
peeslisgiuaTatuunszunges ileaismnansduiilivouih launsaUssivg
gunsalnTniauunszavliegiesng Ingldnatesndt 10 Jund lunisuseriunsiasuu

nszAuilsanilenss waglisdudaddd Clean room wsetuneuniséndla 9

2.2.5 MsNUNaN3U (Screen-printing) [6]

a 4 = 2 aaddy vy o =2 Ly L3 =2 1 £
nsiuansu WA ldvannIsUIaniin afegunsailnaniin (Squeegee) WU

a A A o éj ~ I = v a & [ 4
an3u (Screen mesh) NUsAULNTBUNINUY Liteaelouninluduiagiiud laavinnsaari

ansulilarnanemiumiusdienis Ssainarenandnasdudiunliveuuivunszay Janll

Yaun WU U9, Indalnsu wazlndlidaraslse Tnazaniun g duninlunisadrsdrunly

Y

[
[ v o a 4

YoUUNUURUNTAUNTIRIAVUNTEATY TunaunThaianIulaeduey Jaei Juusni Tanium

q

1asaUUlAEEMSUNSANTY NNTUWYENasULUa18aLnTaveEnan3u Tneddlrtnansuy
WBeaUseunal 30-35 9467 karannliuianiinnunignsy Welvuilnifuduainaiguuii

an3u TusausiolUazinisnaNIanFuauuuiavesian waavinnisainliviandnainyany
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aunilsludaaedaiuniiegy 2-3 AST TuneuanTNy endIANIUTIL KA TARNRNTILE,

a = aa

sonuuwviuhilvuislunnenmademazain lngagldhaussunm 15 wi 35iddedae 19
sunulunisudne FBasrdnAeuiiy wasausandngUnsalnsiviauunseaulaiiuiy

ynlunsRuiansunianse ag1elshnnu 35UIANUALIBEAUDIAINANYABUT IR LaslaY
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2.2.6 nsanawsd (Spraying) [7]

& o = 4 o

FBnsdaasd Sududesdniinin (Mask) Ivinnisagainaiesig 9 weldlunis

'
= a

asvdunliveuin wavdsndAgydnuilaegveunailall Ae gunsainldlunisdeawsedian

fuun endiegatu wsosiud (Air brush) vsenszueniau WWusu Tanildveuinasgnd

Y

ho)

awsdasuunszanuiunaqualentininlagasaiioasisdui luyeuun 351 0u3s7de

& 1o & W v ¢ I A a a o a av v
590157 wae luddudeddgunsalvwinlvgle 9 windy 8nvi AuaziBenvesaInaieiils
PNNATATADUTINA LEUVDUVDIUTIANNUTENINEUNYaUdn wagligeuiiaiusey

wazALdn (Clear boundary)



23 gudinuliveuinegnedenn (Superhydrophobic property) [11]

Aurauln wazauliveuiivesian Wuguauifanzaesiuiivesiaguaas

= A J [y

¥fin Fedlawanananuly anunsaesuielagldaudunusseninednwusiuRIvesdan fu

q

¥
A a o

msvhyudulavemenii lngisnisegnienldlunsuendnuurvesiiuiiianindauvey

[

U vseldyouin dunaldangunsvemeaii nanife mnneat vuiuiTanddnue

Aoty lallAsyu uansiiuRivesTantuianuyeunl WiaWonin (Wettability) lun1

(% IS

naufiu wnuemhvuiuRadanldnvaziludianauyy wansiiuRavesiaguuiianulivey

W1 wioleniildenn tavanunsaldayuduiaesiy (Water contact angles: WCAs) tluda

vanANNANN USRI URYIER wasveminla AIn13199 2.1

M13199 2.1 AnuduiusTenInmyuduiaedy tazaudRvesiuiyian [11]

ANSUETURE (89A1) d3UR TIATI PG
YOUUNBL NI ™A 4\ )
<10° antlen Weneg1vauysol
(Superhydrophilicity)
< 30° w9ul (Hydrophilicity) anu Wenlan
90° - 150° Lo Ut (Hydrophobicity) Ligaun/gauninties [Wonen
LivoureeeBaein O / AN
> 150° ligmin laifiaauden
(Superhydrophobicity)

2.4 N5INAYUEHNEE (Contact angles measurement) [11, 12]
= . & v PP & a 4 a

nsun (Wetting) Ao SNwEUDIURRaINTUIUNURAIUDIWBIULTI A1TNVDUNAITE
) I v a v o Y] v
Wenuuvewudelatu azinetesivasiusvan o laun

1. wsa¥ULUY (Cohesive force) Aa WIBAWTIEITENINEISTRALRSITY T TUws
Inerevililuanavesvesmanniznguiudunes

2. 538mfn (Adhesive force) AB kIITMPTEITENINAITANTLANY NUNUDI b9

FEINLUANAYIVONNAT asTiuRIveIve Il LTuwsanne ey ivenveumaInszany

Fe9nanAU kaznszaekuUlUAUNURIVDIVDILDS



nsfineatnzeguunuivesianiurewdeld ssfaainannaunaseninause

(%
v v =

gnfin Lazusudouwiy Ay Jsanunsaldanmaunavessmsaesiilunisinnienisilen

¥
[

ufiuiiTanisondn yududa (Contact angle) InsAyududassidudivenuuiliudinen

c

YDINAIILNTZINBHIVUN URIV09UB MDY Aryududavzwsinduiuauauisatunis

N38LAIVDIVDINAT Fawandluun 2.2 uagannsaldayududadunaeiuuinsdenves

YoUNAIVUNURIVDIVDLLY Tnafiinailagasunmsnei 2.2

M1319% 2.2 uananisinnizmsienvesiananyuduiavemenin [11]

AU ” ANNHUAATENI . y
azA1siden \lL a0 N ANWUSYDINYAUN
(GNGR) LIPARA UAZLIWTDULUY
R o , WANNIZINY LazunAgu
- . WSEARANAININA . N .
0 \Wenegnveuy s N WA 4; DYUUNUNIVOIVD LY
USIRBHLUUUNN 9) -\3
WUIUUNS 9
— B WSIBRARAANAININATT . )
0-90 Lanldd \J[ o WUnenYUIULEN DY
LIUYBULUY
> 90, 4 Aly wseBnRaAIdaeNI I .
Waniinuralasnn Y7 NYAFUNTIADUVINNAY
< 180 WSILRBULUY
. wIsEAARIlALDYNI
180 LaliTen " \Z”. NUANTINAY
WSIYBULUUNIN 9)




0 = yuduin

8> 150

90 <8< 150

(M) (V) Q)] (1) () (D)

[ 4 - ¥ . 4 . 4 -
yomhuwwdana  sowh Youu Aivoinh Tivomh Tisouinusom

U 2.2 uanidnvarURIEaveLnaIuNiuAITe eI TaTiAYIduREsNg 9

(71311 httpsy/Awww.blockdit.com/posts/5eff18f0d9096 10cb5dbacc?)

2.5 a9rUsynauvalaanla [13-15]

'
a a9 o a

Lduingfuidfgridanidunisuseneusimsisiuseauaiaisou uavlusyau

q

gnawnssy e nlulisiagnadnilednd wazgaulumieaisenns laun Tsiu, Ty,
ndows, Indud, 7IulaIniud 1o wazh lneluln.a. 2564 Usenelnainisuanlali
WinTW 0.17 % Aadu 15,148 druvles wisiuay 42.98 dunesnadu Fuduanwnlud
Wienligniiadudiuiunn uaggnidalaensfisbimaurmiluilanay wenainazlyleld
Uszlesidannilaenlduan dedeademldatslunisdnnisuuds wageransliiiadgud
Y o % o v o ¢ & i & | v =
MesnudIndeNnINIEnmY N1stiUsylevdatndenlvlugdidenlumnuisunasidun

Juitniaidedenisunlivszendldiiieliinausslegilamngadu

1 vV ;4

lugnvieviumigiudenifianuvunUssana 0.2-0.4 fadiuns dvesudenlviazuansing

q

2
1Y 1 a

W Yuegiurin wazarenuguesdnitn laevaluldliasiivdendinios luleesiiiudond

Y

917 waglvundlugjasiyneguuidenly aeluldasiidedenlanviuliune uaglvunieg

nelu dwandduguin 2.3
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wWaenld (shell) 298I (air cell)

Wawdanly (shell membrane)

Tisriuuand nilal (thin egp white) A0MIUA (germinal disc)

liuae (yolk)

Tensulusngu (thick ege white) PN I mpg
mannlmtm(meume membrane )

4 (chalaza or cord)

U7l 2.3 wansauUsznavvaslafaos
(i http://www.foodnetworksolution.com/wiki/word/1146/egg-1%)
Waenlalnevhluasuszneuse 2 dundn < (3Ui 2.4) fio
1. Waenld (Shel) Hsvunidn o filsiannsaussiiuldmenivaiegidusuiumn
warilansedeuiaivaetiesiudenuadidelilhdluansluld Ineesiusznaundnuaauden
19 Ao wAaLTauA1ISUBLUA (98.2 % Suamfmﬂ’mﬂﬁaﬂied), WUNHLRguAISUBLUA (0.9 %),
uraisumeainn (0.9 %), TimAaiduuisimeing 4 sastelusi uasth Svasdusznovimand

2nusneenulUumulevesdnddn sanandlunisen 2.3

A15199 2.3 a3AUsznaumaeiivaalannty [13]

. % (laeiiniin)
LLsﬁqg‘! = [ 1 =~ 1 & =~ ]
wWaanlala Wasnlaa wWaanldunnszm

WAATHUAISUDLUA 99.0 96.5 97.3
Famas 0.1 1.2 0.4
WUNTLT 0.5 0.1 1.0
Noanosa 0.2 0.5 1.1

Inwnadey - 0.0839 -

2. Wowdenlay (Shell membrane) ilo

a

¥ L2

gaaeiu 2 Tu laun

c{' a

FuueniegAniuilaen

L9d¥ o580 Shell membrane diuduluileginiulyv1iiienda Egg membrane 188

FUUN warduluazTaiunasn waazkeniuNa1ut1uvedludailnssonnie (Air cell) a¢

Y

IngasnUsznauvendaidonludiulugilulusfiudssan 69.2 %, lusiu 2.7 %, druvie

! 1 & al & o aa a a a a 53
dndlvgilulnalalushiu srumsdalinifiue U f wagd agiie
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wWawdanla Waenle

JUN 2.4 uanadenly uazderuniegluldenly

(i https://image.tnews.co.th/newscenter/images/userfiles/images/2-5(224).jpg)

2.6 uwanluuylosau [16]

Tuuvdsimusssusdvisluyaidssdaiv vonludoazeylunnzaunasening
wasludeliunnsavsenenlutiedase (Unionized ammonia %38 free ammonia: NH;) fiu
woulutiiouloaau (lonized ammonium %38 ammonium ion: NHg*) U A5 81aunaves

asaratgauluileeulansdunisi 2.1

NH; (g) + H,O () *+—> NH," (ag) + OH (ag) (2.1)

[

woulaide Wuansusznavlulastaundmivszlosduasinumonrasul wasnis

FRA Y Wt PRR j e = v 4 o
LNNELAYNERNIUN LL@@JIQJLUEJWW‘UGLULL‘WENU'W 11?1’1Lﬁ/iﬁpﬂﬁﬂﬂﬂ’lﬂ‘tlﬂqHiuqmﬁﬂﬂ/mii:u, N13VUNY

Y oa A

Yo3dniln LaznnsgepaaisvedlusiuIniiviazdend Tneily unasinouiunsolnanau o

U

a a a a

agldusuludodionisialgiivle 8nvis wenlafledanudndunenisiadgidvlnves

<

wuaiselun1sidedn i winnuraaiusintu  Janminnduee dveas Wumeld

1%
o

e

€ 0 o o U

aindudaduwenlanflonenududugs vienenududuindunaiuiu e 1vdmadunsie
=< Aa o 6 io’ L
fatinvedniuile
Tudszinalve latinsiwuauiasgiuseauanududuvaawenluilelunmasinlifad
1. UsenianuenIsunIsaawiInd auuwiavif adui 8 (w.a. 2537) L1399 Auun
wnsgruaun i luwanhifu lneivuaniesgiuvesesludslunmislulasiaulviien

TaiAunin 0.5 Nadansusiedns [17]
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2. UsenANSENTNEAEIMINTTL (WA, 2560) 1309 AMUALINTTILAIUANNITTE LY
Ui 1910159970 Tnemvuaunsgiuvesnasinvesarsdunidlulasiaunazuenlade
lulpsiau (Total kjedahl nitrogen: TKN) Ttianlaiiin 100 fadnsunedns [18]

3. UsEmANSENTImMENgINssTTIvIALarAnAdey 1389 MUUALNATILAIUALNNG
sruehiaInemsusankazusrun Taefvunuasguees TKN Tidaldifu 35

wae 40 Jadnsumvans [19]

2.7 Ufisensesiadavanluiivalasau [20, 21]
msnsvianeulafenlooouannsniinigilavainvaisis snfegiatu nsndu
warn1stnwmse (Alkaline distillation and acidimetric titration), N1stdwaulaiedidningm
(Ammonia gas sensing electrode), lopaulAsulnns il (lon chromatography: IC) Lagn1s
psataAudad aanuAisensiind (Colorimetric detection) Tnslusud Ifidenld
8n1snsiadndvsswenluitdenlassu sreUufiseusisasnuuunnulas (Modified

o W A =

Berthelot’s reaction) t8931nUfA3eLuaLsaanLUUALALEYaIA Ao dinslyarsiuaad

o aaa LY

finnuduiivas uazanslelupaslsvinlueiios ywinfisendusenlude iielildndnsios

o

aavnerduansusznevdulafiuoaug IlAWewnuIRu fAgun 2.5

Y U

NH; (¢) + OCL (aq) —  NH,Cl(ag) + OH (ag) (1)

Fe(CN);ONO* (ag)
(ag) + NH,CL (aqg) + 30H (aq)—»O:<Z>: N-Cl(aq) + 3H,0 (1) (2)

.
Sl g ST, e SR

5UN 2.5 uanstunaunsiiaufiseiuaisaenuuusady (Berthelot’s reaction)
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Lﬁaaﬂﬁaj@ﬁf’]ﬁ@‘ﬂmﬂgjﬁ%mLU@Lﬁﬁ@VILLUU@gﬂLﬁﬂJ Fedinsanndasujisenusisasm
Tngdsuanmsldasiueadulufoumaluan uagdsuanaisialuaaslsiidulanae-
Tslelelweysnuny ioanaudufiviazenliiiefiosvestiolauddsiinanluthadu naln
nsiAnUfAseuasaenuuLdinuUas Tutuusnazldlaeaslslelslesyisnuvhugasenty
Tndeulansenled ieliiAndulaluaaelsvlossuluvuiisontuuenludeuduindy

[

a o aaa ! [ al Y a & v 1 s
ARDITNU LL@%‘V]’]‘UQﬂiEJ’W]E)ﬂU‘U’]ﬁI‘ULﬁG]QUI@Nﬁ@] UNngAMeluaNIUTENBU 2-2 lﬂﬂ’ﬁ‘U’e}ﬂ—

q

@ d‘

F3ulafluea (2-2 dicarboxy indophenol) 7ifEds Fesul 2.6

Y

NH; (g) + OCl (@) ~ ——— > NH,Cl (ag) + OH (ag) (1)

C5FeN6Nazo (aq)
NHACL (ag) + QOH 2 TN X HN;QO (30) @)

CcOO COO

QOH (3g) +HN>Q:0 (aq)—>O:©:NQO‘ aq) @)
O “‘0O0C COO

COO Cco

5UN 2.6 wamatunaunisiinunseuaisaenuuunniuas (Modified Berthelot’s reaction)

LY

2.8  9UNWNLNYIVBY

2.8.1 M3vsulpnuantAvasnaldenlyliiaudfnnulivautiagnegsen

P. Seeharaj waganiy [8] nsrenuisegrsiglumndntunfouniinuaudaliveu
1egradeeananldentyfduresdnnin drulseneunanvealdenly Ao waaleu
ASUBLUA (CaCOs,) Nilaulieauun ausawseuduadsulanianisitudenlalaluun
9 a . 9 aa < ) & o
melAIRsUAkUUgnUea (Ball-milling) Auldeunianfivuiadniuseaululas anduwiinis

YSuugsnumividanuldveuiiegedeiamensaaiiein (CyHsCO0),Ca) Ingidioaines-

Hliaduvemylansenda (-OH) NgadueguuiiuiivesAa@elATUBIURAIEVYATUBNTA

v
A a

(-COOH) wasnsaatesn antuildanldfnIunsusulsenuRwaslunszaedaly
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a1sazatenadaln3u (Polystyrene: PS) titaunluindavuunuiiian Welddnsndiulae

(%
v 1

Wniln 4:1 veuldenlunusulpanauandfudwedalesu sslatuiniouuunuiian e

YudUREveIIegN 151° + 1° vuiurINTEan wag 153° = 1° vuiuiarnidy suniadenty

(%
=

Bxhuﬂ'l31.J'§‘UUN'W‘UN'JLLa']lIﬂ'l3ﬂ3°"-\]’1EJG]'JE]EJ’NaiﬂLﬁEJ’@‘Uu“UULﬂaE]U il 'ﬂu“’;ﬁﬁmm

neusziulalas-uluaes SsdmaliAnanauifionlivouthegsdeean duadouden
lenliveuinegndssauandiiiuisnnudulinsdodwndey, dnaautflunisiaig

o ¥ o % o o vy o ¢ 1 Xy 2 - A &
AL01AFL9 haza1usanentnuindusananiula maawammuﬂwmum Wasnlaidu

[

YYENPININAITUINUTE ﬂﬂmiﬁmﬂmﬂivimu Iﬂﬂﬁﬁ’]\‘iL‘Uu’Jﬁ mau‘ummmlu

FouLegaB e nle

2.8.2 3Fn1sasraunsalnsiadavunszany wazarsiadinldaiisadnatedunlyl

YIUUIVUNTLANY

W. Dungchai tazaadg [2] ladtauedsn1snunan3umisdng (Wax screen-printing)

I Qddﬂ-/ O

Juasnaunudn, 9o wagsiasa dmiumsnanaunsaingadauunszae (UPAD) lngt1Uis

q

<

‘ﬁLﬂumaaufuqmQm”maﬂ%'uawuﬂizmwmaq nduilunasulvgulunseae Lieass

o

ananediunliveuin lngldiiesasedliainuseu (Hot plate) §3duldfnwiAuduiug

a

51I9MUNT NVt UL wazAunTvBaduNeantuulinaf Tneusugauungl

Y

WAZLIAINIS AN DUIAL ALY AL [BNINUAAINNALLREAYBIaIna1Y (Resolution)
' 1% < o | = % ) | ' | %
WU ATUNT 19T UAIUBIAIUT ¥OUUT (Hydrophilic channel) waga1ud i gouun

(Hydrophobic barrier) A 650 wag 1300 lulasiuns arudrnu ludududaly {37ela

'
a o v aad v

Wisuiiaudszans s wlunisadreaanatefae3 sAwmund u Ui sa ondendnnns
Photolithography aeldUfA5 81581319050 Bicinchoninic (BAC) kag Cu* Tun1sAnen

Uszihuil nud aanaeiiad1alaewaiia Photolithography Tidtyaugs wdldarsazas

dﬂ/

wuasAlunaaey TuraeNIsngideutaus Iudyguvesasazalouuasdn Tlududu

£
¥ Y o =

dANIY [ 1817 WPAD VIWGNUWSUUUN’]GL%IHW]SG]S’N’J@ﬂﬁiﬂ’d LLﬁ”ﬁ’]GlLMﬁﬂle‘ﬁ/ill@W‘imJﬂu Tu

q

a

foenedsuresynd iouansin pPAD duszgndldliate Fanmsnsntaazldisiadluih
91815V AU Glucose oxidase warisn13953930d a1den1sviuisendu 1, 10-
phenanthroline d5un1smUsunnglad wassWraNNImMuA MNEIRY NSANITHLERS

Tiuan nrsRusansusedladulsniadonildudis wazsialduned nsunisuan

uPAD Feazilulseleviagedalulsemeimdaiam
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A. Lert-itthiporn wazany [3] lavinnisesnwuuguniaingiadnuunseay (PAD)
susuulnel dwmsumsuenuiasuulilduuusy nfeudunisnsiainlelownn PAD sUnse
Awdeufiuingnusshusiulassuuuumsity Taefivestniduihstanauassdes A desils
(Donor reservoir) Waztesi¥U (Acceptor reservoir) fsaMBgULNTEAWLALLAE LT DAL
azmnlunsléon duiliveuimesdasdosiuszivsiuagsireae neldinaianis
Madreuinnmdindui 1idnnsin PAD slddmsunisiinssvinlelemnludasun
91fEnanNIsAULAY (Fluorescence quenching) Yasluiudsudayiiuiunasilundanes
(BSA-AUNCs) Bsanansainieailsegnasimiaelalasim avsazansulundainesgnuenag
Tugosidu lunaziiansdedis, lolelan waznIndailisnazgnvenadiudesidlymudiiu
WR9INHU PAD Yo lriuazdesiiiuazgnusznuiinaleiulaginun1iasvii usiandng
sgihstesisaesastisliau sousnuialelofudasyld Tnsnsundnindesiaiulgrowh
T lnglgdaslduuiusy naainn1svinufisensenindlelefuuasnesunlupdaineslt utes
FsuiTAAN SAUREIELAS da1un5an5Tnlaaedds laun “nsnsiainuwasngeelsaiuud”
et 690 UUAT, Agrt 630 ULWNAT) Hae “N 158180 vesfasiasunieliuase e
ndaslnsdnvidene mnﬁsummgmmmﬁaamLLU‘UQﬂa%ﬁummé’ﬁumﬁmaﬁm Wy i
maidudunssiin (2 > 0.98) Insnsiadalelatnnluriannmidudu 0,005 8 0.1 fadluasie

o

a0 AAuwlugIgs (A1nN1sTAsIeRAUNaUREL: 95.1 (= 4.6) %) uazdadutiesgds (RSD

Y

'
v o

< 3 %) YadingaveInsnTIainey 0.005 adluasedns (lnensasiadnlasigeeisa

q Y

a

wud) waz 0.01 fadluadedns (Inonisdisan) Tadiussavsamitemedmdunisnsiate
Telowmlundalolonu waviinwan Tnslisndudeasdeudetsarmin

D. A. Bruzewicz wazaadg [4] laasuieisnisld X Y-plotter fiflssautas tload
dudilireuin Tnsnsiusiansazarelndweddliseuin Ao Indlawiialsasnsu (Poly
(dimethylsiloxane); PDMS) fiazansluisnisuasuunsgniwnses PDMS azunsnduadluly

N3eA1Y wavtinduilivoudnu ANUNIIMgnTeINITRuNegNUsa 1 Jadiuns Aau

_

avlBunvasannaneifissedmSunsaeiuLuUeg IS Ianaw, e1ueldae
awe uayllunisnsnidedelsalaslinseavld wui guasainTafauunsemwiiaiig
arnaneaullveutifie PDMS uda anunsnsenienuiiioadnesyuutes 3 ald Tundves
nsuszgndld {3delaneanulneingunsainimiaiauunseauiildUssfugtululddmiy

nmsmUSinunglag uazlusiu enden1sniaind sideatullifalaesurenisldaunsaing
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o‘dd

furifiamnsavssgaslaeldiaddiun waznsuididanudangu waziulsvesasly
nsvany vuuinduwalnandn 100 maeuRanssnee

J. Sitanurak uazanz [6] Idtiauenslindindndladanaelsd (Pvo) Aldfuvialy
Tunsaniudedn (dutaglna dmiunsadsmnaisamiliveutiuunseans dusu

gunsalnTIinuUnsEATBIUY 2 §R (2D-pPAD) {3duldingunsalnmsansusiangn (i i

9

6 A [

an3u, landinvuens wagldeiun) uldlunsiiavingdn PVC aquunszn1unsad Whatman
wos 4 efuiiadoudlifesiudunouladn tlssmelugdaaatudunm 3-5 uifl uie
fdndavhazaeldias wuin ansnsonda pPAD Idasis 77 Fustonisaniu anunsoadiades
n1glva (486 + 14 lulasiuns) wagdui llvoud (642 + 25 lulasiuns) Tddusa
auannsnlunsivesnsianvesuaglsuvesivauiiuinela Tnedidaudonuy
1msgIUEING (RSD) 0g#l 2.9 % (dmudes 486 lulasiums, n=10), 3.7 % (dwiudos 2
fadiung, n=50) Uay 1.5 % (FmTuiduriuaudnaienay 6 1adiuns, n=80) N1590NLUY

2D-UPAD InAnlaedsd gniunldamsumsariaialnelesnun wazlulvsaluihaioniely

D

L

v

= U ldgl G U a [ o U 24 ¥
AT1IAYINU UBNITNU WIY ﬁﬂigﬂ‘i‘f@ 3D-UPADs @113 UNISHENLAGDBNANUBILUART LI

e

ARRIUA2835N150529708 e lUTTAIUSUNSMIUS LN eI URa YR I LLAS DAY WaY

ddd

nARA e NLE TnvalnatsdiuluveuinNas19Tune3s RuWaniul danununiuse
vnupalaasds 8 % (vv) lnefivesmailiinasnsanin
T. Satarpai kazane [7] Iawmuislualunisadiminans dmsvaunsaingiaiauu

nszay (PAD) tngldfihemnduiluasaiilunisasisainaiediunliveuin Inedidefnw

I ad

8nsassaanaiguu PAD laun 35119279 (Writing), n15Us9iunT1 (Stamping) wagn15ie

a1Use (Spraying) Leiay? %ﬁ%umauimaaqﬂwaé’qwﬂﬁaﬁ: (1) 351192710 vl lagn1s21a
ananeaudildveuin Minisesnuuuen i udlasuunsEatEnTeEIsUINT WaLRNAY
i (2) BnsUseiuas way (3) 38nsdaasd e (2) war (3) dnnsldgunsal
adeiy nafe Feddutininfloanuulinainnisindisiagesvewsusawivan n13de

ABLaLDS LUNTATUUUNUNADIUTELAT AD Positive Wag Negative counterparts @1uil

| 1 PN

du Positive counterpart 39Y aulu wazdiumdy Negative counterpart 3¢82¢ 'Ggﬁ‘u‘uaﬂ
Yok uklvan dmsuisnnsUsiunsndu dau Negative counterpart 28anianngns
LMANANDYAUATIENT KAITIUTETUATIAIULNTEATNTBY nasnldinemiduasid
u& 33n33nawUse dau Positive counterpart aggnianldifielauinaduiiveutinuy

S qv e < o o A . a s % <
NITMNIWYNIDI ﬁ]qﬂuusLGUUWEJWWWLﬁU@JﬂULﬂi@ﬂwua (AII’ erSh) AAFLUSTYUIYINILAUAIVY
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nszwiitameninnesulvan wuin Basdeasdiinnumngauiandmiuniuan
$rurunn uaglfnuazBnvasaanans (Resolution) Afign uenanil anwnsowdeuldlag
nsutnszunsesadluthemiduldBnde Snits nannmsnsnaeuaLUUsedaYh
avas nui themiduiideueguunsemunuseiomusauarlanaelstinuldgads 30 %

P. Sawetwong wagandy [22] lavinnswaiun pPAD lagladiadou Penguard Tunns
afsanlivouiuunseans Snits Iidnwninfiuanusunigianzes uazaulilunis
ATz dusun1sTATeRUTualaen1ins1aTndues Glyphosate Tagld Mn-ZnS
quantum dot 7 ifsseg lulndines i sesRuiUszivlutana (Molecularly imprinted

polymer: MIP) $3ufunisldaunsalnsiainuunseaivuuy 3 &6 (3D-uPAD) Ukuuln

[
= 1

N1395791nTuegAuaINIadlilunisisufnzenves Mn-ZnS QD-MIP TuujAsesandiadu

Y

5¥119 H,0, waz ABTS ludiun1sdaiasnzit Glyphosate imprinted polymer Wy @13158

VUL URFIVES MN-ZnS QD lagld” Poly (N-isopropylacrylamide) (NIPAM) wag N, N’-

a

Methylenebisacrylamide (MBA) 1¥1 Functional monomers a3u39slilunisissujizen

[
= 1

Yueagiun1s Binding w38 Non-binding Yasluana Glyphosate lun1sdauasiest Mn-ZnS

v v

QD-MIP lng Glyphosate 3zgndinduaglulnssvadlndiues uaidudinisiineendintuyes
ABTS dsnalvidvasansazaiteiianisilasundas annadeisududideroau Jupg vy

LT UVY Glyphosate 3D-pPAD wuuwulatu Usgneumiwanudu taun duuu (Detection

[y

zone), Funans (Immobilized Mn-ZnS QD-MIP disc) LavduEn (Sample loading) AIUAAU

¥ A L

nstlusingu Image)™ Tunasuszananan1n N EYs AR I UUNTEAY HANISNIAABS

1 @ 1l

WU n399InlaluYae 0.005-50 Lilasniusiediadans wasdadnindignvesnsnsiainedy
0.002 lulasnSusiadiadans dA1AMUANAENRVEIIN CRM 087 0.4 % (Tuiedfiu) uas
0.7 % (Auaz) AANAWITALUNITIATIZNR (1.7 % RSD dmsu 10 gunsal) wazinluly
A (% Y v Y} 1 [ = | . Yo @ 1%
WenTI9TnANULTLTUYRS Glyphosate Tuiieg1ssyiulidnd (Whole grain) ladsa lowa
a caa ' a ¢ =

mMylaszvindauwiy anubilunmslesed waranuiess

A. Motalebizadeh wazaz [23] liiauamaiingingnuagsinsidmsunisnan

WPAD el iiasenluguiuun1snsiamsiesuUants s qaauarUle w3e Point of care

Y v
& Y Q‘

(POQ) IneltinatiansdnaiUsdaetiaTauusansieasneiiundiuligeuin (Hydrophobic
channel) UuNTEANY NATTATAIL1T0E519% 8991197151118 999875 (Hydrophilic micro-
channel) vunseawlafivuin 300 + 5 lulaswns laelusadly Clean room, waen UV %30

anseounia wazannsaasralmasalanieluduneudeilaglifesld Hot plate nsyuiunis
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¥

S0 & o o a =  AE Ao o &
NINU VIWIHWUQWWSLWQUﬂﬂqiaﬂ‘WUGﬂNﬂmmﬂ'ﬂqﬂi'BUL‘V]ll']Sau aQIULuaﬂigﬂq‘Um"lusﬂqqﬂ

a o A

% aa S P v ' A Ay v
meldaumgiinazussiunmuigan 3n1siivselevdluauauny, anuiislunisndnaly

nataLllun1stesnin 1 Wi, nandnuiuinnle wagaunsansiadinlavaiy Analytes mnu
AIAANEUDITHITBNIUY A1NTULY PPAD dnadeuUsEansaneiensnsiainnsngsauay
Lulmse Ineirieuduisuinggiu Aszauanuloly 95 % 80113 laWmuiLaUnaIAtunIs
Usvananard RGB wuulndvulnsAwniledowialdluniserued aunsalnsiaiatiuandlu
@ = < o o 9 a vya v v = I3
Wufsr e ludunsaa aunsansiviansagialanaududugada 800 lulasluans

¥ =

waznsvinlulasdlananududuada 1,250 lulasluans lnedadniniianvenisnsiain
P ) ) a s o w

agNl 100 war 156 Mulasluas dwsunsngsauazlulasdniudau

A.CN. Pinheiro wagmmg [24] 51891un15knsza1uidndn (Napkin paper) Lﬁui’a@
dwiunisudn PAD iWupsausn nszarwdauinilududeniiidniisine wagsimgnninde
a U I 1 ] ’é dy L4
WisuAunsgawlasulans il waznszaiwnses d@auldseuiinuu PAD Tusudasisunann
W15 (Paraffin) AmuaniuwaAdansYTERUATIE18Na319WUMEIT 3D printing 31U
11 PAD 1murd Ui lgd1nsun1sns19inUsunaunLoanagea luing 09ay ABMAlanIg

v a o aaa a 1 { [y Y A &

n91930d andeufiseanendseninseniuea Aulalasius Tudinarwiilunse wan1sveass

WARIDITIANULTULAUATIN 0-50 % (V/v) LanI1UDa FUNEINamDn15nTITAUSLILeNI

wealufetATosRueanegadlinfae 9 I9 kasliTndniamgnreen1snsiainedn 1.5 %

v
v

8nvs ladnnsin PAD Aisunauldiisuaiinsgiudumadia UV-vis spectrophotometry Tag

HArAnuRanaInduims (Relative error) Uaeni1 5 % wandlmiudsdneniniaves PAD 91

¥
=

awT lunisdrludszgnaldaumueng 9 19u MSATUANANAINEINIT LagIUNIIA1Y

N

bad)

a Y] a 9 4 ™ 2 Ao A \
FLIY AANIY AN PAD I@EJI%ﬂi%ﬂ']HLSUﬂﬂ']ﬂUULUUVHQLa@fﬁ/]@, UAINUNY LLagﬁ']ﬂ']Qﬂ

atirnuhauladuiimvdnsuanuiiniinineinsside

L.F. Castro uazaaiz [25] laefuredenisimuiatnsalnsiadaluituunseany
(ePAD) lonfudutszneundnainnguaiiveu tnstinidalaudunsunsluduweauiy
ePAD gnudndudoimadanisiuianiu lnsvhnisandundnmilaifiiasudiuinszey
uenand doonuuukagyinisfiasidawoluirluguuuy 3 83 Welvinisanaiadaegn
a9, nnwrazan uazldaudnld douldvhnimeaouamautRivsdagiuine, lassaiie
wazAmautAnsliiingesTanilafiives ePAD Aauly uasnaaeulszAnsninnnsg
737979983 ePAD wafilfuansianisnsiainfadunsedvivansazareuinsgiuveanse

'
% =)

woarasUnlugisanududu 0.1-2.0 fiadluasiedng warddaiinfanvein1snsiainegi

Y
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4.0 lulpsluadiedng 8nv taun ePAD wUssyndlddmsunisiassinsateanasinly

s

FIDY19VDINAITINNELATILY (aauluden waztadaniy), ITuT wave1s (Laa1fu

'
a A It

waztndy) gunsalfimuuilivsednsanilnalfssiuniennin Wesuiunuidedu 9
Tnewdulunnisussendldanulusiunisnsiaia
P. Jarujamrus wazAny [26] Yauenisisey PAD JULUUUISLAR AlewmAllanis

a & = o U a L3 a A ¥ al H ) [ 1
WNWﬁﬂiuﬁW%iU’JLF"li']SVi‘Vi'TUﬁJ’]mLLiJﬂUL‘UEJiJIBGEJu IﬂﬁJ&LsUﬂ’m‘UE)\‘iLﬁFJ"U’]ﬂUWEJNL‘U‘H’Jaﬂ‘lll

o

gouuiatml the1esssund [WunildududdieenfididaesUsemelne Tunssuiunis
nanedniiavendeluguninueaundand Cis-1,4-polyisoprene Wuedusznou {ideuay
Az 33U Cis-1,4-polyisoprene 1Uszenaldiduarsiafivlnlmllunsadvainaieaulyl

¥auUtUY PAD welddnsunsitasiziimUsunanunidoulosswdansusunamely (Semi-

quantitative analysis) 8Unsalfenaiy Usevgiuannmatinnisiiunaniu lageaaniuy

(%
[ 1

awateaiuliveu illanwnizadedon desdmiunenaisiiegsasdidnvazdugy

'
a0 ) o Y =

amagy Tuvugidosdmiunmainesddnuundunoy ¢ duadediuuilan {idels
WnsAnetadefiduanenisasiaiauunssane laun pauniaeosaisazans Cis-1.4-
polyisoprene, IUNALUNTINIYIY (Mesh screen), YUIATNTUVBINTEATY (ﬁlﬁﬂf\]’m’?aﬁ]]
USELAYAN 9 LU NsEauilinie, NTEAI¥NY) LASIUIATEIEINIUNLAR1SAIBENT UANANT

ndnefeufnsennsinmsawuuiinasussnaudsdeulagldieniaulaeiiummszozdhin

wedn (EDTA) tudunud uasiaeslolasuuudnil (EBT) Wudufiames diaunsalnsivineg

759 EBT waza15araie EDTA A1 U ua19n Ul N9 09d1msunsiainie 4 wau 1ile

v
a o Aa

wunfidealosauludiagne InaumifaserduansiaineSeguudesdmsunsiain U1y

! a & v v o g o
U899 EDTA 9¢ARY < LﬂaSULﬂua%ﬂijﬁqmﬂﬁqﬂJL%Nsﬂusﬂ@ﬂLLZLIﬂuL%EJ@JIEI'EJ@U IMNUUNINIG

(%
L3 ¥ a =

AATzianUturesdvuniinaty Inglduaundiagy “UBU Omg Sensor” Uagiiasan

a o 1% A a Y v N o
LV]EJU&ﬂUSg@E‘ULL‘U‘ULLﬂUUWﬁﬂmﬂmgmL‘WEJ‘U‘J%L@JummLGUM?JUGU@QLL@JHULGUEJ&J%EJEM AIANP]

(% [ s 1 (%

av v o t Y A = ]
‘V]@aEN‘V]VLﬂW'U’J'] mmmgﬂmmg‘jﬁ (A1998ALAIMUARALARDUANNNG N1NU = 5.3 LN@IGU

ansazansunIgIukuniideulossunududy 25-200 dadnsusedng) el et

LY

ATV IMATEIE1e WU TANTP8AYYBINITIATIENAUNTU (Recovery) BE
Tug39 100-125 Feanunsausaiduledn #an1sinserianisaanany danuusduas lagiisn

sumiulushegslidmasuniule 9 Aunsieszi
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a aa o ¢ )  al o |
M1919N 2.4 ﬁiﬂ’)ﬁﬂ'ﬁaiqQQ‘UﬂiﬂJ@i'ﬂ‘ﬂ'}@UUﬂingw LLaSa'ﬁLﬂNVﬂGﬁUﬂﬁliﬁiqﬂa')@a']EJaTU

Alslouthuunszane
ansfildlunisadig vanfildlunsiinlid
annanedvlivauti WATANTTESS druitlivautudse | nansaneds
UUNTEANY (W)
ol ASAUNENTY 1 [2]
nsanallsd 1 [23]
wilnfuth N9 1 (3]
115Us2IUATT 5 (5]
Inalaluiialoanniau 13299 60 [4]
Wnahflaraslsa ASRUNANTY 3-5 [6]
dhemagu 578, ASUTEIRURS,
wazn15anallse - o
LS ASNUNENTY 10 [21]
ALAaULINLNISA NNSNUNANTUY 20 [22]
WIS A15UTENUAT 1 [24]
nMIalAu ASAUNENTY FREGEE) [25]
theng ATRUNENTY 2 [26]
Waenly 15979 1-3 il

2.8.3 nsdannauenludeylessy deaunsalnsiainuunszane

T. Thongkam wazany [21] la51891935n15UseAWE PAD fiasainuazdsnaign

dwfunmsasaianenluflouleeeuludu I¥inssiaun PAD Tngldasazats UV resin 713
seliunsndutagliveu ordumadansiuianiudieadrsdnlivouivunszay
9n%u 11 PAD Aifmuntundszgndldlunisanainduesuenlindonloosy mugiunisld
UAN5e19audatvosiuisasn (Modified Berthelot’s reaction) Taalda15914 Laian
(Salicylate) uazlnpaslslelalueuisn (Dichloroisocyanurate) 1viUfAseiukesluile
endnansuszneudifeaves 2-2 larsuenddulafiuea (2-2 dicarboxyindophenol) Tng
amnutuduvesuenluifonlooouifegazuusiunssiuauituvesdideiild wazazyinng

a sl a U eda X v ¢ s ™ & Avvo a Y
AATIENEVDINARNUNNLAAVUA VYD NALIT ImageJ YNU ‘lﬂmqﬂqiﬂﬂﬁ@U‘WﬂaqﬂVfaqﬂLW@
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WLUTEANS AN wazUseliundyude o YaensusEivguarnislduselewiain PAD wuin

A o v o a o w

1 [ [ Al vy a a o I a (%
ﬂﬂﬂﬂQWMLﬂULﬁumiﬂﬂlﬂﬂﬁ) 10-100 UaanIUNBANT VAANAAIFAVDINTITATIVIN LATVAIINA

q

ANEAYBINITILATIEY dA0g7 0.5 way 1.7 Jadnsudedns mudiau Ardiudesuy

UINTFIUFUNNS (Relative standard deviation: RSD) dawvinfiu 3.0 % (n5393nnieluiy
Aoafu) uae 3.2 % (Iainauasu) Fsuansdennuanunsalunisyigndia uagldvinnisia
A1 Recovery lagvinisiiswenluileylossuasludiotns (Spiked sample) wuindleney
979 95.5-107.5 % uananil 1§ PAD Aiwaundululdlunisasiatauesluidonlesauy
TushegafuaTanuuvasing q wagthuadwialdunisvinmsgiufumada Spectrophoto-

& a

metry $1ufun151435n19adA Paired t-test louansiunugniasuasisiinet St 14T
nsadausuIsufeuatu deligldansafenunadnivesdndnsusifiinduld Toe
ludedldindesaunud feidunisuansdennusings, nsldmuiiazmnuazie, siarldung
wazifudnmadennidlumstn PAD fitauntuilunldlunisasiatauesludoylesouly
F0819AY

B.M. Jayawardane wazaug [27] la wWalun pPAD @1usuni1sasiddaueuluiile
werliiouazuenluionlossw) luiide (Wastewater) orfemdnnisuenuiauunszane
Jundausn fnsldansiaunuunansyans (Paper sizing agent) lumsasrsaaulsivouriun
nszAwmeImAtian st Teusegisun uPAD ssgnyumemsazateluioslonsenled 3s
serglunisidsuwenlufoulosaulidusenlundy udnianisundnsyaeludsdiulivey
ihiiBuwasuwsusuiiingurnnndn Tdlsudieauddl Add-base indicator L8u 3-
lulnsfiuea (3-nitrophenol) w3aluslulvueaug (Bromothymol blue) ag MNTUIZAANS
WasuwUasdvesduiianes udiuinistausuiasenluiesisiadosaunuued neld
anneiimunzan pPAD ansaniaiauenludoluanududuniaaldd 0.8 uaz 1.8
faansureans AuamIsatunn3vg1 (RSD) agjﬁ 3.1 % uay 3.7 % lunsalves 3-lulns
fluoa vielusTulnueaug mudidu Snis anunsathgunsaififmuntuilinussondldlunis
as1adausinamenluidslushegrainde (Sewage) uaviitluiiu (Soil water) difunadnga
LLasé’wm@waﬁ' UPAD Svuneian, Tansweiites, éfuv;wi"w, 199udne, wazdanuduldlaluy
nsldfiedasaunuiuesuuunnm Jehligunsaiiidumematawesludefifanuiauls 4
annsathlUlduneaunuanuiinieawndeniitnmsiudeu wazthidsanadaiien,

LNWATNTIY, UAZRAMNTIY gAvineg nannshentiauunseauiivszaunadnialunuil 919

dawalilinnsiau pPAD JUKUUAY o dmsunsiesgriansianunsasemeladingniuun
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P. Phansi wazaaiz [28] ldinauegunsainsainansadvialmifizonin “gunsal
MIIATAVUNTEATBEINTUNISHENLA aLuUlInuLUsU (Membraneless gas-separation
microfluidic paper-based analytical devices: MBL-GS uPADs)” Feldsuniseenuuunnle
iedensUsEAvguazmslinuvesld e lulinsgiansuszneuiiszmeldiazseimve

= 4:4'

Lilaludsl3ua 8nviv gunsaliilidndudeddwmusulisoudnfdsngu Wesanliddaig

Y 9

o & aw & = o % a s oV w1 2 N Y °
Judundedddlunsuenuia Jevihlinisndngunsalaiunsaviladg, $3a159, wasdiuyue
MBL-GS uPADs fiiausuaanudu laun dudli (Donor layer), Fuiitdudi uiiine (Spacer
layer), WazduRI5u (Acceptor layer) Fusmiliazdumisurinannseaunsesniin siinnany
Nt dnUszauiseiulaedity Spacer MUEn1@0MUN (AN 0.8 ladlunT) AU
PYATINANITEMINV9ERITY 1P8dn1IARNYEIINNAIINAURITY Spacer e liLAa1nUSLIM
FUA NS NT¥18H1UYe9319%09 Spacer Nognsenasldausnamumisu udwihugisen
AV v A o saaa a £ & A a o & Y oV a W Y Ny

il laanswandaainddnedy 9ty d1egvandadusnuariluiessiaanududeie
1Usunsy Image M iemusunuans uananndd lnuaaeuusydndnanues MBL-GS uPADs
laeN3IATIZRE1Tasa8NINIFIUTeLaNILea, Tatie, wazwenludolooau Taglating
UsugunsalluiianumunzatannigadmiunisasiainuSunasenluien laseuluindy
wagde Wenavihluussendldiuiietnaswialy

JJ. Peters tavang [29] Misea1ugunsalngdaiauunseneiuy 3 36 (3D-uPAD) 7
18ADNNSIIULAZEIUITONNNILA @15UNISATIIAUS LN LeL e s (waulaily +
weslanileslonau) luundandn (Freshwaters) fgunsaiusenoumensenuasatu Yunily
a | ) ' A o 1% a I3 a o )
SenIlwU0E4 (Sample zone) AvMsyumeasazanelufeulansenles uasdntumile
Seni1loun1snsiate (Detection zone) 7 41 Acid-base indicator Lduluns dutealald
(Nitrazine yellow: NY) 3aluslulnueaug (Bromothymol blue: BTB) wagseninenseany

'
[y

faaosdu sxflurunanainaqananefiviihiiunendusunadn viieiFendn p-distillation
chamber Tudhurasnmanate wedluideslooouiifiegludiegrsiazgniudsudunfa
waslanflonnnisviufasentuledesleasenlaslu Sample zone nifu ufauesluiiloas
WNTW1UY9719989 p-distillation chamber wagynUA5u1iu Acid-base indicator Tu
Detection zone #ayaynauvINI5ILATIEYIRI8UNTal u-distillation chamber-based uPAD
ﬁﬁhagjﬁ 7.8 fadnfusiedng Funnnitdesinvesdaadidieszidiensidiunususen
uiid (Gas-permeable membrane) 8nvia LPAD fiauslunuilliuansszansamuenis

nvinUTuauenluileiinue lneldndnine1anvein1snsIviney i 0.32 130 0.47
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o I a

TAANSUADAMNT WATLANINITAITIIALUIIIAIMUTUTUN 0.5-3.0 Hadn5unadns 13e 2.0-10

1 a

faansusreans Waldduniawasidu NY vse BTB suaisu waylenagauainuaunsalunis

P1vesgunsal lnenaaeuainauargunsal (Inter-device) wargunsaliigdnu (Intra-

device) @1U NY-based pPAD Wan1sNaaeul ladiA10g7 7.6 % waz 9.0 % A1UaIAU

d13U BTB-based pPAD nan1snaaeuiiliiAegf 13 % wag 2.5 % auadu eg1elsia

£%
v 1

gUnsaififAdeantuind fadndu uPAD wfiausniifidasnsnsininnseunqudisamin
\no% (Trigger value) ioutiavan fie 0.32-2.3 Jadnsusiedns dwduuenludelulnsiauly
wiasihin uazannsndanldiiugunsainmadanseswesludeluidauuuaaaunld

G. Musile wazandy [30] lWs1eaugunsainsaadinuunssany (LPAD) d115unsa9in
woulunflenilonau luthvaadiesgnem (Vitreous humor: VH) dwisuldluiiiameiieayunu

a  aAa o (% a aaa s 5 9 Aa o
LNANNSIEBTIN D1AENANAISINAUNNTENVBRUALADS (Nessler’s reaction) NHAIIUTNIY

aaa

w1zaslunisnsaiawenludenlooou wasfinmunalpunisdunanisdeudussuisen

(% ¥
A = =

wazIalurisyay RGB (RGB distance) mguaUnaaduuulnsdwiilons uPAD AWaLNTUL
wansindninsgnavesnsnsIvinteldenlossusgiaiudutu 0.4 fiafluasiedns lned
ArdIdeUuuIINTZIUALITS (Relative standard deviation: RSD) #illaAeiieAsaiug

v { v oa Y 1 v ada L3 =i
1NNNINTIVINTENITULARLNIY 9.3 % LWALANUYNABIVBIITIATIE (Accuracy) 7
n3199n5enineTullAneg luyae 94.5-104.5 % N15NAABUAINTUNILIINLIIVDIUNT N

walaes gnvadeulagansusznaunaniiileglulmasidegneal uazaINNaN1TNIAaea liiny

o w

nssunuegsiitdedrnty lag uPAD 1 awnsaldlunisasraiaueuludivulossuludiegng
v ¥ {:;

Umaeidesgnanannstugasnanannedfngladunadisa laeldnageuninugniesain

¥ ] ]
1Y) ~ o v ::4\19/ A a

Y
Jayaveal SN uiuTayailnannsiesizinionieduaulaaiidianinslni g

g

(Capillary electrophoresis) wuinteyavsassiialnataeaiu 8nns ladnwinnuduiusige
v | Y a = | v @ 1 av v
dusznineanudud danannduszes RGB wavyr9aa matugns wuii wadl il

AMUFUTUSAUE ity Aty (R? > 0.78)
M.A. Vargas-Mufioz wagang [31] l51891u35n15741 uazliaunuai dmsunis

WAlUNTULLDS NTEAMTIMAUNTITAT IR NN 3 AALUUNANT tiansraTawauluilenay

(%
v @

Faludluasnnedtu iesanwenludolasdalnidulaiuidunsiosadawinasy nas

Wuansiwddgndudanisdeswuululdeandiau faiy atimnusndunfesnsiaaounagss

>

wisdiwesluszninansuidaunds ludunsuniswisudiegn azldannnquaniadn

dusuldansiaegna (Well microplate) wagnsyawununay (Paper discs) i
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< s = o L a Y =
Wuwes Feazelilululasivan wazvinnisesiainniglussuule lnefufaweuludeuas
Falvfasduuazunsnszaeruniasumuusulugusunseany Agudivaisiusliulvues
ug (Bromothymol blue) uavtufiadiuug (Methylene blue) Nlddmsun1snsIvdnnenlunile
wazdalid audau Tuduneun1snsiade avldagaledmivdrenmiaieannmsiu 3
1% shuiuld LED waglnsdAnvitlete Tutuneunisuseanana aglalusunsy Image)™ Tunis
Uszaranaadanamaieninea agldanieiwanzay gunsaliwauitul auise
nIainanudutumanveswanliily uasdaludlan 1.3 wag 1.7 TadnTusedng uavilyls
[ v P a a o A a a o 1 a o w a ¢
AU dudunsIegi 5-50 fadnTusiodns wag 5-45 Tadnsudeding MmNa1GU N1SIATIEN
Areg1aUoninlie1ne (Anaerobic digester) Lazude (Wastewater) Wuii ad1uuiug Iy

N5ATIEN (RSD < 10 %) WazA1398a¥YeINITIATIZAUNGY (Recovery 91-105 %) aglu

sala
LAEUN VIO

A15197 2.5 Wssuiieuuszansamnisasiatausunamanlinie/weuluiieylaaau aae

gunsalnTdavunTEAny

N15UsluAMANYME
Y9995 4AT1ZH
A10819 Ufise1n15As299m | Working | LOD RSD | tanen3d1989
range
(mg LY | (mg LY (%)
fu Modified Berthelot 10-100 0.5 3.2 [21]
‘IEWL?WJ Acid-base indicator [27]
- 3-nitrophenol 10-100 0.8 3.1
- Bromothymol blue 10-50 1.8 3.7
‘IEWL?WJ Acid-base indicator (28]
- 3-nitrophenol 10-100 8.99 8.99
Nessler 10-100 3.14 1.08
“lfﬁ@ Acid-base indicator [29]
- Nitrazine yellow 0.5-30 0.32 7.6
- Bromothymol blue 2-10 0.47 13
dhndeiaes
Nessler 7-35 5.6 9.3 [30]
Tugnen




A1519% 2.5 (0)
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NsUsEIiuAANYME

YD IATIZN
79819 Ufisen1smsaada | Working | LOD RSD | tan&n381989
range
(mgLY) | (mgLD) | (%)
‘13’11,38 Acid-base indicator [31]
- Bromothymol blue 5-50 1.3 <10
s ¥
¥ 4 Modified Berthelot 5-100 1.05 0.85 UU
wazUIRL




uni 3

A5N15ALUUINUIY

3.1 asaduazaunsal

3.1.1 @15.ad

A15199 3.1 aswintglunisnnaess

D,

y P | ANNUIGND e W -
YBEITLAN gﬁiLﬂﬁJ Ui‘t‘!‘l/lﬂdl’alaﬁ
(%)
NIAELAYSA
CigH360, > 95.0 QReéC, New Zealand
(Stearic acid)
1BNUBA
C,HO 99.9 QReC, New Zealand
(Ethanol)
nodalnsu Plasworld intertrade,
(C8H8)n &
(Polystyrene) Thailand
waselalasilinsuy
C4HsO >99.0 QReéC, New Zealand
(Tetrahydrofuran)
worluileumanlsn
NH,Cl > 99.0 Carlo Erba, France
(Ammonium chloride)
laneulansonlon S D Fine-Chem Limited,
NaOH 98.0
(Sodium hydroxide) Mumbai
loRguealaian
C7H5NaO; > 995 Sigma-Aldrich, China
(Sodium salicylate)
lodenlulnsusalon
Talawmsn Analar Normapuir,
C5FeN6Nazo‘2Hzo -
(Sodium nitroprusside Belgium

dihydrate)
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A1519% 3.1 (710)

y - - m’mu’%qwé A
YAIILAN GLEEISEEY UIYNHHERN
? (%) ?
lpoulanaslslolaly
g1ULTA
C3CLN3sNaOs > 98.0 Sigma-Aldrich, Japan
(Sodium
dichloroisocyanurate)
Ins-loihenginge
Ialawmsn
Na;CsHs07-2H,0 99.0 Carlo Erba, France
(Tri-sodium citrate
dihydrate)
3.1.2 qﬂnidttazLﬂgaeﬁamﬁqm'ﬁ'ﬂ
1. Unine3 (Beaker)
2. I iaUIuas (Volumetric flask)
3. N32UBNAIY (Measuring cylinder)
4. wykumAuans (Glass rod)
5. Foudnalsaunued (Stainless spatula)
6. ¥RRAVEAE1S (Dropper)
7. nseA1wnIes (Filter papers) WWa5 1 — Whatman™
8. Wfiuwes 1 - Masterart™
9. Wussiamanafinagainane
10. ATNAU
11. 1ns5s (Mortar)
12. INUANAIEARN VU 300 Uadans
13. @nun Zirconia W19 12 Jadlums

14. 1383 Mechanical ball-milling

15. ndpsanAden 4 fuvds — PA214 Ohaus™

1

6. §oU (Oven) — FD115 Binder™

17. wisualwian (Magnetic bar)

18. iasestluniuasazatendauliainuiou (Magnetic hotplate stirrers)
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19. agdledigam (Light studio box)

20. nsfwnilada - iPhone 11

21. WIRNNTULIAN

22. 1p5 0eim Ay Ud Y Waweaun (Water contact angles: WCAs) — OCA20
Dataphysic™

23. Nd099anIIAUBIANATAULUUEBINGIA (Scanning electron microscope:
SEM) — JSM-6610LV JEOL™

24. 1aF oIS onsuresudursnsaauninsdines (Fourier transform-
infrared: FT-IR) - 8900 Perkin Etmer™

25, 1a3adlosaulasunlnng @l (on chromatography: IC) — 732 IC Detector

Metrohm™

3.2 arsUfulssnaddenlalviiauaudnadiulivauln uaznisnsey

g P = RN Y
ansazarsvuaaauaanlalivauiin

[y

Wenfinusiladnwinisnseuianniautianuliveuin lnensiieuniauaaidey

I3 = i 9 & a v S a A g v wa i H &
AsuBlunIINN RN lUIYTUUTIIuR N IaRe SN Welvidaudfauliveunr a1nduy
Wnsdenlufinunisusulpnaautindluldluasazaeniluiuszany welinadden
linszaeiruviuassagluasarargvilauy uddsiarswriuasenuvienludlyldad
anavdunligeuiuunsymunsesiltdesnalulueslfiinis erfumalianisincie

fis Tanfumstiiiuuaeldussianarainagainaie Tunisadeiuiidiulizeutvunseay

3.2.1 MIW3BUNIBYNIALARLTENATTUBLUAAINWERDN LY
3.2.1.1 nsw3sunaUdenty
1. &aBenlidhetharzen
2. onlAwisadin
3. dhanuaseasniiu aulsnaudenlinivunadnuazazdun
3.2.1.2 NSRS EURIBUAALART BUATS UBLUAAINLUABNLY Al8TTNNS
UALALAMEANUALAZLIING (Mechanical ball-milling)
1. \w3sngunsaldmiuuafieindes Mechanical ball-milling ng
Sunnaigdaieuareng nuakazaUad gt manlesausa uay 15 un

(%
Y

NUUA 4 58U
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2. Wwehdsgnuaseudl 5 setevuea iunan 15 ui mavdsnn
WwENEe tenueadalinnuyuey ineniueatiueen wdniueniuealrdadly uaagn
&ragaunineniuoaasla

3. Wodsgnunauazenind limnaudenlafwielsansder
3.2.1.1 adlUlumaaunsiuau 50 ndu ndudisonuealsiviaugnuauazuaddons Ty
fuinderiuseuUnviaun wdUaihlsiuvy Wetestunisidu

4. weruanaUdentuiduan 30 undl

5. uwenuadenlyoanaingnua Tnsmmaudenlindeugnunadiegly

TInuAaIuUNTEYeu lnelidninessesiuntudenliuasioniueasyfuaid

'
o = 1

6. thanuaneguunszvauluweandnazeain uaniuld

7. dmasdenlineglutnineslusemeionueasen lneldineslu
mu wieudulvinnuseuiieamgll 70 esrwadye ueniueatudninesindetiesunn q

a

8. thuadenlylueulumeuiigumyii 80 ssrmiwaioa 1Juran
22 $alans leasuiaan Whinmaenlvoonndsiislilisuiigayfives

9. anving hwaUdonlifinunns Ball-miling lduagaelngemen
9ntiu tilusonsunzunsa (Sieve) faerkfifivnin 150 Mesh wavazldnseyninuaaidoy

Asuumanaanty Anseutrlultusald

gﬂﬁ 3.1 1A309 Mechanical ball-milling
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3.2.2 nmsUfulssinuRtaynauealduasvauaneaUFanldlvliausinay
Livautdensaaiien
32.2.1 wisuasazaensnaiieinfianudutu 10 fadluand Tnedaindn
nsnawfiE3nan 0.0853 n¥u uwdathuazansluievuen 30 §adans AuluasazaeLduile
e
3.2.2.2 ldmsoyniauaaidouafueiunainuadenlifiwieuldainiade
i 3.2.1.2 §1u7u 0.8104 n3u asluarsazaensmafiodn udnhludununfeusulia
Souilgnumgil 50 ssmwailes Wuna 30 i melugaaaiu
3.2.2.3 ifetlumuasu 30 wiiudr dimeyniadenlylumsazarense

a

aiesnideuiigamnil 70 ssmiealdua uian 30-60 Wi Ilelilenusastmesanly
unun wazlinseunAWfanlyuvivaiiv

3.2.2.4 dwseynindenliiuieainudrluuadelnssesniin ielald
sumaimzdaiududou waslinuandenundedu andu awldseuniaenlafikiy
nsUsuUseuauntRlidauliveuth (eunauralnaiReisn) Av1aesy Andeuniluld

Nuealy éﬁg‘dﬁ 3.2

sUN 3.2 weeymadanlyniiunisusulpsnuanditvianuliveviiniensnaidesn

(pUNALARLTULALRELTH)

3.2.3 mawlsuasavareduiadouaentyliveuiin
3.2.3.1 wisuasuiuany aglddianedalnsu (PS) 0.2000 nsu azanely
waselelasiiusy (THF) 2.50 fadans Auauavaraluliewneniu
3.2.3.2 nduldnseumeaunadeuaionn 0.4000 n¥u adluranufaug
A0 anusheanswuuassfidouldnaden 3.2.3.1 udeilvinseyniansganes

3.2.3.3 leansavanetundeuiUdonluldveuindvnasugu degun 3.3
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JUT 3.3 asavanetuiafeudeniylidveuin

3.3 nsadnaleatedauliveuiivuaunsalnsaadauunszane andemnaiia

N13214 (Painting)

3.3.1 fawieugunsaldmiunsaieainaiy (Patterning) laginldussiinnanasin
29879818U1VUNTEAYNTEY kaldAuaendenay Iniiduitugudnalsvuin 5
fadms muanemeuuliivssin Wenmasalhliussinesn

3.3.2 Myidues 1 mansazasduindoudeniglivevtinasuunseaiunses
Fuvth wagfundsseu q anateiinnaly

333 mafaliusvann 1-3 uiit Tugdgantu tielwfurdouuagnssaunsoauain

wazagligunsalnsiainuunseay (PAD) Inseaildnu Agui 3.5 (1)

(%)

3UN 3.4 gunsaliilddmsunisasiminansuunseany Memallansg Ussnaume (n) 1

usTiananafinaqadnaty uag (v) wiuues 1
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(n)

-
= o y
- = — AUNYDUUN
O .
- L Ao jama
: : (Wunvugnsen)
= !
10 1.4, druldivaui

(@51997nasavastuedsuildanteluveuiin)

JUN 3.5 (n) wanansesnuuuanaegduldveulIuunIEay way (1) kansnmaegunsal

M519IAVUNTEAE (PAD) ANSauldanu

3.4 nisnedauAuaNUAA1uliYavNIveeaIsazateduAfauUdanluuy

NITATY

3.4.1 N1SNAEDUNNSALLA, NSANLAULY KayA153ITuYRsasazanstuIAdey
Waeanluuunszae

Tunsinwidl azthansazansduindeudenlaliiveuininieuldanaded 3.2.3

UMNBIVUNTEATEN TSR IMaNTEANY dmSunedaunisiuti waznduainany 2 wuu

N1AD LUUISUIIY ESUNAEBUNISANA UL LasuUvIenatd s unnaaunissady

wdmnmansaraetu indeudenlvldveuinasuunsyay tazselurasaugesuda vin

Msnaaeulng msveatnaadly 10.00 lulasans udussiunanaaeunsiuL, Msinfu

U1 kay N15518UVEIsazaNgTURdauLUaDn MIuLNSEA T YAIEAITANEAIN

3.4.2 M3pszvautRaulivoutivesiubITaafen1sIaAyNduEYaUn
(Water contact angles: WCAs)

aa [ ! LYY B o o & H v '
FBmsiaayududavet a1unsavilalag dndugauiusiaainlessuy udilaey

S v S v 1 2 a & o H v o & a o
vead1een lnglvveatiAegiuaeduiismeniiel antduimeatiluduiauunuiias
Nfoen1sin udwhnsinryuduiasnielusunsy SCA20 Avyuduiavemeniiviiedu
e Galuns@nuill lavinsinayudulavemeauigungiivies Ingldveauivuin

(% '
[ 1% v v a

10.00 lulasdns w557 1 lulpsdnsdedunil viinisiagrianun 3 a9 udatAuududan

v
\'LQJQJV £ 1%

apugne Lavanurnlumaeie
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U 3.6 1AT0InLudINEY8IU (Contact angle meter)

3.4.3 nisiigatiendnualdtewmaiinganssaiBidnasaunuudasnsia (Scanning
electron microscope: SEM)

ndnsgansIAiBianmsauLuudeInsn Wumsesdlonldfnwanvasdugivine1ves

[y

Ya Feaunsofneiladsszaugania legldddnnseuduumamdsny nadnsazlinimaes

1Y aa [y

Aa = v v & = = ] a
?ﬁﬂ%ﬂﬂ?qﬂagl@ﬂﬂqq ﬂ?WWIﬂ%%LﬂuﬂWWﬁ’luum %QQ%I‘ﬂUﬂ’Iiﬂﬂ‘H’]gUiN LS EEUY 1UINYN

<3

A A v

vosTanulianie 9 Tunisdnwil lldmedia SEM iedudunsinsinveswaudontalusngy

wazvudulelwaglagveansyay

JUN 3.7 ndosganssmiBianaseuwuudoinsin (SEM)
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3.4.4 n13AaTzilaseadilaananleiniasisensunasudunssaaning

fiwas (Fourier transform-infrared spectrometer: FT-IR) [8, 11]

=

FT-R uedesiiofinmeilassadaniuguvesansusenouduniduaredunid
Aneimmydlandusazlassasisluana lnseandenisganauwadtursdunsisn vann1s
yurenain usuanurastudauasdurian Mndusadursisaiiainueady
19 9 Azagvour U UGIduUTIIRIeg e inliideg1ufinn1sgandusasdunsisaenty
vsdau drudurlsnsailignaanduaziiudigingate nadildazuanaduanauns
AAnduuaBuNTILIATesEIFeg A NEIAALS 9

mawnieuiogaiefnwlasiaduianauas nauilsituvesaisiedemeiaies

FT-IR flunausanaludl

LY} 1 I3 Y = = dy Y o
3.3.4.1 uadlag1vaLdaliinnuazidun Ingn1sAnedlavinnisneasu

v
A a

fogreueands 3 vl loun nadenls, nsnaidesn, wasnaiudonlufiiunnsuiulaiui
PenInELRESN

3.3.4.2 paufing1ausazyladnulnunadeonluslusa (Potassium bro-
mide: KBr) uéuslvaziBonduiie ety

3.3.4.3 ldnsfogneiinaudu Kar udasluualfind arndmhlsndadae
wSewalansoanUsyana 1-2 wil

33.4.4 peafegsndineenainuafiun udrtdafediadaies FT-R

Wiansadameluun Transmission ok

5UN 3.8 \nsaayiSensunesudunsusaaninsiives (FT-IR)

(@ https://resources.perkinelmer.com/lab-solutions/resources/images_for_resize/Im

agel.jpg)
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3.5 n1sUszena launsalngladauunszate (PAD) 115Un19m359390

Jsurauaulutlisylessy

3.5.1 nMsmsENETazae

3.5.1.1 mMawisuasazarsinsgrunenluienleseu Aanandudu 5, 10,
20, 40, 60, 70, 80, uaz 100 fadnsusedns vhlalay Fwenludouraslss 0.3821 nfu
vnazansluinusiaanlessy ausuaisazateduiodeontu 91ndulduusinaslile
100.0 dadans luviniauiung azlaaisazansuinsgrusenludsnlooau (NHy) adw
Wty 1,000 fadndudedns Vidnarsarareumsgiuuesludonlovouiin 0.125, 0.25,
0.50, 1.00, 1.50, 1.75, 2.00 uay 2.50 fiadans udusuusmnseneuiusaanlesoulnld
25.0 1adans %lﬁmsa3mamm§muamimLﬁamlaaauﬁmmwﬁm%’u 5, 10, 20, 40, 60, 70,
80 way 100 Hadn3useans AINEIRU

3.5.1.2 MIAsENAISALa18TIaLuALE (Reagent A) vildlag Falefouwna-
laan 2.5000 nfa waglatisnlulnsudalasinlamsn 0.1250 nfa Yisnazangluiiusiaain
losou auliasavanaudlofionty antuusuusinaslild 25.0 fadansiuvaninusuns
wavazldansazans Reagent A findouldinu

3.5.1.3 NIsM3ENaNTazaIs3LauRT (Reagent B) vldlae Falaiewln-
Aaslstelgluenyisn 0.2500 NSy, los-ludeuBimsalalansn 5.0000 nsu wazludeslansen
lagi 0.5000 N3 thanazaneluthuseanlessy auliansazaneduieifenty aniuuu
UsunsTiile 25.0 fiaddnslurainusunns wavasldansazats Reagent B findouldan

3.5.1.4 N15ARELFE UVaN5T5HYA

1. ﬂiaaf?hasmLméﬂﬁﬂﬁiimﬂaﬁaﬂm‘%mﬂia@qmumﬂmﬁ UMD
tlaazenn Lifinznou
2. DndeenatinIun1snse U111 0.50 Tadans adluvania

Usunsuunn 100.0 faddns wdhusulsunsasiiusiaannlessy ayldasazareieta

141139919 200 t¥1
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3.5.2 n1sasatausunuenluiienlassu dasgunsainsrainuunszaivil
WaunduardenannisiinujAsenvaisaanuuusaulas (Modified

Berthelot’s reaction)
3.5.2.1 “gAA1IATATY Reagent A mumigaTazateuInIgIukeludey
lopow/asazanufiegne wavansaraly Reagent B asuulaunsiainguinay ag19ay 3.00

lulAsang

[
a =

3.5.2.2 fwgUaAnanSusifiAnTuuy PAD Tuagilorenn saelnsdn
fiotio masanuenansiaiilunan 5 widl

3.5.2.3 Usesanalnanistaganduas Image)™ Tuniseuaiauiud RGB
udnheauduERlfluaisnsminpssvedansavatsnsgukenluilon loseusely

LHUANLEAINTRTIVTRUSHNeNlUTEImY PAD MUY uansgaguin 3.9

nepaIsarals Reagent A §1uau 3.00 lulasdns

!

MEAATAZANENINTFIW/@15ga8MIBg1 91191 3.00 lulasins

§

neA@15aLaY Reagent B $112u 3.00 lulasans

!

sl a

d' a A a o = Y U e A
LUBATU b U ﬂ?ﬂzﬂamamﬂm%mlﬂ@muuu PAD ﬂjﬂiﬂﬁﬁW‘V]N@ﬂ@

g

Usginananewanws Image)™ iodAszsiAIANLE RGB

¥

JUM 3.9 uanaununIn Tunaun1snsivindsuiauesluilenlossuniy PAD NNy

denanNIsiiaUiseuasaenuuuanLlas (Modified Berthelot’s reaction)

3.6 msmaaumwgné’l’awaﬁ%mﬂswﬁ (Validation)

lanaaeuna1ugni it Tiasied lnunisiisuieunadnsieiuTunu

~ o | % da ¢ v a o & Y] a aa ¢ v
LL@@JIQJLU‘EJNVL@@@‘UTLUW?@U'NU']W'JLﬂﬁqg‘m@'lﬂ PAD NWRIUIYU AUUTUIUNILATIZNAY
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wallaunsgiulesoulasuilnng1fl (lon chromatography: IC0) 1ieUssLiiuAUKIUYEITT

o w

(Accuracy) Inga1desn1TnNatafAe Paired t-test TUAINAABUANLANA DL NLTYE Ay

o

wailalooaulasunlnns ¥ (on chromatography: IC) [32] \wnadan1suanans

wanluannznisuandudulessu andendnnswanivasulszyneluaeduy Tussuuns

v

n5193nUsznauIedIng (Eluent) Faluandouifiagdioniansdiognundouiliing
Aodutl (Column) Fadumlansil Inglossuiieglumlaindouninulossuiidenisuenluans

Mg Axliuszansaiutuivlessuiieguuinveanansi Wekunnsvia a1sfetey

(Y

gn Eluent wnludspadui waziinnisuanivsudseylossu anduaisaziniiounidngsn

37330 (Detector) winsenunasaniluzUlasulnunsu (Chromatogram) slepauusiag

[ '
o A e

yilmaziinafinseglunedutilaned (Retention time: RT) lumsinsgyinalvihituilidfia
yeaudaylepautmurandIsusuiunsiminssIu weeviUTinavedlessuiifosnis
mwi’ﬂﬁﬁaﬁumié]’aaéw

anzvenAIs IC Al dudd

- poauld (Column): Metrosep C4 (u1a 4.0 x 150 faatums, 7.0 lulasiuns)

- gaungi: 25 BuYaLTeE

- @sazaesann (Eluent): nsaluasn (Nitric acid) Ansdudy 1.7 dadluanodns
waznInladilaatin (Dipicolinic acid) muaudu 0.7 Jadluanedns

~ Samsluavoslandeudl: 0.9 Sadansaeund

- YSuamsnisaeanseaedne: 10 lulasans

- waniildlunisuen (Chromatographic time): 10 w1

3.10 wn3edlensulasuilnns @ (IC)

CaN
[
=3
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NAN1SIAYLAZN1SDAUSIUNE

4.1  msngatliendnealnaldenlunuiuusanaudd

4.1.1 mMsuFulgsnulaynaLAaLBguAIsUBlURRINRaURan Y lillaudRnY
Livauundiensnaifiesn [8]
nalnnisiineuniALAasuaABIInaINNITUSUUTINUR Y0 R UG anlUfenIn

AReIN Wanaagun 4.1

CHy(CHy)45CH;
; ]
H H CHy(CH,)15CH; OH
. O\ ‘/) 3(CHy)45 .) \ \‘ /
Washing 4 Stearic acid 4
—— HO— —OH ——a] o— —0
Y \ : 3
Milling /"JQ Ethanol / Do < \
Beis . L.222C.
HO OH HCHCsHC 0 07 NCH,(CHy)1oCH,

(n) @) (m)

al

UM 4.1 nalnmstineunipupalBeyaifisisn nnsusulaiuiivemsldenlumense

awiiesn Tned (n) wWienlaln, (v) suniedenla, wag (A) aunIALARLTULARELSH

Aanlananuualuuny 2 fsesrusenevvestdonly Wasnlala (U7 4.1 (n) &

aeRUsznauranunpaldeuaIsuaiun (CaCo,) AlAuauUfaiuyeaul (Hydrophilic)

vV

PAIINTUADUANTANIVIIAINUAz D ANty kAUl UuAR8LAT D9 Mechanical ball-

v v
a A !

. A v I3 19 | a | [ a | N a
milling talislawinanawd wud meynadentumaiil dvylensendasguunuia (U

[
el a 1%

71 4.1 (v)) 11s191INNINATUAIINTUTENINNSAVTNY ot uUSuUTsiuRImense

a

afesnludiazatsoniuea lassaswidulalasasveuaglgennvensaaifiesnid
WAIUAT LN DAY UVUN URITBsYAIAADNLY 31N nsAnU RS eameT gy
(Esterification reaction) seninnylansendauuiiuiiteuniaionly Aundasuendaves

A a Y a & = = = = wa ' H
nsnaLigIn wanfaldusumaLAa@ENaRess (37 4.1 (A) Ndauautinuldveudn

(Hydrophobic)
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4.1.2 mMsiigailinanualdiemalinganssAudianasouwuudainsia (Scanning
electron microscope: SEM)

lpvims@nuduguineidiendesqanssaudidnaseunuudansia (SEM) lagay

¥
A A ¥ N

ANIAN YL FUFININGIVONIBUNIANDULALYRY NMTUTUUTINURIAIENIAARETN Naflla

WARaRagUT 4.2

1 (%
) Tl a

JUN 4.2 219 SEM 209 (n) maynaUdonlunouuiuussnuiy wag (1) neynaldonly

AT Ul RIUEIMEnsAaLAesn

HANIANE WU weunAdenluieuusuliurmensaaiesn (3UN 4.2 (n)
flvuadnnineynaUdentundslfulsaiuia (GUN 4.2 () medndunaunainnisneda

YostuLAATEIARgLIsAUURIBUN A MAnTulutuneunsUSUUTIURIMenIAaFesn
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sUN 4.3 A1 SEM 209 (n) N3EATYNTBIUAN LAYNIZANENTDIINIANTAZANUTULAZ B

U

wWasnlwldweutn (@) 1 91U waz (A) 2 AU (ANALNSNABAIN SEM Tuwuifnuing)
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91n3U7 4.3 (1) A SEM wesnseawnsealauansiiiuiadulowaglaa uay
fosisiiugnsuresnszay iehmsasaneduedeudenldliveuinmasuunsgany
(3U 4.3 (v) wag (A) wud weoynadenlvazinzianundulowaglaa uarlagnuves
nsza dddliannsolvauld shldunadnifeauauifierldvouihdu Tnensm
asazaredundeudonlalivoutinvisaesduveinssaiunses (Ul 4.3 () azshliing
sunadenidluimeinnuidulowaglaa wavaiusalngnsurenseaunsadlauinniy

MUUNTEAWiERURe) (5UN 4.3 (1) dawalinuaudfanuliveudiuungadu

Y

4.1.3 msiaszilassadsluianadiseiasyiTensunasudunsusaaning
fiwas (Fourier transform infrared spectrometer: FT-IR) [8]

lovimsiasgvivgilsndunaglassainluanamewmaia FT-R vassaun1aden

1%
A a

19 (Eggshell), nsnanfie3n (Stearic acid), naznsouniadanliiiiumssudgeiiuiage
nInaELAEIN (Stearic acid modified eggshell) wams’jlmwﬁﬁiéﬁ,l,amﬁqgﬂﬁ 4.4 Wagd1u1In
asUtoyaues FT-R anasuldied

4.1.3.1 wseynnatdenle wudiannsgandunasiiuansondnuaiiannzves
ylenduasusiug (CO5%) VoARLTYLAISUBLUR (CaCOs) FruniinNenIpaY 710 uaz
873 cml Famsatunisduvediusy C-O WL (Bending) Warnun1duveiusy C-O WU
gnna (Stretching) finueipdy 1080 ua 1404 cm'?

4.1.3.2 NINAALTN WUFNNIPANTULANVRINLBRAS (-CH; Uaw -CH,) Uay
ArsuBnda ((COOH) inueIndn 715 cm 1eeusy C-H wuUs2UIUAYTY (Rocking),

2844 1ag 2910 cm™ @miU C-H stretching, 940 waz 1465 cm @ w5u C-O bending, Wag

1694 cm! dwsu C=0 stretching

v
A a v a

4.1.3.3 weayniaUfenlunuiunsusulsaiuiianensaaiosn wuns

AANAULAIRIMY AT UBNTIan (COO) NIAuenIAaY 1400 wag 1575 cm™ @Sy COO°

stretching FeUsuanfianNIsnesfveLAaLTENaLAeLsn (C,;H;CO0),Ca) NURIDYNA

¥
el a ¥

ndeyanvun Jaguladn ansawmssuraldenluninisusulseiurnlense

a a [ o =
AWEINLUUNAAILI
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(A) Eggshell
-~ 1080 cm™ 710 cm™
2 1404 cm'* C-O stretching 873 cm™
s C-O stretching > C-O bending
g | (B) Stearic acid
C
5]
e 2844 cm’
£ . . 1
¢ ~ 2910 cm 1694 cm , 1465 cm? 940 cm? 1P o
© C-H stretching  C=0 stretching C-O bending C-H rocking
= . . .
o | (O Stearic acid modified eggshell
8 ot
. . 28 t
2910 cm 2844 cm 1575 cmt 710 em™
C-H stretching 1400 cm 873 cm!
COO stretching™ C-O bending
T T T T T T T T L] 1
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

=Y

g'ﬂﬁ 4.4 uan3 FT-R awnnsuves (A) nsaunadenty (Eggshell), (B) nanalfie3n (Stearic

v
A a

acid), way (C) HyeunAdanteniiunIsUsuUTINuRIMEnsAaLReSn (Stearic acid modi-

fied eggshell)

4.2  nisAnwrdauUsTnavYssansazataduafaulaanlunmuizan a1usu

ANsUunasvduldvsvuIvunsEanY

4.2.1 psAnwIRYINaLaIENIAaAESN

lovinnsnegeuauliveuiivesrseynafenlaniiunisususnuandhnig
A19598AN8NIAAAEIN T LTAYasAuRANAIT UdaDIYEn AB Lantwu (98.5 % (V) wag
BN1UEA (99.9 % (vv)) Inevasainusuussanandfseuiosna inisvageulagniven
T a 44 v ° 44 1 o & | =:4'
Wndasvurseunmadeniulaenss lnsthnsudonliundnnaduwiuinay #an15naased

19 WanIRIn1S19N 4.1
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¥
A a ¥

ﬂ' va ! 9; = 1 dl o U
A13197 4.1 Auandinuliveuiivessauntaionty Mvn1sUSuUTaiuiee

A15aranunInaLRLSNlUAYINaLa18ILANAIINY

ANNATANYVDINTAFAYIN
LINLYU PNIUDA
f4n17e
(98.5 % (v/v)) (99.9 % (v/v))
ANSNAFDY , .
ANEIYKIBUNIA ANEUHIBUYNA

v v ;24 v v v

ATUUU AUV AUUY AUV
HIBUNA
ADUNLAUNE
HIDUNIA ~ H
naaeng L Ay W
5 i g o
HIBUATA H H
ENTHIIVRE e X e
10 Y9 H H
NIDUNIA H H
NINEALNA ® e
15 1 e pn

¥
o~ a

a A o ] ~ ' o o
31N915199 4.1 Wevinsusuuganurazeseynaienty Tudviasateves
A a a | ) v | ~ wa o 8 v A a % a
ASAALAYS N WLANAIIA LKA WUIN mmgmﬂm@mauummiﬂuuﬂmmmLEJsm NYAUNE
L I~ % 1 Y & =2 1 v a [ %
anunsanslunennauyy maaguumaumﬂimLﬂunmmumamquaa 15 U9 ldnagld
f1vinazaneveInIndLiesniduLantey (98.5 % (v/v) %30Lan1uaa (99.9 % (vAv)) 1y
weiog19l5An Tuauided todenldeniusa (99.9 % (vv)) ududiviazalenseaiissn

LWi’]Sé]jaQﬂ’ﬁa@ﬂ']’mLﬁUﬁHﬁﬂﬂﬂWﬂ‘gLﬁﬂL‘UU

4.2.2 n1sanw1Usunsvaunnselalasiansuy (THF) Awiuizay
Tun1sneasse ladn1sun THE undudavinazatodanedalasu (PS) 1 a1nT oy

ansavaneiiUszanu dmsuuriuasureynialdenlanazinluldasisainanediuliveuin

(4
Y = v o

VUNTEAY A9TU 399 89YIN15ANIUTHIATUDY THF Allaumunzanlunisinazany PS
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Wszardmanennunilnvesansazatsdenlallvoutn esnaisavane PS4 1u
paFUsznevdunilswesansavansildenidliveuin TngldvinnsAnwiusuinsves THF 7
10.00, 5.00 uay 2.50 fadans wagfuunliiminveadanoddlaiy, dninuseynia
Waenld uazUinmsvasnihdwisulunnnsveass s 0.2000 ¥y, 0.4000 ¥y, ua
10.00 lulmasdnsg LLazv‘hmsmaawuﬂszmwﬁaamwua’mmaﬁauhjmauﬁﬂLﬁugﬂ'mam i

= ¥ 1 L3 a a dl 14 o dl
HVUIAAUNTUAUENAN 10 UARLUAT WNANTITNAGNDIN ‘lﬂLLﬁ@l\‘lﬂ\‘iE‘U‘Vl 4.5

(n) () (A)

=1

JUT 4.5 uaninInaIenseaunTeanaaInasednliveuiivunseauiieasaratety

wasuldenlilivauin Ingldusuinsues THFE (dwmsuvinasaie PS) 71 (n) 10.00 1adans,
() 5.00 Wpdans way (A) 2.50 Tadans NnTUNeRUIFTIRUUSUIeS 10.00 tulasans way
fgsundmen 5 Uil

= 2 a =

mﬂgﬂﬁ 4.5 WU USunsued THF ﬁmmzawqﬂﬂa 2.50 1adans (§UN 4.5 (p))

A ° P ) =~ a = A o w o a | v a
W{ip9a1n aznllaansazanetueasuildantinianunianiiaed dmaiway liduauiuly
= | 1Y) vl A I ] P |
mayAldonlunsyaeiuuiuasylan wasleniauunznelel asazatetundeuly
Iadudrunluuinmnisnsiada @mveuin swanudugdienay) auseassminane
ANUNHDINTEA kasUad i lad ueanuanNUNNITATIITA TUNNATINUL Y Wi oty THF
U3uns 10.00 uay 5.00 dadansiu (5UN 4.5 (n) wag (1) a1sazareduiadouiinnumad
Auly Tlaunsatiuadnainaten ufideinisuunseaula wastid@nian1ssiduesnusn

NuNN15nTI9Tm ol Wlavinn1sAnwNusuIns THF Yesnin 2.50 dadans wlosanndu

Usuwsndesiuludeiifeamwananisvinazaiedia PS
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4.3  nmesdauauandinuldvauiivesarsazangduafauldanlyuu

NITATY

4.3.1 nageumMsiuth, nsinfiuth waznsiafuvestuadeudanlylsivautin
UUNTEAY

Tunsneaey Tevinnsmseuansarateduedoudeniylive v lvidudssnau
Sai Ao e PS 0.2000 A, THF 2.50 fiadans, wavnaddenlufivduaninaensaatiesn
W& 0.4000 nu

nsnegeUNsiuL dvnansavanedundsudenlaliviianseanunses daunns
NPFUMIINAUTILAEAIITL Mansavaneduadoudonldsey o fuihnan Tneni
FunTLaE A UNE e INsEATENTEIEI UM SndBUT AR USEEY 91Nty nestnEuGy

adly 10.00 lalnsans sansnnaosdils wanssisgui 4.6

(n) (@)

=

JUN 4.6 (n) N13vAdoUNTSHLLY uaz (1) MsVAdaUNISANAULN Lasn1358uvestuindou

Wasnlduunsgane tnen1svienuidunty

nwanIsunasslusui 4.6 wuin Jundeuivdenlylivevuivunseaiy d
UszanSanlunisiuin, Anuiud wazdastunissizuleeged dunalaannnentndnang

Juneanauyulduiuegatey 15wl wagundiiRuinegneluiiuinnay lisidueanun

AT UNTLALANUNDIVDINTLANY

4.3.2 n1saaszRandRaulivevdIvesnuiInsatwiadaunlaaantan
Hun1sUTuUTeAuandd adenisiaAyadudavasin (Water contact

angles: WCAs)

v
av A

luuidell lilwnseiandianuliveviinienisinayududave s uuiuig

NT¥ANYNTOINLARDUAIBATAZAN8ANN 9 lauA 1) NT2A1¥NT0NNIaITaz a8 TUAR DU
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Uszauagaien (PS/THF), 2) NseAn¥nsaesniniaisaratetundounadantafdelaulea

¥
[y

USUUTINURD wazdidauseau (Eggshell), uag 3) N3eA19NTOININIE1Taza8TULARBUNS

q

1%
= a ¥ I~

wWaenlufusulgeiuimenInaiesnuad wazlifauszaiu (Modified eggshell) laglevin

nyinAudREvememigviavun 3 A3 (n=3) Kafilduwansfgui 4.7

200
131.93 + 1.04°
i 109.48 + 2.30°
+ °
150 92.47 + 1.42
’(:
o
z 4
e
aog
@ 100
> -
)
B
4 -
=34
ol
&
50 -
0 - T

PS/THF Eggshell Modified eggshell

¥
A a

NUNIVDINITATWNIDN

'
v

SUN 4.7 N9 mkansANduRavesmen Ui uRIYeINsEATEN T TIlAG R UM TATaNEs)

v
A a g

Uszaueeufed (PS/THF), ansavareduindeunaddonlundalilausuugsnuiy waslian

¥
=3 a 1% =

Uszau (Eggshell), LLazmsazma%gumﬁaumLﬂﬁaﬂiﬂiﬁﬂ%’wgawummaﬂsmLmsﬁﬂLLé’q
wazdlsinUszanu (Modified eggshell)

NN3UT 4.7 wanslidiuin nadenlyiiusuussquandisonsaaiiesn ddiutaeyii
Tiaailsireuiuiiuintandiunnndedy fnsanldanduuduiavesnhdintu danfu 39
fanudduiasfesufulssiuiesaddenldfensaadieindou udTshinuviusosly
fruszany ielildmsaranetunieu wWienldliveutuunszmuifauauifinruliveu

Puuunndadu wazanuisathluldasrsanatediuldvevinuunseaulamsld
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4.4  AITNAFBUAIIUNUARETTIANYRINIBYATAUABN LU INIUNNSUTUUSS

WuHAMARaVUNRUNTAINTITAUNNTEAE (Chemical resistant)

Y o

limpaauaunusdearsidindldialuauiesuianis veamssuniadenluniiiu

¥ '
A a

nsUTulTsuInndeuuugUnsalnsIaiauunseany (PAD) Fuldeanuuuainangdiunveu

unduglinau uasiedeviinseamuiisaisasaleduindeuiudenluliveuin Tnanism

I
U =

ansazangtuAdouldonlyseuuensnauadnunt LAz UNdweInsEANY NNt TN
vgaasiafiiiduiiazagsiiasng q MwTould Tnsuwvsesnifuaeangu nguusn 1u
asiilddnanemsaunsadly disliueaduniss@uldedsimaunelduasinund Toud
99.0 % (v/v) Wwasglalasilausu (THF), 99.9 % (v/v) Llanauea (CH5OH), 99.9 % (v/v) Launn-
1ea (C,H:OH), 1.0 M lalasmaasn (HCL, 1.0 M 4a#33n (H,S0,), 1.0 M latiesulansenlan
(NaOH), ag 0.01 M lepeslawndadaia (SDS) mjuﬁaaa Lﬁumﬁmﬁmﬁﬁﬁﬁa\‘iLLﬁﬂ‘V\IQEJEJ—
isaduasly ielsiueufiunissi@unelduasyd 1aun 99.0 % (vA) Triton-X 100, 99.9 %
(v/v) 88®1nu (Acetone), 99.5 % a@lnlulasa (Acetonitrile), 99.9 % LoVians@inn (Ethyl
acetate), 99.7 % (v/v) LUUT U (Benzene), 99.5 % quadu (Toluene), hag 99.0 % (vV/v)
Twsniuea (CsH,0H) 9niiu venfvazaesainsduasuy PAD fnsenld Tnovienasusin
9nan Y3unes 10.00 lulasdng 50 5 wad LLéJ’JdWEJgUNaﬁLﬁWﬁ’u WU ANan1SVAaB9ng

namslugui 4.8

10M 001M  995% (WA)
NaOH SDS THF

99.9 % (V/v) 99,9 % (V/v)

CH,OH  C,HsOH

99.0 % (V/v) 99.9 % (v/v) 99.5 % (v/v) 99.5 % (v/v) 99.7 % (v/v) 99.9 % (v/v) 99.0 % (v/V)

Triton-X 100 Acetone Acetonitrile Toluene  Benzene Ethyl acetate C3H;OH

JUN 4.8 MnegeuAInUsaasialivesgunsalnTIvinuun Ay

IN3UN 4.8 WU PAD Mmundu ansnsanuseasindiiidunsa, wa, weansged,
a ~ a Yy v a2 o oo i = b - = M
wazgansdunidunsudiala eniiu THE Mdudvhazaenldluniswieutueiioudenlylyl

YU, Ingdy, uaglnsmueaniinnissigy
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4.5  AITNAFIUAMUNUABLITINIINIEAINVBIAUNTAIATIITAVUNTEAY

(Durability test)

IpvimsfinyanunusiawsanienienInves PAD laen1sagisieiie wiiegimmasain

AE1UNTISVEILE PAD iLAnTasduazdinslseans namnisdudinaznisiniuinlames

Y

w3elal Tngvinsmansazaneduedeuidenlaliveuinasuunszavasssuuuy Tdun
sULUULIN Ae mansazaneduedeuidenleliifunseudmdsnfinnalivunszniui
Fruntuagdiunds Sngunuunis fa marsarareduedeundonliuinmsouuenanay
Tfunsevdmdsuiaduntuasdundsasnszay ilearsavanstuedouiudenlyuy

NTEAYLIIALEAD 1987 PAD maella F9n15v81dasyinly PAD tinn1swu Un9e wagiingas

£% % '
v =2 1Y Y al

VT 899 NUNAA PAD aansudmageulngmsneminduasuianns 10.00 lulasdng ag
UL PAD 7H1UN15981687 dafinwitrseynaldentifiegluaisasanetunfouiuionladl

= = a a Yo A A 1 a oy o PN
AINULADYT LLaga’]ll']iﬂ&]mW@Uum?ﬂigﬂ’]'@i@@ﬁnﬂﬂﬁialﬂ Naﬂqiﬂﬂaﬁ]ﬂﬂiﬂuaﬂﬂmﬁzﬂw 4.9

(n) () (M)

JUN 4.9 uansnmaegunsalnsiaiauunsza1y (PAD) Mignyin1smageauaIunumig

v 9

nen i Ined (n) PAD naunsues, (1) PAD Alauaeh, ua (A) PAD wden1suen

MNMINAFBUATINUNINIEATHYBS PAD Fagufl 4.9 nansvaassillduandliiii
1 PAD firnamuseusmnamenmldreudiei udsandiimnsvevheiionuiansiuuas
nsaud (3UT 4.9 (v) PAD fndoussasaraetundeudonldazfnsesdu uasing
sunaldenlangaeenluuisdiufisadnies Fewandiiuiinseyniadenlidaii

\@ies waranunsagarauuRinsyaulnegeulignvilideanm Bnvisdinsnmaudiinisiu

¥
o L [ (Y]

11 wazmsoniuin A aQLﬂG]VLﬁmﬂViEJ@ﬁ’]?’ILLNﬁﬁ’NL‘ﬂUMﬂﬂﬂaNHu waziAnmanlilva

Y

TuonIIINNUNTUNaY (§UN 4.9 ()
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4.6 n1snTdavsunauenlulisulessudivgunsalnsiainuunszaiui

v ¥

WRIUIYY

18991Na5199UN 30l 599 IAUUNTEAY (PAD) sagasazatedunioudenlvliveu
W1 wagvihnisigadiendnual auluismisnaaeudsednsamludiusig q 1SeuTesud
Tupousioly e PAD Amundu uuszendldlunisnsiaiauTunuueuluieulossy

[y

Tuunaanusssud endeuiseuaisasnuudawas (Modified Berthelot’s reaction)
SuAunAdAN130153990E (Colorimetric method) @4n1stdonldUAsetuaLsaonuuy
aaudas lnenisldarsloeneloan wazlanaslslolalosyisn wnunisldansiiuea

wazlalumanlsyl J90fs AAUUaDANUMDII9NTE WAZAISLAIULEDESUINATT HANIS

Nnaeflnazuandtuidonis ¢ saneluil

4.6.1 mssanuuUanaeiuuzaslunsitufiten

foonuuuamaansdmiurufaseiomn 3 aanats Tdun sUfuua, JUaaumu
wazgUlanay TnpaInanefanuaLia 1NN T 1ARIEALEBAIULNTTAENTO Ll oA
anmednveuthuayliveut udaiddwiuues 1 mansusuaosrsoymaFenluiiiy
nafaulas asushadliveut 1antdy venansazate Reagent A (Usvnaume oo
#AlganAITUTY 0.624 luanedns wazlunenlulasusalsdaanuitudu 0.016 Tuasie
dn9), ansazansunsguenluilisulesounnuduty 60 Jadniusiodns, uag Reagent B
(Usznausie ludelaraslslelalaguisnarmudndy 0.056 luasedns, lns-loifsudinge
AMILTNTY 0.680 Iuanednsiazluneulansenlananuituty 0.500 luasedns) adlulu
ﬁuﬁmimaﬁmgﬂ@i’m 1 wdrdunadvedndneiiiintu wayTuiionanisneasdlaenis

83U wailalanesisgun 4.10

neauyinUnsen H

wawinunsen

® O

UMY JUNNaY

5UN 4.10 mseenuuuaInagilvinzadlun1sinugnsen
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INFUN 4.10 wud Mmaeiminzadlun1sinuinsen Ae sUiuniu uagsunay
dunnandl@ervewdnduniiiaduegredaaunigluiunnisnsaialuusiudiunveunn
aedlshd Idenainateglanay Weswn desensmaisararsdundeuivdenluliveu

11 wazeuszndanatlunisudn PAD Tusnuiuunn

4.6.2 msAnwruImnauildiufiseuaznsatafivanzay

idodenarnaneiimunzanlunisiuiaseinazasroiaduguisnauuds deun
IgvhnsAnwvuimananilivinufizeuazaiate Tneld@nwuunaduiuaudnans 10, 8,
ey 5 Jaaluns (3.3.) mﬂﬁ?umaauﬁawﬁﬁ%mLuaLﬁaameé’meUm lngnen Reagent A,
ansazansumspusenluioulossunnududu 100 dadnsusedng, uay Reagent B 881

ay 2.50 llAsAns mMudRU Nan1sVRaen likannagui 4.11

®O

10 4.4, 8 u.u. 54.4.

Ul 4.11 msfnwimuimsnandilivi fisenagnainfivmizan
9307 4.1 WeganAdevesnanssiistunigluiuiiviiufizenuds wudn
2naNvun 5 faduns Tinanisvaaesiifign dlvivesndndusidudaautazuninsyany
s Tunpsadudnu flvune 8 wag 10 fadwns ikan1sneassdilifvinfiens andd
umszauaasnaulngfiull dedendnsad vlfasnisuninszatsunn fiderdansas

DE19UINPIYDVBTNANITLIDINNAINANTHININTEINUTULDY

4.6.3 nsAneUIImIIInInzanlunIsneagsAtinazasflaeng
nsAnwsuesivuivan Wunsfneuininsuesnisvenaisazais Reagent A,
Y 1 =1 a .«.:4' [ - g [ |~ a oA

a13910814, taz Reagent B lagladnwiluliunsiwindunaun ldinaziduasiaiivioans
feg Ae 2, 3, 4, waz 5 lulasans lnen1sAne1dvdnaveslsninsasieg1auu agfnw
migansarateunsgIukeslillonlessy udiasensmlinnsgiuvesUsngeng q A7 lne
NAONTENI19A1TNF T8 (Green intensity) AUAIIMLTUTUVDIAITAZA1BNINTIY
waulatdeulaoau (0, 10, 50, 100, 150, kway 200 JadnSUFABANS) INNTUANYIAIAINUTY

(Slope) ¥04n5MuN5FIUNLA Fausuanfenulivesisiasznt (Sensitivity) HaN1TVIAABIN
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19 2zhanaludnuuz 99N MLERIANNELRUS TEINeAU I lUN1S AT IERUUS UIASENST

[
a [

1 uagavuansgUatedndndueiiiiaduun PAD lan1gaIna1saraeuinsgiukeluiey

lopounanududy 100 fadnsunedns Wudunuaisazarsunsgiuanudududy 9 6

=

IUN 4.12

0.5

0.4 A

L4

AAITH

0.3 4 @ @

a

0.2 4

anulalunis

0.1 4

0.0

1 2 3 4 5 6

Usums (lulasans)

UM 4.12 Msfinwdsiesimigadlunisrenaisieiivazansieg s

[
1Y

q' A a a ¢ = a sa a
"\]']ﬂE‘IJ‘VI 4.12 LN@WQW?NWQWﬂﬂ’JW@JI’ﬂUﬂ?T}Lﬂﬁ’]%‘lﬂ LagdUDINa AN UNNLNAYUU

=

PAD nu31 N1UTans 4 war 5 lulasdes danulilun1siiasgiiganan uazdndndni
Antufinnududaeu wilunwujofiuds Usunesh 4 wez 5 lulasdasuuwdulsuinsfiuin

Hull Ta1582818048UAU9ALIINNUNNITASITA druUSuins 2 lulasansdul

v
lEiy0, =< | ¥

a ! a aaa i vy a o caa | v
LWENWEJG]EJﬂ’]iLﬂWUQﬂiﬂqwamyﬁm Wqﬁlﬁﬁﬂﬂqma@ﬂm‘ﬂmLﬂ@‘ﬁu@l@u%qﬂf\nﬂ ﬁﬂmaiwuﬁ'lqlﬂ'g

%
Y

Tuns3mszsinn fetu Ysunnsivunsaulunisvenaisiaiinasdnsiognene 3 lwlasans

Foduvsumsfidissnesenisiiau]isen Tanublunisiiesziaoudned arsaunsalia

4
s a =< a 5

wngnszaelAAuNLNnITnTIAT LasdveansuniAntuiinnualiiaustnay
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4.6.4 nmsfnwrIalumMsiufseniimangeay (Reaction time)

' [
a a v fal a =

lﬁﬁﬂmnaﬂumsv‘hﬂﬁﬁ%mﬁ 1,3, 5,10, ag 15 Wi lngaegudnaniaminindu
Ul PAD va3a1nansufisenduasuaiunaisig q lnelddsumsansiaiuazaisunggiuy
wihiu 3 Tulasans induiasigdemudud uasadunsminsgulnendensuringiu
Wuddeaiuanudutuvesalsazaleninsgiusenluiienleasuy (0, 10, 30, 50, 80, waz
100 fadnsudedng) a1ntu AnvAeuturesnsininnsguild wan1mmaaesfildiduds
sUfl 4.13 Taeidengudevessdndusiuu PAD Wefnuiseasazaneuinsgiunenluidon

losauarududy 100 dadndunedns WWusunuaisazarsuinsgruanudududu <

0.8

0.7 4

<

AAINTH

0.6 -

a

0.5 -+

anulalunis

N
J

0.3

0 2 4 6 8 10 12 14 16

valunsiufizen (i)

5UN 4.13 msAnwnantunisyihisenimingay

v
= a (% 13 a =

N3UN 4.13 Wefiarsanamnauhilunsinsey Lagdvewdndusininduuy

PAD Wu31 a1 undl ansdaiuisendulaanysel @ndndueiiintuuy PAD Jadalyl

adnane warAuhilunsiwmeiAsut1a Nan 3 uar 5 Uil ansieuiseniuauysel

' [
a v fal a

AndndusiniAstuianuaiiaue uazilofinnsananeuililunisiesiesi wui nains
yhuARsend 5 wit Wanalhlunsiesgige liwenssiuiileldinalunisvinufisend 10
way 15 Wil Jadennatlumsiiufizend 5 il ilelildnanlunsiinsesiliui ogls
finn Samudn et 10 wag 15 Wit PAD awduusts shlifiugarnuunssanufiuunniy

A 1 2{ ) a
Wonadulvuutu Wuwszasaiidey 9 szivgeanld
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4.6.5 N1SANWIAULENYSVDIEITALANYILDLAUNLDWATY

aaa [

Tusuisedlidenufasenvesaenuuudaudannldlunisnsatauium
woulaiflonlooou FafaufAsensududeausnsioius (Reagent) soniduassyn lufiiifeo
Reagent A § wduansararsnauseninsledsugdluanduladonlulnsuialed was
Reagent B s'z”faLﬂuaWiazawamamwdﬂﬂﬂjLﬁaulﬂﬂaa‘[siai%lﬂjmwsm, o5 loReudinse, way
Tnfoulansonlad lngaunniideuen Reagent saniduaeayn liamnsnthuwausaniu

aaa

a v & A a = 4'
Mawala iunsginfiduneulunisiinufisen lglunisw3suaisazate Reagent B e

[ '
=< =

nanasuiuLaaziinleluaaslsilossutu Juduasdrdgfiazluvhufisedurenludey

v ' ¥
Y a a =

uwdnAndunaesiiu 91ty asesfluiiinduarluiufaseirodvaisiiogluaisazans
Reagent A auldindndausiniididolwieiian (@unsagnalnmsifinufAsenusisasnuuy
finudasldaingud 2.6)

Tutdeil 18Fnuweuaiosvesaisavats Reagent A waz Reagent B faewnadin
awnnslillaams endignisinaAInisganauuas (Absorbance) vesansazatgluyieninuen?
AAU 200-500 wluwes Insfnmaduszoznaiui 28 Ju ndmnniouasauazdull
dm3uansazany Reagent A levinisiFensdsniusaanlensy lushsidiunisiseans
10,000 i1 naNSUIAEEIT LA wan S IRI3I9T 4.2 LLﬁ%EU‘ﬁI 4.14 dniuansazany Reagent B
Ihmsidensetisrnleosey lushsdannsisons 100 wh nansnaaesilduans

AIM591 4.3 waggun 4.15

M15199 4.2 UAMIAINISAANAULEAIYDIATAYANY Reagent A ludns1dIun15138919 10,000

win Tuasszezialmauls 28 Yu

szeznaniiull AYINE1IAAUFIER . .
y AINTAANAULES
(3) (uluLuns)
0 296 0.2662
7 295 0.2873
14 296 0.2585
21 296 0.2564
28 295 0.2054
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03
——D-0
G —D-7
=
G 0.2 - _D'14
&
S D-21
=
& — D-28
© 01
0 T T
200 300 400 500

ANE1AAN (UTUAS)

JUN 4.14 wansaunnsun1sgandunaiveda1saraiy Reagent A lugnsndiuni1sideans

10,000 i1 MuAulAludineszeziian 28 Su

11NA15797 4.2 Uar3UTl 4.14 LanaAIN1IgANAULAITARIINE1IAA LGSR LAt
aunAsuNIRANAULANUBdansazaie Reagent A Tudns1dIun15439974 10,000 i1 wui
Reagent A fiaaades agamnsanuldldlauiuns 21 Ju duainmsmieuaisiuiuusn
(D - 0) uazndsanIufl 21 anda Reagent A WazFudenann Funaldaindinisgandu

LEINANAY

M15197 4.3 UAAIAINIIANAULENYRIANTATATY Reagent B ludns1dIun1siieana 100 wih

Tuaaseeziamiuly 28 Yu

szeznaniiull AYINE1IAAUFIER . .
5 AINTAANAULES
(u) (WLun3)
0 292 0.2703
7 292 0.1019
14 laiAndia -
21 laiindia -
28 TiAadia -
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0.3 A
—D-0

o7
G —D-7
<02
s —D-14
[y
(<
w D-21
€
& 0.1 4 e D = 28

O T T

200 300 400 500

ANNE1IAAY (R 1ULNAT)

JUN 4.15 LaneaUnaTunIsnANGULANYeaNTaTa1Y Reagent B lugnindiun1sideans 100

win AAulAluseseeznan 28 Ju

11NA15199 4.3 UarIUR 4.15 LARIAINISYANAUKAIT AINLENIAA U IER LAY
aunasun13AANAULAIYRIAITALATY Reagent B lugns1d7un13138919 100 111 wudn
Reagent B liiafies dunaldninawnasufianasioy 9 suliiedin uwaglianusasiuainis
panduuasld daiu lun1svaaesaasagiounisuaisazay Reagent B luainnafs iels
I¢inansvanesiignses

aunsaasUanmzimnzanililunsnefaueulaionlessusnogunsalnsaia

Y

A o X a v v a
YUNTEANINALITLTLAeT T9namns1en 4.4

A15°99 4.4 agtaniziunzaunldlunisesiaianeulufisylossumeguniningiviauy

nN3gAENNMLITY
AauUs %9NANY GRHRPEATI FREARH
nseankuuaInagdmIuinugAsen sUALLUR, JUUMIY,
sUnnay
sUnNay

YARNaNnlgUGATemarnTI9In
. 5-10 5
(HadaLuns)
Usunslunisnenansiniinasansfiogis

) 2-5 3
(lulasdns)
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AN519% 4.4 (510)

nanildlunsigizen

. 1-15 5
(W)
AULENYTUDY Reagent A
) 0-28 0-21
e
ANULENYTUDY Reagent B
} 0-28 0
)

o A = o A = < LY = o v
WHIGLAR: IUN 0 wxnefviuNmssdansiasaluiunsn Falugilinseuasazany Reagent

A uay B wuvasbmivniunauld liesauliuiumae iy

4.6.6 N1FUsZUUAMANBALYRIISAUATIEN (Analytical performances)
§fnunandnunzeesislinsesives PAD fimuiu deuszgndldlunisnsinta
Usinameslinienlossumsjidenveisaoniuudnudas lngldannyilmnzauasuds
597 4.4 uazhnnsanuluders q feelud
1.6.6.1 nsAnw1929ld9u (Working range) wagar9aanuduldunss
(Linearity range) Wua1 PAD ANty ggnsansraiaUsinauenlundonloseulslugae
At udy 5100 fadnsunedns lnudaduussdns nasdnduls (Coefficient of

[y

determination: R?) ¥i11iU 0.9966 (n=3) Fseglunarianududunsaia lnensmuinsgiu

v
=

warsUaednandaueiNinTuuy PAD Lanwaun 4.16
4.6.6.2 NSANWIAULNENUDIITIATIE (Precision) Iags1891UaNNAEIU

W8 uuNInSgIU (Standard deviation: SD) kazAtdudeaunsnnsgIudunms (Relative

o

o
Y]

standard deviation: RSD) HaN131Aa849INN1TIATILALIIMNA 10 AS (n=10) laA1 SD
WU 1.38 wagen RSD AU 0.85 % Usueningunsaiiimunduiiauiiesas
4.6.6.3 NMSANYIVAIINARIAAVBINITNTIVIA (Limit of detection: LOD)

n1511A1 LOD wuseaniduaesnsedl As lunsainaisazatsuvasnfldyyin Laynsma

<

o o

asazasnuasAlulidyin dusunuidel nuiasazasuuasaddy g Aaudanen

o

Y a

LOD 21nile1u 3 SD of blank/slope lagvinn1siadygiad (A1AUNE) v03d158za8
LURIAZIV AR 10 ASY (n=10) a¥19nsWamsgIusEndemandudfuaududues
ansazaneaasgiusesludenlonsu (0, 1, 5, 10, 20, 40, uaw 60 Tadniudedng) Tnium
A1 SD fildainmsiaasazansiuasd wazan Slope Aldannswianasgiu teluuudias

Tuflgny uagyiAl LOD eenubalyindu 1.35 vanemindd aunsninsivinuunszny (PAD)



57

£
v =

= a v dy (% 2 = ¥ v v ° ral
AiauIuluuidel mmmmammﬂimmu@ﬂuLuﬂmlaaaulﬂmmmeumqmaqw 1.35

'
[y a =

Taansusedns Fuieananan1snsnusunuseuluisdlasoulusiag1ein

0 5 10 20 a0 60 70 80 100 mg Lt
60
D
S 40 - @
= D
2 ]
- 1Y
gpf] — QY {)
- 2.4 y = 0.8637x + 2.2039
CD"@'“ R? = 0.9966
0 L] 1 L] 1 ] L ]
0 20 40 60 80 100

anududuvatasazatennsgunanlulisulossy (Hadniusedng)

' 2
fa a

JUN 4.16 WanIn NFHARSUTIIAATUUL PAD KAzNnIMINATEIUsENINANINTuYes

ansavaneunsguLeNlulanleoautarALTNYD I FTeN

' v
(% fal a =

NFUN 4.16 WU ARIVNEANMIMAATUUY PAD 32193TY LiloAIiutuves

2 (%
=2 = v 1 ¥ v

miazmammgmuauimLﬁaulaaamﬁmu BNYIN YWAINUVUYUVBIAITACAIYUINTZIU

a

a a A v a o a Y & A
LLEJJJI&ILUEJ@JVL@@@UV]La@ﬂELGU UANULNUITANNUUTZANTNINUDY PAD NNRIUIVU I@I‘EJNSU'JQﬂ']i

o a 9 % A a o 1_a A &, o Ao
MFIINNABUYINNIN (5-100 HAFNTUABANT) LAZUYIIAMUUULEUNTING

4.6.7 N15ANYIRI5UNIU (Interference) 9 8138 9HARBNI15ASIVIAUS U
woulaniioulosauluwnasinsssuni

wiasnussTuAdniilesswdy q Yuegununeviateyila dau JalainisAnw

o

dnswavnlesousunuluNTIATIZA oUTEIHUANTUNIZINZAT (Selectivity) Uas PAD

' v
a o = ! I3

AimuItusialasaurtingne 9 Adwananisitasieininauluioulosounleuisen

WaLsADNLUUSALUAY tnvinnsnaasdlagidanloaauiisinaesnululrnasinnusssuw@ bowkn
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Totfey (NaY), lnunaideu (K9, waadeu (Ca2), uueaniida (Me?), man (Fe uag Fe),
Tulasn (NO,), lumse (NO5), Fawns (SO.2), way Weawn (PO,>) lneinsaua1sazanaued
Topourilnsng o NAdNTY 40 Hedansuredns an1en1maaelansdaniig Ao (n) Anw)

lopaudisuniuagnufen kay (1) Anwvilesaudlrsuniudlefveuludleulooau (ANULTUTY

40 Tadn3usiedns) TINegsiy nan1sNAReTlaLanIRagUN 4.17
200 | &

i

Control  Na* K*  Ca?* Mg* Fe* Fe* NO, NO;y SOZ PO

a A

ANUUFLR Y

I—————_— 1O
m——a

looaudasuniu

JUN 4.17 wanman1sANIAUTNIZia1zas 9nleesusingig 9 M9195UNIUNNT0TIATR
worlulleslopeuuu PAD anfufisenuaisasnuuunnuadtunisnsiain lneh (n) Anw

lovaudisuniuedafed uway (v) Anwvilesswisuniuledueuluilvulossusiuegime

IN3UN 4.17 WU PAD fiiaundudanudnniziaizaseiesluioy lossu d

1%
=

sUMUTaRe 9 Mdenuidne ldsunmun1sieszi dunalaandvodndasiinduuu
PAD (Wlowesinanndan) Miluddeaanfeatuivaisazaiediniunu (Control) Hifies
Fe?* WnunsuNIuNIsIATIEN Feamnunann asusenaunsiuiiaenunly dueuludey

Juesrusenausinegsiig (Fe(NH.)LSO,),-6H,0) 3ailddevemaniasiiintuiianiy

¥ ! A ) [ % a A
Wwundleisuiuleoosuriindu 9
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4.6.8 n1snsraTavsurauenludenlossulufiog uvdatnsssuvid doe
aunsalasaiauunszanuiinaunty

1¢th PAD fiwanntuunuszgndldlumsnnaiaiuuueslindeloooulusegn

widasssud Tnglafinsfuseginundaisssuminemun 6 wimudmiasiie 9

meluvsznalng Usenoudae Swmiadesss Uotmdoutiunady wostdmnyunsad),

JMINTI9Y3 (LL;JifﬂLL@Jﬂaaﬂ), JIAUATUIEN (UaUan), kazdaninngaimnumiuas (Aasd

Uszhayisud wazihfy) Fadunsiiudedrauinmian @ uifiuduldiiniauwan n.6)

1ArAIAaeslagAIMIAITDEAEURINITIATIZRAUNSY (Analytical recovery) 989618819

2]
o o

W3 6 vila wazdnisiivasavatsuinsgiukenluidenlooounududu 40 fadniuse

dnsasluluvn 9 d10879 (Spiked sample) HAN15NAGBINLS F189MUFAINTIT 4.5

o |y a 6 S v a ~
A9 4.5 LEAIANIDYAYUDINITIATISUAUNAU ?J@Qﬂ']i@i’lﬁn@UiuquL@MIMLUEJNVL@@@u

Tudie8191a9tN5I5UTIR Mg PAD Amunu

AMUUTUYDIENTAZANENINTF LN LY \ \

W ALY, & GRFOEGREN

[, o (Uaansunaans) (Mean + SD, n=3) i )

A29819 N13ATILIN
Aaiha Auasly fingrany AUNEU
varhmieu N.D. a0 40.30 + 3.99 100.76
‘lf’]ﬁ]ﬂ N.D. 40 40.23 + 1.70 100.58
LLﬂJ"la;’l N.D. 40 40.43 + 2.10 101.08
Uaua N.D. 40 40.44 + 1.29 101.09
AABY N.D. 40 39.92 = 0.70 99.79
5ﬁﬁm N.D. 40 39.43 + 2.29 98.57

weme: N.D. = Not detect (a533lainu)

31n915199 4.5 nsmdTunasenlufivulossuludieg1auisig PAD Ny

W 1 S aa = %% = a = o
WU fegatmussuAtwenluilenlessulsiuegiasunn Jio19vsiisgluusunaien
N319A911AN15ATIDIAYBY PAD Fedaevinisiinalsazatsuinsgiusauluiionlosau

(PMUTUTU 40 Daansusadans) adld ialiaiu1sansrainnle PAD 1@ wazannNans
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naaes nAfoarveimaiaTenAunduegluyie 98.57-101.09 Faaiiladialnaifes 100
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4.6.9 N1INAFIUAINYNABIVBIITAATIZY A8aUnTalnsIaTauUNTEATEN

Wau1YY (Validation)

1Y

lavin1smeaeuALgNAedwedisiATIEinIg PAD S1uAUWMALlANTTNTIATRET
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1 o w

Waludu tnglSeuisunaiasigrusunaeuladeu laasulufleg9uinuusuna

=b

' £
a v

AATgvisemaliaNInggIu (I0) ieUseiliunuwiu (Accuracy) ¥eiaNiauITY a1fy
35n15M19adH Ao Paired t-test MUNISNAADUAINNWANAIBENTUHEIAY NaN1SNAADUN b9

<

IYUAINNTE N 4.6

= o ada ¢ = = Y v
A15799 4.6 N1INAROUAIILYNABITDITTILATIE LnenisiuTeuliigumutuduuesans
azateunsgrutenludoylooou N3As1zrine35u1msgIu (10) wazish

Ty (PAD)

AMUNTUYRIENTazaENInTT UM Ty
r (HadnIuradns) (Mean + SD, n=3)
A79Ee
wataunsgu (C) wadiafiianIdu (PAD)
vathmieu 3935 + 1.08 4030 + 3.99
tin 40.02 + 1.35 40.23 % 1.70
LL:LhE’] 38.83 + 1.00 40.43 + 2.10
Uatan 40.06 + 0.89 40.44 + 1.29
RGN 3991 + 0.68 39.92 + 0.70
5ﬁm 39.63 £ 0.75 39.43 + 2.29

91N915°99 4.6 lemaududuresasazatsunspiuseluienlossuainass

WATANASINIALS U1IATIEVA87TNNEDR Paired t-test LAAT tyo = -1.80 WAYAT toiiy =

Y]

@ Vo1 1 o a 1 1 [y 1 =l o v ~ LY
2.57 HAULAIIAT s < toiiea WUAD NAAATIZWlULANAA WD TYEATY NTzAuAIY

4
a

By 95 % (P=0.05) wansliiiiudn meadiansnsiaindsie PAD iimwdull finnnugndes

Wanale
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miAdeEliihnsUszgndldidenlafiunsusugnuantd Wewdutanudall
éfm%’ua%wammEJa'"sulai%auﬁwuqﬂﬂ3aimaﬁmumzmw (PAD) dmSUNITIATIEMT
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A
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miﬁ’mﬁuﬁgw, wardeeiun1s a8 uvesaIsavaola o Imﬁﬁmmé’mﬁmaaﬂ;ﬂmﬁu
131.93 + 1.04 89 waziilovinisfigatiiondnualieimaiagansseldidnnsounuudes
n31m (SEM) wuin seymaldenlvazimziniduleivaglas uasUnvosieiidusnguves
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%
Y
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a a6 A g Yo v a wa % 1 =
a1sdunsduadanldiluluiesdfusnisle wagaursanusansmsnieninainnistu
Y lPRLuiu
WenagauUszansa nuas PAD Tua1usng 9 138U5081a2 mau el PAD 4
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(% ] [ a v a A a (% sa a dig A o ‘g{
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a a o |
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3 (%
= - a a v Aa v v A

unseiid tnefianduuszandnnsdndula (R winiu 0.9966 (n=3) 8nvia Salmnudies was

AULAUEIFIBNA1Y (SD = 1.38, RSD = 0.85 %, n=10) kazln °’1fﬁ’®m"’1q®6uaaﬂﬁmaa*?m

(LOD) gl 1.35 fadn3usiodns
nsnsratausnanesluioylessvulusied1aunaninsssued wuin ldandesas

YINTIATIVAUNTUBETUYIN 98.57-101.09 FaUtUanIWITUNIWAN 9 (Matrix) Nidlaglu
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SUT N1 WERINSINNINTEINTEnINANUdNTUYeasaratenInssuLeN ey Lavady

Wndagy (n=3) ¥esdilied (Green intensity) 19183 INNTEATYNTOMAIINANTYIU AT

Juwan () 1 ud, (@) 3 wd, (A) 5 wd, (1) 10 wdl, wag () 15 wd
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N4 apnududnialdangenauls Images™

n.4.1 ATuIATIU

A15999 N.7 wanarALtudidediinsisilaongenduls Image)™ vaansmluinsgiu

YBIATATALUINTF LU

ANMUIUTUVD C
, s o AN UY
d139AN8NNTTIY | AIAUTNETY) ANEUL DU oo
. . UIATPINEUNNG
wouluiey \ade (n=3) UIMI5IU (SD)
. m o A (RSD) (%)
(Hadnsumoang)
0 154.254 0.36 0.23
10 146.727 2.17 1.48
20 143.368 1.60 1.12
a0 133.257 393 2.95
60 126.318 4.42 3.50
80 114.822 322 2.80
100 105.066 2.26 2.15

n.4.2 nsAnwAtdudeLuuNInTgIu (Standard deviation: SD) wasAnd U

Lﬁaﬂtuumﬂmsgﬂuﬁuﬁﬂﬁ‘ (Relative standard deviation: RSD)

lﬂl U ¥ a A dIQ 6 Y 12 3 TM
A1519% 1.8 LEAIAIAINNLTNE LT 8aTIAtAsElaangenAwlS Image) ™ 91nd1TaEANY

a A DY A a v 1 a 5 & J
ll’]@ii’mLL@MIMLUU@JWF’YJ’]MLSUWUU 1 4AaNIUMDARNT 1V9UUA 10 ASY (N=10)

Sruauads (n) AAMULTNELTED
161.087
162.497
162.301

164.958
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$ruaunds (n) AN
5 160.900
6 162.468
7 162.412
8 161.793
9 164.343
10 164.198

ARdveIns It 10 ASs = 162.696
SD = 138
RSD = (SD/mLade) x 100 = 0.85

n.4.3 A1INIAITATINAAIEAYBINITASIAIA (Limit of detection: LOD) ila

wuasnildg1n 31ngAs LOD = 3SD of blank/Slope

o ! Yo Aa % ¢ ¢ ™ ¢
M99 N.9 LLﬁﬂﬂﬂ’]ﬂ?'ﬁJLsUllaLsUEJ’JV]’JLﬂSWgﬁ‘ILﬂQ']ﬂ%@WWLL'Jﬁ ImageJ ANFITACANYLLUDNA

F19199um 10 A9 (n=10)

Sruauads (n) ArANUdNERYD
1 158.420
2 158.955
3 158.890
q 158.521
5 158.736
6 158.668
7 158.616
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$ruaunds (n) AN
8 158.302
9 158.550
10 158.668

n.5

ANRAYVBINITIAYING 10 ASY = 158.663

SD = 0.199

LOD = 3 SD of blank/Slope

=(3x0.199)/0.4419 = 1.35

ASANEIAIUINUNIZIANZAS

n.5.1 lesauntdanundnuniingd

4.1.1) Na*
4.1.2) K*
4.1.3) Ca**
4.1.4) Mg*
4.1.5) Fe?*
4.1.6) Fe**
4.1.7) NOy
4.1.8) NO5
4.1.9) SO~
4.1.10) PO,>

310 NaCl

310 KCl

970 CaCOs

911 MgSOy.7H,0

970 Fe(NHg)x(SO4),.6H,0
911 FeCl;.6H,0

920 NaNO,

211 KNO;

2710 K,SO,

971 KH,PO,

(M.W. 58.44 ¢/mol)

(M.W. 74.55 g/mol)

(M.W. 100.09 ¢/mol)
(M.W. 246.47 g/mol)
(M.W. 392.14 ¢/mol)
(M:W. 270.30 g/mol)
(M.W. 69.00 g/mol)

(M.W. 101.10 ¢/mol)
(MW. 174.27 ¢/mol)
(M.W. 136.09 ¢/mol)

1.5.2 AUutuveswsazlaoaufe 40 Naansusadns Tuun DI 25 Nadans
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1.5.3 @N172N15NNaBINERIEN1IT A9l

an1ig (n)

an1iy (V)

A o 1 H
N.6 A0T1UNLNUN YU

- Anwlooausuniu (Interference) LileaaenaLRen

- ARUNISHEREISHANaIUY PAD A

Reagent A > Interference > Reagent B

- @nwn Interference wladnauluiionloasu (NH.") (AN

14 a a o 1 a

Nty 40 Hadn3usiedng) siuegie

- ARUNISHERESANaIUY PAD A

Reagent A > NH;" > Interference > Reagent B

n.6.1 UaumIautukIEsg AUanaeane SnaliaTess JmIaesy
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/

AUANLIUUYINTIG

AUl
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n.6.4 AARIUIELIAYIING LUAIANTZUY LUAaIANTEUY JIMIANTUVWNNIUAT

AaBIUsHAYS N

2R CEENGRN R &

%4 a L) / .
N1SRIABYASVRINTAATISHAUNAY (Analytical recovery)

gnIn"3AnAT Recovery (%) fig

Recovery = [Spiked sample]" - [Sample]?

x 100
[Standard]®

VUEme: 1 Aig anududuresansaraiefieg e Niftatsasatennsguasiy
2 D ANUWNTUYRIENTAYATERIDE 1LYt

3 fio ANUYUTUYRIANTAEAIENINSTIUMNIY

nsiiguaRsgIUaIemata IC
n.8.1 @n1EATad IC
- ARdY Metrosep C4 9@ 4.0 x 150 fadluns
- yueeunA 7.0 lulaswng
- QUi 25 sFTaLTYa
- AN 7.5 Wnzdrania
- @15%% (Eluent) Usgnounie nsalumsn (Nitric acid) A1uduty 1.7 daa

luamedns waznsaanladatin (Dipicolinic acid) AMuITNTY 0.7 Hadluaroans
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- 9m51nslua (Flow rate) 0.9 Jadansmaundl
- 43umsn15@a (Injection volume) 10 lulasans
- nalglun1s3imsizit (Chromatographic time) 7 w9l

1.8.2 NANISAATIZUNIEDA

t-Test: Paired Two Sample for Means

Variable 1 Variable 2
Mean 39.63 40.13
Variance 0.23 0.15
Observations 6 6
Pearson Correlation -0.19
Hypothesized Mean Difference 0
df 5
t Stat -1.80
P(T<=t) one-tail 0.07
t Critical one-tail 2.02
P(T<=t) two-tail 0.13

t Critical two-tail 2ab |
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AMANUIN U

MNMsHmLIgUNTIinTIRinuunsEA1e (PAD) Nadrediuldveuiimeasazanedu
wasuwWdenlaldyauildidunaduss wuin denudululaiazdiluussendldluns

[

a5 iadamn laseenuuuainatenisnsvinilugudiuua uarldasavarslyvnilunisnss

[ < 1 =

Siuafiduresudausnawvuvesiuvanifianvasiluyesdmdsuiuidi uidiegunsal

wifwififogiuliazanlunisaismanateding1n aldwangunsainsafavunseany
LuUdedy (Double layer PAD) Instinifutinnasnsdnldveuiuunsyay ediluld
Tunsasivindan erdenannisiinuisensenitawuisennassiilian (BaCsClL0,) Fdu
vaaude fuansazanedamalessy (SO,.2) ylitinnvnauuwusaudaa (BaSO,) Lazuada-

saaa 1 Y o

AaD519Lanleeau (HC,CLOL) Fetduansnaniausinliduie wdin1595aTAANUT U
AnTumerenALl3 Images™ 8nns ladinsualvaniualalunmsndawsuuseunaesifan T
NEANBLUENTEAY FalaraawsiANIN na1vfe lvvlseuiaiiouniasssueid wavll

sumunIsiiaufnsenvessuisunaasiianiudams laglavinnis@nuiluiidesig 9

sasaluil

9.1 ABN5NAaeg
2.1.1 mswienasazaten1n Ineldenueaiinoiudutu 50 % (vAv) Wudvi
azany
9.1.1.1 H95n77 5.0000 n3y Tuvindan
2.1.1.2 Yndnsazageniuean Ly 50 % (wv) Usuins 5 Jaaans
adlurnden ntu Tuaudiauarsazarslinduiementu uasdensldidunan 2

CRIET

9.1.2 N15AsEL PAD
9.1.2.1 nsadsdnliveuiiuy PAD @rwansazanant
1) TlUsunsy Microsoft word Tunnseenuuu PAD lagaiuunli
YOURMABUFULONTIVUIN 25 X 25 ATNTARUAT LATIINANATINANEIY
Tuflvwiadusugudnans 10 afwns udrfiuiasuunszatynsouas 1

U AG AELATDINUNLALYDS
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2) Ma1saranennwIeulude 9.1.1. a9UUNTEANYNTDINAUN
9an¥1 50U 9 2nay lagldyiuues 0 wse 1
3) selvnnwiaduian 2 $7lus wdwiulmssvain a:la PAD 91

wiosldens (unuilimuelsiifu Detection PAD: DP) fagufi 4.1 (n)

2.1.2.2 MInseuuissunaesianaiglydvniasuu PAD

1) wisnansazagldvn Tnethlden 3 faddns maututhdsieenn
leveu 2 fadans Wutaumauasazaneiu q awnaneduidedentu

2) nupasazaieliv1iatun PAD Usines 40 lulasdng

3) Wlfunsydnnuuissnnaoniianldasiufiarsazarslvani
$1uan 2 Fou (Whadnuszanm 0.0120 )

4) sebiwiadunan 5 wadl azlé Reagent PAD (RP) finauldau

Fagui 2.1 ()

(n) (v)

JUM 9.1 udnan e (n) Detection PAD (DP) imiansazangnitieasiediuluveui

USLIUEAITOUN WY 29na wag () Reagent PAD (RP) 103 NI ULT BUARDIIHLANA Y

a1sazanglyrnn melununainaunihugnzen

9.1.2.3 n15UseAU PAD wuU 2 Tu (Double layer)
11 PAD 7w38ulnainds 9.1.2.1 wag 9.1.2.2 unvusznuiu agldimy
AMERMTLUUlNY (ANUrUIUsEIn 1 Tadwes) Wusiafnsening PAD

ADIUH AAFUN 2.2

. I — Dctection PAD
WUN1I@RInUN —>

*— Reagent PAD

NILULSEUAADS TR

5U# 9.2 9188901MiAYI19v83 Double layer PAD
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9.1.3 Mse38NENsazane KHP buffer pH 3

Felnunadenlslasounman 1.0211 nfu azaredeiiusiaanlosey
USuUsumnsievintnUsuinsunn 100 dadans aantu tharsavareilalutaen
pH LagUsuan pH aensalalasaaesnidudy 1.0 Tuais aulaaisazaiy KHP

buffer pH 3

¥.1.4 nswssuasazarsasgudamaiiannududu 0.1, 05, 1, 2, 3, uag 5

niuAaang

U.1.4.1 WFINATTALANBUIATFIUT AINAAIULTUTY 5 NTUADANT
(Stock solution) Tnedslvunadaudain 1.2500 nsa azatedeiuseinlessy
USudSinmssevininuiinasuune 250 fadans arldasazmennsgiudainai
ALLTNTY 5 NSUFRANT

9.1.4.2 m?wmsazmsmwmgm%’mﬂmﬁmmL%’m%’uﬁm 9 laun 0.1, 0.5,
1, 2, uag 3 n3usedns lelnansazaie Stock 1193 0.5, 2.5, 5, 10 way 15
fiaddns mudy laluraninusunsauia 25 Gadans ud2UTuuiinasdae
Us1Aanteeausudslinuandungs sglaasazaieuinsgudanamnIuad i

AINANT

2.1.5 A1siseNasazatena (KHP buffer uazaisazaiguinsgiudainn) Wi
715929AUL Double layer PAD
91,51 wauasazaty KHP buffer itmioulude 3. WAYENTALAIYUINTIY
Fawlafiedonlute ¢ Surw 0.5 uaz 4 fadans awdsu asluvianaiadin a1niu
wewanlmaniu

9.1.5.2 TUnasazangnanun 100 lwlasans wadvignaduy DP uan 2

9.1.5.3 Uwpansazarsnauunnudn 50 lulasans nenasuy DP hagzdu
IA9DN 15 U
9.1.5.4 $easu 15 w1 iilasidmunndia RP Wuan 2 Ul seau

LLSITEAURDY
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9.1.5.5 uwen DP oan walwmnelasilimuaiuusessavassse iWunan 1
U1 LA2T0AUNTLABUAE NN

1.1.5.6 degudndndmsiiiiaduuy DP udnhamdeldluiinseien
AMNLILE RGB MegondAws Image)™ solu ununinnszuiunsnsivindannaiy

Double layer PAD Wansfisgufl v.3

HaNansazane KHP buffer wagansazanguinsgiudama 311U 0.5 uay 4 1adans

-

nepaITaYasNaLasuL DP 100 tulAsans dual 2 uil

4

NYRANTATANYNANAIUY DP Wudn 50 llAsans waidunaifedn 15 i

]

Mladind RP Wuan 2 undi

]

wein DP 200 wadtmglasiiudn 1 w19 LA2599UNTLABLIETIN

¥

1 a a o o’-dl a ‘;{ Y a (3 Y A v TM
OWBEUﬂNﬁWﬂW%WLﬂQ%UUU DP 1Lla33LAI1enAIULIUEANIY Image)

JUT 9.3 UARILHUNNNTEUIUNIATIRIRdaLAnIe Double layer PAD

v2  HANIINARDY
v.2.1 vegauuisenvesuuisssafalianiudamaluaisazany
anmemvaaenbuil
(1) dwiineauui3ssnaesfian = 0.0080 nu
(2) 9MI1EIVBIFTALAUNANTENING KHP buffer NUa1Taza1guInggIu
FaNAANUTNTY 2 NFUARENT Av 0.5:4 Uadans

NANISNARBINLA LARIAINITIN 2.1
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A13197 2.1 waRININa8dveIaNTaEa1eAnTUIINNTIUL AT EBMUS BUAaRI Tlan

WALANTALANIUINITFIUTANAAUTNTY 2 NFUFDANS

Lainugizen . i
. awargdvasasazaneiiindu
(W)

10

15

9.2.2 ANSANEIUINUNHILULSIUARDTIULAANATIVUNTLANY

1AVINSANYIUINE NN ULS HUAABIIRLARNT MSIUUNTEAE T IUIAUN

%

Inguszanaifie 0.0060, 00120, 0.0180 e 0.0240 n3u (HnmeliiwAzyinuau 1, 2,

' 1%
% fal a

3 kA 4 99U ANUAU) kAEANYIAULTLAVDINANN UNTLAATUUUNTEAY LiID MY
415828181195 UTARTIAUTNTY 2 Uag 5 NFURDAnT NaN1TNAABINLA Land

AR5 N V.2 hay V.3
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A15°19% 0.2 LEAIEN1IZNITNAABY LAaTAINNUEVBINARA N TILAATUUL Double layer

Y

PAD 91nn15vUfAsenvesiuitennaasiliaafuiningng o Weldarsazaie

WMIFIUTANANANULLNTY 2 NTUeRnS

d4019En1s | Bllaveg .
ATWENY PAD
G PAD
0.0060 31 | 0.0120 nSu | 0.0180 A5 | 0.0240 ASY
STnLUS L (1 ¥o1) (2 ¥ou) (3 Y1) (4 %)
Aaos1Tian 7 RP . : A QZ’S
ASIVUNTEANY 2
ADUNLA
DP

Ansaransnay
NvnuRnNTen
ASU 15 U DP
(nauwtlas)
paules

) RP
2 U
wegn DP a9n
wales DP

1 W
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A15°19% 0.3 LEAIEN1IZNITNARBY LATAINNUEVBINARA N TILAATUUL Double layer

Y

PAD 91nn15vUfAsenvesiuitennaasiliaafuiningng o Weldarsazaie

WMIFIUTaRNAULLNTY 5 NusefnS

d4019En1s | Bllaveg .
ATWENY PAD
I GOR PAD
0.0060 31 | 0.0120 nSu | 0.0180 A5 | 0.0240 ASY
LU Y (1 ¥ou) (2 ¥2U) (3 ¥2U) (4 ¥pu) B
AaRI AN 7 RP .
ASIVUNTEANY
s\
ADUNLA
DP

Ansaransnay
U381
ASU 15 U DP
(nouwnlas)
paules

. RP
2 U
wegn DP a9n
wales DP
1 W

NAINN 2.2 Wag U.3 agunanisnaaedlanail

[
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(1) MeNUSIURLUIS suAae T dlaniinssuunsza1y lulademanaainy
Y a v eada X aly v a v o Y] a
WLFveINAnAUTIAATY LazanHanIsaassiile azdenltuivdnuanuissunas-
s11tan? 0.0120 n¥u (2 Tou) Wi olidUTural Reagent i UINLAUNDH BNIT

\nUZNsen

£
=

(2) F19VBINANA UNTNLARTUVUNTEATLANUFLLALD LAeAVDINAN U9

VLT HOANUTNTUYDIANTAZAUUINTTIUTRLNALNLTUY

.2.3 NSANYINTINUINTFIUVIEITaTAUINTFINTNG Lazanududiden
Ipvinsfinugnensnsiadn (Working range) vedansarateunasgiudamn
NN 0.1, 0.5, 1, 2, 3, WAz 5 NSuMpdns Woas19nsmuInsgIu laeviinis
NAaRITaeInTe (n=2) neluduifeniu in1saiegy Double layer PAD iy DP
¥R NA15UGATTUATU 15 U1l 11 PAD saelas wal50unseawliiain
& o | A a v o eda X a ¢ 1 Y o ¢ ¢ ™

ntuihsuaedndndasinietuludeseiainnududnesenduas imagel
AL (Green intensity) 71l 11aF19NTINLIATFIU HANTNAGBIT

19 WERIRINISIN V.4

A191991 ¥4 LARINTINUINTFIUIENINAMUTUTUVRIATaZAIUINTTINTALNR Uas
AMULNVeeELTET (Green intensity) MA1831NNTEATYNTBINGIINATH

UfAzenuasu 15 Wil wenelas udsaunssauwisatin

o & 1 a A Y ¢l a g
MUIUATN AMNAYANAANUNNLAAVUUU DP
MNsNAaDY wazns AU

5¢lLt

0 0.1 5 1 2 3
220

L--o .
200 ®-...... @.. PY
adail 1 -
«a -\ 0 Tttee.,,
g 104 e
2 ]
£
g 160
g
()
140 4 y =-6.2091x + 210.35
R? = 0.9366
120 T T T T T
0 1 2 3 4 5 6

Concentration of sulfate (g L)
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o 5 1 a a o/ (d' a tg
F1UIUAY AMNAYENANNUNNNAYUUU DP
ﬁﬁ']ﬂ'lﬁ/l@laaﬂ Ltagﬂﬁﬁwuﬂﬂig’]u
0 0.1 05 1 2 3
220 L
w0 P e
g o 2 | e
ASIN 2 T e LA .
o 1 Ty, T,
E ...... ®
S 160 -
2
(L)
140 y = -7.7273x + 209.15
R? = 0.9657
120 . . ; 1 T
0 1 2 3 4 5
Concentration of sulfate (g L)
220 L
@
200 4 O
] [ N
E BTN, \W ey L L) L1 L LT 5. LI%
£ ®
\nde e
G
140 y = -6.9682x + 209.75
R? = 0.9663
120 .
0 1 2 3 4 5

Concentration of sulfate (g L)

NANTNA v.4 agUran1IVeandlansil

[

(1) @ TaFUNAAUALIUDINAN S gAY UUY PAD a1u DP laialu

WUTY 2, 3, WAY 5 NSURBAMNT ATLNATY

¥

WiaANu TN TUTaIENTaTANEU IR STINTARLNLNTY

ABDUYNNLANYTLAYALLELD LA8FILLIUTU

2) nsmlamsguiladaanududunse (R wihiu 0.9663 Tsagluinasii

gausule
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ARTICLE INFO ABSTRACT

Keywords:

This work d the first ion of the superhydrophoblc eggshell as an envxronmemal -friendly
Superhydrophobic eggshell material for fabricating the hydrophobic barrier of a paper-based analytical device (PAD). The eggshell sur-
PD X b face was modified by mixing the pulverized chicken eggshell biowaste with stearic acid and a polystyrene binder
I?nﬁ:::: galysis to List drophobicity. The PAD (10 x 10 mm?) is comprised of the circular-shaped hydrophilic
Water reservoir (0 5 mm) The liquid barrier was fabricated by painting both the topside and the underside of the filter

paper with the dispersed superhydrophobic eggshell solution. The SEM images revealed that the microsized
superhydrophobic eggshell particles absorbed onto the porous surface of the cellulose fibril. A coated surface
with a water contact angle of 155.39° + 1.02° (n = 10) on the paper substrate was achieved, and this indicated
superhydrophobicity. The eggshell barrier enabled excellent water and chemical resistance. The fabricated PAD
was applied for the colorimetric determination of ammonium cations (NHJ), based on the modified Berthelot
reaction. Samples and ch i luti were ali d onto the hydrophilic reservoir, with subsequent
capture of the optical image of the stable, green-colored product by a smart phone under a light-controlled
studio. The green color intensities were evaluated by ImageJ™ and plotted against the standard NHj concen-
trations. A wide linear calibration range 5.0 to 100 mg N/L was achieved with good linearity (* > 0.99). The
PAD confirmed satisfied analytical recovery (Mean + SD: 100.6 % + 0.97, n = 11 samples) and high precision
(RSD = 0.85 %: 10-PAD replicate measurements of 1.0 mg N/L). The limit of detection (3 SD of blank/slope) of
1.05 mg N/L was found sensitive enough to monitor the NH4 contents in freshwater. The results, determined by
the developed PAD and ion chi hy, showed no significant difference under the statistical paired t-test at
95 % confidence (tstar = -1.80, teri = 2.57, n = 6 samples).

1. Introduction di stics [3-8], food lysi

[14-19].

s [9-13], and environmental monitoring

Paper-based analytical devices (PADs) have attracted significant
consideration since Whitesides and his co-workers published the first
PAD in 2007 [1]. Then, PADs have become more popular approaches for
quantitative analyses on account of their advantages against conven-
tional methods, such as cost-effectiveness, portability, simplicity, high
speed, point-of-care detection, and minimal sample and reagent con-
sumption [2]. Currently, there has been a continuous growth in the
number of reports related to the applications of the PADs for clinical

Fundamentally, the PAD is composed of two components, i.e., hy-
drophilic paper and a liquid barrier. The hydrophilic paper is exploited
for aliquoting the sample and the reagent solutions. The liquid barrier is
fabricated on the native paper, normally, the laboratory filter paper,
using a hydrophobic material that is insoluble in water for defining the
liquid flow path. A series of fabrication technologies have been devel-
oped, including, photolithography [1,20], wax-printing, painting, and
dipping [21-24], inkjet printing [25], vapor phase deposition [26],

* Corresponding author at: Flow Innovation-Research for Science and Technology Laboratories (FIRST Labs), Bangkok 10520 Thailand.

E-mail address: nathawut.ch@kmitlLac.th (N. Choengchan).
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plasma treatment [27,28], laser cutting [29,30], laser toner printing
[31,32], and manual plotting [33,34].

There are many hydrophobic materials which are utilized for
establishing liquid barriers. Typically, all the materials offer excellent
water resistance. Nonetheless, each material and the corresponding
fabrication approach have their own benefits and drawbacks. The
characteristics and performance tests of the interesting hydrophobic
materials and their fabrication methods are summarized in Table S1. SU-
8 photolithography [1,20] creates barriers which completely resist
surfactants, aqueous, and organic solvents. However, the commercial-
ized SU-8 photoresist is expensive. Although permanent pen ink is
regarded as low-cost, it is not convenient for mass production of the
PADs by manual plotting [34]. Even though the wax printing technique
[21] is simple and viable for the series creation of paper devices, the wax
barriers could be penetrated by low-surface tension surfactants and
organic solvents. The hydrophobic sol-gel-derived methylsilsesquiox-
ane was applied as the liquid barrier by inkjet printing [35]. The barriers
effectively repelled organic solvents and surfactants. Unfortunately, the
fabrication process was cumbersome. The other user-friendly protocols,
namely, spraying of the acrylic lacquer [36], nail polish [37], and
scholar glue [38], as well as drawing of the acrylic resin [39], were
demonstrated. Because the lacquer [36] lacked flexibility, the hydro-
phobic lines on the paper were easily destroyed. Major components of
nail polish [37] are the detrimental volatile organic compounds. This
disadvantage could limit the application of this kind of hydrophobic
reagent. Scholar glue [38] necessitated a long time, ca. 120 min, for
drying it on the paper platform after patterning. Unless the 3D pen had
been mentioned as an instrument-free fabrication, the additional UV
flashlight was still required for the curing of the painted acrylic resin
[39].

There have been several publications explaining the use of organic
solvent soluble polymers as hydrophobic materials. Polyvinyl alcohol
fabric ink [40] had been applied for screen-printing the dumbbell-
shaped hydrophobic pattern. As the solvent-based ink, it contained
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of superhydrophobic eggshell have been described, e.g., self-cleaning,
oil/water separation, and glass or textile coatings [47]. To our knowl-
edge, none of the reports mentioned fabricating the super-
hydrophobicity on the paper substrate with the hydrophobilized
eggshell. Additionally, the application of the superhydrophobic eggshell
coating to create the liquid barrier for the PAD for the quantitative
analysis has not been presented so far.

Herein, this work aims to demonstrate the fabrication of the hydro-
phobic barrier of the PAD using the superhydrophobic eggshell coating.
The surface of the eggshell biowaste was chemically modified by mixing
it with steric acid [47]. The dispersed modified eggshell solution was
further coated onto the filter paper by manually painting. Morphology
and hydrophobicity tests of the superhydrophobic eggshell-coated paper
substrate were carried out. The performances in terms of chemical
resistance, physical durability, and flexible patterns were also evaluated.

To exhibit the proficiency of the fabricated PAD for quantitative
analysis, it was applied for environmental monitoring of the ammonium
cation (NHz) contents in water samples. Ammonium cations are easily
converted to molecular ammonia under alkaline condition. Exposure to
even low concentration levels of ammonium/ammonia is toxic to many
forms of aquatic envirc [51]. Cc ly, the ia ni-
trogen contents in freshwater must be below the regulation limit (2.3
mg N L) [52]. The development of analytical methods for the mea-
surement of ammonium cations is thus of great significance. Even
though the instrumental methods namely, ion chromatography [53],
electrochemistry (54, fluorometry [55], and colorimetry [56], afforded
highly accurate results, their apparatuses were expensive and bulky.
‘Therefore, many PADs have been developed for the sake of low-cost and
on-site analysis [52.57-61]. Their liquid barriers were fabricated using
various kinds of hydrophobic substances, including solid wax
[18,52,57], paper sizing agent [58], fabric ink [59], and UV resin [60].
To the best of our literature review, this work is the first report on
patterning the liquid barrier by the superhydrophobic eggshell. The
modified Berthelot reaction [60,62.63], in which salicylate and

less viscosity. The ink then easily flowed throughout the paper thick

Poly (dimethyl siloxane), or PDMS, was utilized to simply create the
liquid barrier by a modified x,y-plotter device [41]. Nevertheless, it was
predominantly important to dissolve PDMS in hexane. Recently, the
polymeric binder glass varnish has exhibited high performance for
developing hydrophobic barriers [42]. Besides the solvent-based poly-
mers, a water-based polyurethane acrylate (PUA) [43] was also
exploited for making the hydrophobic paper by soaking in the PUA so-
lution with subsequent UV light curing. Apart from the mentioned
chemicals, a biomaterial had been applied as a hydrophobic reagent.
Jarujamras et al. [44] recently adapted rubber latex for assigning the
barcode-shaped hydrophobic lines. Their work had motivated our
attention to explicitly discover a novel biomaterial or biowaste for the
low-cost and environmental-friendly fabrication of the hydrophobic
barrier for the PAD.

Eggshell is a solid biowaste left from both household consumption
and the food industry [45]. Normally, eggshell waste is dumped into
landfills without any pretreatment, which can cause environmental
troubles. It is necessary to recycle eggshells as value-added outcomes for
economic and environmental benefits. Chicken eggshell, a major
eggshell waste, is a porous bioceramic composed of 94 % (w/w) CaCO3
[46]. CaCO3 from a calcified chicken eggshell can be treated as a pre-
cursor to produce bone substitutes, pollutant adsorbents, and coatings
[47]. Nonetheless, the surface of CaCO3 comprises a large amount of free
energy, leading it to become more hydrophilic [48]. This hydrophilic
nature of CaCO3 can hinder its further development. The modification of
CaCOj3 is therefore particularly crucial. Among the modifications,
superhydrophobic surface coating is pra A superhydrophobi
surface is termed as a surface having a water contact angle of more than
150 ° and a sliding angle less than 10 © [49]. There have been successful
efforts to convert the eggshell surface to superhydrophobicity using
stearic acid, a non-toxic C-18 hydrocarbon [47,50]. Various applications

ate were used instead of toxic phenol and unstable
hypochlorite, for the specific and sensitive detection of NH{. Optimi-
zation for the detection conditions and verification of the NH; con-
centrations with the validating ion chromatographic method were also
assessed.

dichl
dich 'y

2. Material and methods
2.1. Chemicals and reagents preparation

All chemicals used were of analytical reagent grade. Deionized-
distilled water (18 MQ:cm) was prepared by the Zeneer Up 900 water
purification unit (Human Corporation, Seoul, Korea) and used
throughout the experiments. The NH; stock standard solution (1000 mg
N L) was prepared by dissolving 0.3821 g of ammonium chloride
(Carlo Erba, France) with 100.00 mL of water. Working standard NHj
solutions were prepared daily by appropriate dilution of the stock
standard solution with water. The chromogenic solutions were classified
as “reagent A” and “reagent B” [60]. Reagent A composed of 0.624 mol/
L salicylate and 0.016 mol/L nitroprusside. It was prepared by dissolving
2.5 g of sodium salicylate (Sigma-Aldrich, Germany) and 0.125 g of
sodium nitroprusside dihydrate (Analar Normapur, Belgium) in 25.0 mL
of water. Reagent B consisted of 0.056 mol/L dichloroisocyanurate and
0.68 mol/L tri-sodium citrate. It was freshly prepared by dissolving 0.25
g of sodium dichloroisocyanurate (Sigma-Aldrich, Germany) and 5.0 g
of tri-sodium citrate dihydrate (Carlo Erba, France) in 25.0 mL of 0.5
mol/L sodium hydroxide.

2.2. Preparation of superhydrophobic eggshell

The superhydrophobic eggshell was prepared according to the pre-
vious work [47], with a slight modification to make it more
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eggshell. (A): The “household™ chicken eggshell biowaste after rinsing with water, (B): The

eggshell powder after grinding, ball-milling (30 min), drying of ethanol (99.9 % (v/v)), and molecular sieving (150-mesh), (C): The eggshell powder during surface
modification with 10 mmol/L steric acid in 99.9 % (v/v) ethanol, and (D): The suspended superhydrophobic eggshell with polystyrene (PS) binder in THF (99.5 %

v/v)).

(B)

Fig. 2. Di i hi ing the
patterns on a Whatman™

(D)
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for fabrication of the superhydrophobic eggshell barrier of the PAD. (A): Drawing the circular-shaped
No. 1 filter paper by a standard 2B pencil and a plastic template, (B): Cutting to achieve the square-shaped PAD with the circular-

shaped hydrophilic reservoir, (C): Manually painting the suspended superhydrophobic eggshell solution around the hydrophilic reservoir, using a paintbrush, and
(D): The ready-to-use PAD with the superhydrophobic eggshell coating. Note: The illustration drawing in Fig. 2D represents the stearic acid-modified eggshell, coated

on the paper substrate.

envi I-friendly. A sch illustration of the preparation
workflow is presented in Fig. 1A to 1D. The steps from Fig. 1A to 1B
summarize the physical processes for reducing eggshell sizes. First, the
“household” chicken eggshell biowaste was rinsed with water and
ground using a mortar. Later, the eggshell powder was mixed with
ethanol (99.9 % (v/v)) by mechanical ball-milling for 30 min and dried
in an oven at 70 °C for at least 30 min for complete drying of the powder.
Followed by molecular sieving through a 150-mesh sieve. Next, the
surface of the eggshell particle was hydrophobilized by disp g0.81g
of the eggshell powders in 30 mL of 10 mmol/L stearic acid (QREC, New
Zealand) in 99.9 % (v/v) ethanol (QReC, New Zealand) with vigorous
stirring at 50 °C for 30 min (Fig. 1C). Then the mixture solution was
dried in an oven at 70 °C for 60 min and pulverized using a mortar to
obtain the fine powder. After that, 0.4 g of the fine powder and 0.2 g of
polystyrene or PS (Plasworld Intertrade, Thailand) binder were sus-
pended in 2.5 mL of tetrahydrofuran or THF (QRéC, New Zealand) to
finally obtain the suspended superhydrophobic eggshell solution as
shown in Fig. 1D.

2.3. Fabrication of the PAD with the superhydrophobic eggshell

Diagrammatic graphics representing the fabrication procedures for
the PAD using the superhydrophobic eggshell are depicted in Fig. 2A to
2D. Started by drawing the circular-shaped pattern (9 5 mm) on a
Whatman™ No. 1 quantitative filter paper (Cytiva, UK) with a standard
2B pencil and a plastic template (Fig. 2A). Each pattern was gradually
created, circle by circle. Then, the paper was cut into a square-shaped
PAD (10 x 10 mmz) (Fig. 2B). The circular configuration was assigned
as the hydrophilic reservoir. The hydrophobic barrier was easily pro-
duced by painting the suspended superhydrophobic eggshell solution
around the hydrophilic well using a Masterart™ paintbrush No. 1 on
both the topside and underside of the bare paper (Fig. 2C). Before
painting, the solution containing the suspended eggshell microparticles
had been vigorously stirred to prevent the sedimentation of the particles.
This is to ensure that the eggshell particles can be adsorbed thorough the
bristles and, eventually, lead to the well-coated surface of the paper
device. The fabricated PAD was left at ambient temperature (ca. 5 min)
inside the fume hood for the removal of the solvents. Finally, the PAD
with the superhydrophobic eggshell barrier was obtained (Fig. 2D).
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Fig. 3. The analytical steps for the simple colorimetric determination of NH; based on the modified Berthelot reaction using the proposed PAD. (A): Aliquoting 3.0
L of reagent A (0.624 mol/L salicylate and 0.016 mol/L nitroprusside), (B): Pipetting 3.0 yiL of standard NH; (5 to 100 mg N/L) / sample, (C): Transferring 3.0 pL of
reagent B (0.056 mol/L dichloroisocyanurate and 0.68 mol/L tri-sodium citrate), and (D): Capturing the digital image of the PAD using an iPhone11™ smartphone in

a constant light illumination studio.
2.4. Instruments for characterization

Morphology and structure elucidation of the as-prepared super-
hydrophobic eggshell powder were examined by a JSM-6610LV JEOL™
scanning electron microscope (SEM) and an 8900 Perkin Elmer™
Fourier transform-infrared (FT-IR) spectrometer, respectively. The hy-
drophobicity test was carried out by measuring the contact angle of the
dropped water (5 pL) on the surface of the superhydrophobic eggshell
coated paper substrate using an OCA20 Dataphysics™ optical water
contact meter. The differences between the hydrophobic and hydro-
philic surfaces of the patterned PAD were also examined via a MVX10
Olympus™ macro-zoom microscope.

2.5. Determination of NH; in water sample by the developed PAD

Fig. 3 shows the analytical steps for the simple colorimetric deter-
mination of NH; based on the modified Berthelot reaction [62,63] using
the manufactured PAD. The concentrations of the chromogenic reagent
solutions were adopted from T. Thongkam et al. [60]. The procedure is
started by pipetting a 3.0 pL aliquot of reagent A (as mentioned in
Seetion 2.1) onto the hydrophilic reservoir (Fig. 3A). Later, a 3.0 uL
aliquot of water sample or a series of the standard NH7 (5-100 mg N iy
solutions is transferred (Fig. 5B). Next, drop a 3.0 uL aliquot of reagent B,
as prepared in Section 2.1 (Fig. 3C). The PAD is then placed in a
constant-light illumination studio. Exactly 5 min later (defined as the
reaction time), a digital image of the PAD is captured using an
iPhonel1™ smartphone (Fig. 3D). The digital images were downloaded
to a labtop computer and processed using Image J™ software. A fixed
area was assigned for evaluating the color intensity of the optical images
in the hydrophilic reservoir. With ImageJ™, a uniform cropping of the
constant area for all investigated images can be achieved (see Scheme
S1). Later, the mean values of the red (R), green (G), and blue (B) in-
tensities were recorded. The green intensities were plotted against the
standard NH4 concentrations for the construction of the calibration
curve. The green color was selected as it offered better linearity and
higher sensitivity than the other color channels.

2.6. Method validation

Ton chromatography (IC) was selected as the validating method. The
parameters of the Metrohm™ IC system are summarized as the
following conditions: Metrosep €4 column (4.0 x 150 mm, 7.0 um) at
25 °C, elution with 1.7 mmol/L nitric acid and 0.7 mmol/L dipicolinic
acid as mobile phase at a flow rate of 0.9 mL min~', 10 pL injection
volume, and conductometric detection. The chromatographic time was
10 min. Note that freshwater samples were filtered through a 0.20 ym
nylon membrane before analysis.

3. Results and discussion
3.1. Characterization of the superhydrophobic eggshell microparticles

The morphology of the as-prepared superhydrophobic eggshell was
characterized by SEM. Results (Fig. S1A and 51B) revealed that the ball-
milled pristine eggshell and the superhydrophobic eggshell comprised
diverse irregularly shaped microparticles. The particle size distributions,
estimated from the SEM images in Fig. 82, presented wide particle size
distributions (1 to 25 pm). It was also observed that the super-
hydrophobic eggshell had a smaller particle size than that of the pristine
eggshell.

The FT-IR spectra of the pristine eggshell, stearic acid, and stearic
acid modified eggshell powders are presented in Fig. S3A to S3C. The FT-
IR spectrum of the pristine eggshell (Fig. S3A) displayed absorption
bands related to carbonate (CO3 ") vibration of CaCO3 at 710 cm Lforc-
O in-plan bending-v4, 873 cm ! for out-of-plan bending-v2, 1080 cm
for C-O asymmetric stretching-v3, and 1404 em ! for C-O symmetric
stretching-v1. These results indicated that the pristine eggshell consisted
of CaCOs. The surface of CaCO3 holds substantial free energy, making it
more hydrophilic {48]. This suggests that the modification of the pris-
tine eggshell to achieve hydrophobicity is very important. The spectrum
of stearic acid (C;7H35COOH) as presented in Fig. S3B showed absorp-
tion bands attributed to vibration of alkyl (-CH3 and ~CHy) and carboxyl
(~COOH) groups at 715 cm ! for C-H rocking, 2844 and 2910 cm ' for
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Fig. 4. Summary of the results, obtained by the characterization and the hydrophobicity tests. (A): and (B): The top-view SEM images of the native and the coated
superhydrophobic eggshell Whatman"™ No.1 filter papers, respectively (inset images are their corresponding photographs). (C): and (D): The eross-section-view SEM
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measurement (inset figure).

C-H symmetric stretching, 940 and 1465 cm ™! for C-O bending, and
1694 cm ™! for C=0 stretching. After modification of the eggshell surface
by stearic acid, the absorption bands (I'iz. S3C) allocated to the vibration
of stearic acid functional groups appeared along with those of the CaCO3
groups. Additionally, the absorption bands of carboxylate group (COO")
at 1400 and 1575 cm™! for asymmetric and symmetric stretching vi-
brations were also found. These identical peaks indicated the formation
of calcium stearate (C;7H35C00),Ca) through the esterification between
the carboxyl group of stearic acid and the hydroxyl group of absorbed
water on the eggshell surface [47]. The results confirmed that the sur-
face of the pristine eggshell was successfully modified with steric acid.
An illustration drawing of the structure of the stearic acid-modified
eggshell is shown in Fig. 1D.

3.2. Characterization and performance tests of the coated
superhydrophobic eggshell paper

3.2.1. Characterization

The native and coated superhydrophobic eggshell paper substrates.
Results are summarized in Fig. 4(A) to 4(D). Results in Fig. 4(B) show
that there have been several microzised modified eggshell particles
absorbed in the cellulose fibril networks and their porous structures of
the Whatman™ No. 1 laboratory filter paper. Results in Fig. 4(D) also
clearly reveal that the modified particles penetrated through the pores of
the filter papers. Therefore, these particles can block the capillary flows
of liquid along the fluidic path of the paper substrate. The thickness of
the filter paper after fabrication was also evaluated, and this could imply
that the thickness of the eggshell coating on the paper substrate was less
than 100 mm (see Fig. 54).

3.2.2. Hydrophobicity test

The hydrophobicity of the superhydrophobic eggshell barrier was
tested by aliquoting 10 pL of aqueous red dye solution onto the assigned
hydrophilic reservoirs of the PADs. Results are illustrated in Fig. 4E and
4F. As expected, the dye solution spread across the hydrophilic region of
the non-fabricated PAD, even the circular-shaped reservoir was
patterned by the hydrophobic graphite 2B pencil (Fig. 4E). This result
obviously signifies that the graphite 2B pencil is less hydrophobic. It is
necessary to promote the hydrophobicity of the paper platform. In
contrast, the superhydrophobic eggshell barrier completely prohibited
leakage of the dye (Fig. 4F). The dye solution also flowed rapidly over
the hydrophilic area of the fabricated PAD, demonstrating that there
were no superhydrophobic eggshell residues in the liquid flow path. This
result implies that simple manual painting is efficient for patterning the
liquid barrier.

Later, the boundary between the hydrophilic reservoir and the
superhydrophobic eggshell barrier was inspected using a macro-zoom
optical microscope. Fig. 4G clearly demonstrates that the border be-
tween the superhydrophobic eggshell and the native paper was distinct.

The hydrophobicity of the coated superhydrophobic eggshell region
was further examined by contact angle measurement. When the water
contact angle is greater than 150°, the tested surface is considered to
have superhydrophobicity [49]. In the inset image of Fig. 4G, the con-
tact angle of a water drop on the superhydrophobic eggshell area is
equivalent to 155.39° + 1.02° (n = 10) for the topside of the paper. This
result suggests that the fabricated eggshell area contained super-
hydrophobic properties, which led to excellent water resistance. Based
on the best of our literature reviews, we have observed that most of the
contact angle values, measured on the surfaces of various modified
substrates [47,50,64 70} as offering superhydrophobicity (Table 52)
have ranged from 151° to 156°. These values were not different from the
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dodecyl sulfate (SDS, 0.01 mol/L), and THF (99.5 % (v/v)). The red dye
solution had been added to the above solutions prior to transferring
them (10.0 pL) into the hydrophilic reservoirs to visually investigate the
barrier effectiveness. Additionally, the chemical resistances to triton X-
100 (99.0 % (v/v)), acetone (99.9 % (v/v)), acetonitrile (99.5 % (v/v)),
ethyl acetate (99.9 % (v/v)), benzene (99.7 % (v/v)), toluene (99.5 %
(v/v)), and propanol (99.0 % (v/v)) were also studied. As red dye was
slightly dissolved in these solvents, fluorescein (0.01 mol/L) had been
spiked instead. Then, aliquots of 10.0 pL of the tested solutions were
applied to the hydrophilic reservoirs, and the optical images of the PADs
were captured under UV illumination.

The results in Fig. 6A evidently show great compatibility of the
eggshell barriers with all tested solutions, excluding THF, toluene, and
propanol. The damage to the barrier was likely the result of the disso-
ciation of the modified eggshell. Nonetheless, it can be concluded that
the superhydrophobic eggshell barrier provides excellent resistance to
commonly used chemicals.

The physical durability of the superhydrophobic eggshell barrier was
assessed, whereby the PAD was severely bent to simulate the damage
induced on the device before being put into contact with water drops.
Results in I'ig. 6B show that the red dye droplet (10 uL) neither collapsed
(at least 20 min) nor leaked; coating of the superhydrophobic eggshell
on the paper substrate showed high stability.

3.2.4. Flexible patterns of the PAD

The flexibility of the PAD pattern was also surveyed. Several alter-
native patterns were created, as illustrated in Fig. 6C. It is distinctly
observed that the superhydrophobic eggshell is applicable for fabri-
cating PAD with various patterns. The circular configuration was
selected for inventing the PAD for the NH{ detection because of its
easier fabrication.

3.3. Development of the fabricated PAD for the colorimetric detection of
NHy

3.3.1. Optimization study

Physical parameters that affect the sensitivity of the developed PAD
for the colorimetric measurement of NH4 were optimized. A summary of
the optimization study is presented in Table 53. Note that the concen-
trations of the modified Berthelot reagents were adopted as reported by
T. Thongkam et al. [60].

At first, the effects of the aliquoted volumes of the chromogenic re-
agents (i.e., reagent A and B solutions) and the standard or sample so-
lutions were studied from 2.0 to 5.0 uL. Both the reagent and the
standard solutions were simultaneously investigated by aliquoting equal

| Results are p d in Fig. 7A. Sensitivities, in terms of the

Fig. 6. Summary of the results of the perfa tests of the fabricated PADs
in terms of (A): Chemical resistance, (B): Physical durability, and (C): Flexi-
bility designs.

contact angle derived from our work. Additionally, our contact angle
was found to be greater than that of the other PADs, as summarized in
Table S1. Note that it was necessary to paint the superhydrophobic
eggshell solution on both the topside and the underside of the native
paper to prevent leakage of liquid at the underside paper, as depicted in
Fig. 5. However, it should be mentioned that painting on both sides did
not delay the manufacturing process. Our fabricated PAD requires a very
short time (1 min) for drying and removal of the solvent (see Table S1).

3.2.3. Chemical resistance and physical durability tests

One important aspect associated with the existing fabrication
methods for the PADs is the chemical resistance of hydrophobic barriers.
In this work, the withstands of the superhydrophobic eggshell barriers to
chemicals were evaluated with various kinds of aqueous /organic sol-
vents and surfactants, e.g., methanol (99.9 % (v/v)), ethanol (99.9 % (v/
v)), HCI (1.0 mol/L), H,S04 (1.0 mol/L), NaOH (1.0 mol/L), sodium

slopes of the standard calibration curves (10 to 200 mg N Y
dramatically increase as the aliq d vol increase. Hi , the
greater volumes (4.0-5.0 uL) occasionally overflowed out of the reser-
voir, while the lower volumes (2.0-3.0 pL) completely spread over
without evidence of flooding. As a compromise between the sensitivity
and the well-being of the liquid flow, the aliquoted volume of 3.0 pL was
then considered appropriate.

Next, the effect of the diameter of the circular hydrophilic reservoir
was investigated from 5.0 to 10.0 mm, while the aliquoted volumes of
both the reagent and the standard solutions were fixed at 3.0 L. In this
experiment, the standard solution of 20 mg N L' was studied. The op-
tical images in Fig. 7B represent that enlarging the diameter resulted in
the fading of the developed, green-colored products, especially when the
largest size was studied. Therefore, a diameter of 5.0 mm (the smallest
reservoir) was chosen to eliminate the dilution effect.

Finally, the effect of the reaction time was examined. In this research,
the reaction time is defined as the time when completing the transfer of
all the solutions until capturing the optical image of the PAD in the
detection studio. The concentrations of standard NH; were studied from
10 to 100 mg N L, and the volumes of the reagent and the standard
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Fig. 8. (A): The optical images of the PADs for the selectivity study, obtained
by spiking 40 mg L of the individual or the mixed foreign ions onto the hy-
drophilic reservoirs and (B): Comparison of the corresponded green color in-
tensities of the PADs, after spiking 40 mg N/L of standard NH;, and 40 mg L! of
the individual or the mixed foreign ions (insets of Fig. 8B are the optical images
of the corresponded PADs). Note: The mixed foreign ion solution contains 40
mg L of each ion.

solutions were kept constant at 3.0 pL. Results in Fig. 7C indicate that
when the reaction times are prolonged from 1 to 15 min, the sensitivities
are gradually enhanced. The reaction time of 5.0 min was chosen by
considering sensitivity and analysis time. By the selected time, the
hroughput of 12 les h~! was achieved. This is practical for real

routine applications.

3.3.2. Selectivity study

To examine the selectivity of the developed method, the effect of the
individual foreign ions commonly found in freshwater samples, i.e.,
Na', K*, Ca®*, Mg?’, Fe?', Fe®*, NOz, NO3, SOF, and PO, as well as
the effect of the mixed interferences on the colorimetric detection of
NH7, were investigated. Results in Fig. 8(A) display the colors of the
reagent solutions in the presence of the tested foreign ions after drop-
ping a 3.0 pL aliquot of the individual foreign ions (40 mg L) and the
mixed foreign ions (containing 40 mg L of each ion) onto the hydro-
philic reservoirs. These observed colors were the same as the reagent
blank color. These results mean that the chromogenic reagents could not
react with the foreign ions. However, after transferring a 3.0 pL aliquot
of the standard NH4 (40 mgN L‘l) onto the same reservoirs, the colors of
the products turn dark green (inset images of Fig. 8(B)). This was due to
the colorimetric reaction between the target analyte and the reagents.
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Fig. 9. An example of the calibration plot (5.0 to 100 mg N/L) obtained by the
fabricated PAD for the colorimetric determination of NH; based on the modi-
fied Berthelot method. The optical images of the PADs are one representative
from triplicate measurements (n = 3 PADs).

Furthermore, the developed colors on the PADs and their related color
intensities (Fig. 8(B)), calculated by the ImageJTM software, are not
different. These results confirmed that the developed PAD is selective for
the colorimetric measurement of NH4 based on the modified Berthelot
reagents.

3.3.3. Analytical performances

Fig. 9 illustrates an example of a calibration plot where a wide range
of the standard NH3 concentrations (5.0 to 100 mg N L) is achieved
with good linearity (* = 0.9959). Reproducibility was verified by
applying 1.0 mg N L™ to ten different PADs: a relative standard deviation
(RSD) of 0.85 % was obtained, indicating high precision. The limit of
detection (LOD), as 3 SD of blank/slope of the calibration equation, was
observed at 1.05 mg N L', This value was sensitive enough to monitor
the NHj contents in freshwater [52].
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The analytical performances of this work were compared to the other
PADs [18,52,57-61] in the literature for the colorimetric determination
of NH3. Results in Table 1 exhibited that our method provided compa-
rable performances to the others in terms of linear working ranges, LOD,
and RSD values. The analysis time for the measurement of the NH{
contents in the sample by our portable PAD was rapid (~5 min/sample).
This outstanding feature results in the high effectiveness of the devel-
oped PAD approach for real routine and on-site analysis. Remarkably,
our outstanding characteristic is that this is the first application for
fabricating the liquid barrier of the PAD by exploiting the super-
hydrophobic eggshell coating. Using this kind of material contributes to
the low-cost and environmental-friendly fabrication of the PAD. Addi-
tionally, recycling the chicken eggshell biowaste for the production of
the superhydrophobic eggshell coating promotes the value-added
benefit.

3.3.4. Application to water samples and validation

The developed PAD was applied to water samples to test its feasi-
bility for real use. Various kinds of samples with different matrices, i.e.,
freshwater, fishery water, and drinking water, as presented in Table 2,
were determined. All samples (excluding drinking water (S11)) were
prepared by vacuum filtration using a 0.20 pm Nylon membrane filter
(Sartorius™, Fisher Scientific, UK) for the removal of colloidal or sus-
pended particles. Then, the filtrates were 100-fold diluted with water
and spiked with standard NHj to obtain the final concentration of 40
mg N L for all samples. First, the recovery was evaluated, and the
calculated values were observed from 98.57 to 102.0 %. These results
recommended that the colorimetric measurement of the NHj contents
by the PAD was not perturbed by the sample matrix effect.

To verify the accuracy, some representative water samples were
analyzed by the developed method and the validating ion chromato-
graphic (IC) method with conductivity measurement (see Section 2.6).
The results are summarized in Table 3. There is no evidence of a sig-
nificant difference amongst the compared results based on the statistical
paired t-test [71] (tyae (—1.80) < e (2.57)) at 95 % confidence. This
data guarantees that the developed PAD provides high accuracy.
Furthermore, the analysis time of the PAD (5 min sample’) was also
faster than the IC method (10 min sample"). Nonetheless, it should be

Table 1
Comparison of the analytical and ch istics of the PADs for the colorimetric ination of ia reported in this work and the
other works in the literature.
Hydrophobic barrier/ Colorimetricreagent Sample Analytical performances [Ref]
Pl Working range (mg ~ LOD (mgN L) RSD (%)
NL
Wax/Printing Acid-base i 6.5-100 6.5 0.8-6.8 (18]
blue)
Wax/Printing Acid-base i yellow 0530 0.32 7.6 “and 9.0 [52]
and bromothymol blue) i yellow) yellow) ine yellow)
2.0-10 0.47 13 “and
® blue) (b 2.5%( 1 blue)
blue)
Wax/ Printing Nessler Vitreous humor = 7.0-35 5.6 9.3 571
Paper sizing agent Acid-base indi 3-nitrolphenol 10-100 0.8 3.1 58]
(4 % alkyl ketone dimer in n- and bromothymol blue) (3-ni ) @ 3 )3.7
heptane)/Printing 10-50 1.8 (bromothymol blue)
b blue)
blue)
Fabric ink/Screen printing. 3-nitrophenol andNessler Wastewater 10-100° 8.99 8.99 [59]
(3-nitrol 1 (3-nitrolphenol)1.08
3.14 (Nessler)
(Nessler)
UV resin/Screen printing Modified Berthelot Soil 10.0-100 05 3.2°and 3.0¢ [60]
Cutting Acid-base indi h 1 5.0-50 13 <10 [61]
blue)
Superhydrophobic eggshell/ Modified Berthelot Freshwater/ 5.00-100 1.05 0.85 This
Painting Drinking work

Note:  inter-day and * intra-day repeatability  Similar working ranges were obtained for both Nessler and 3-nitrophenol reagents, and ¢ The PAD was cut and inserted

into the microplate sealing system.
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Table 2
Recovery of the developed PAD for the colorimetric determination of ammo-
nium in real water samples with different matrices.
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Methodology, Validation, Writing — original draft. Panpailin Seeharaj:
Superwswn. Nathawut Choengchan: Conceptualization, Project
ation, Supervision, Writing - review & editing.

Sample Sources of NH; concentration ? (mg N Ll Recovery
Code v Fortificd  Found (Mean £5D,n (")
=/3),
s1 Hot spring 40 40.30 + 3.9 100.8
s2 Waterfall 40 40.23 + 1.70 100.6
§3 River 1 40 40.66 + 5.65 1017
S4 River 2 40 40.43 £ 2.10 101.1
S5 Canal 1 40 40.10 = 1.04 100.2
S6 Canal 2 40 39.92 + 0.70 99.79
7 Canal 3 40 40.29 + 0.07 100.7
S8 Shrimp farm 40 40.80 + 1.50 102.0
S9 Fish farm 1 40 40.44 + 1.29 101.1
S10 Fish farm 2 40 39.91 + 0.39 99.78
S11 Drinking 40 39.43 + 2.29 98.57

Note: ? The original concentrations of NH in all samples were non-detectable.
All water samples were collected in Thailand at different sampling sites, as listed
in the following information: (S1 to S3) from Chiang Rai Province, (S4 and S5)
from Ratchaburi Province, (S6, $7, and S11) from Bangkok, (S8) from Samut
Songkhram Province, (S9) from Nakhon Nayok Province, and (§10) from Cha-
choengsao Province.

Table 3
Comparison of the NH{ contents in the spiked-water samples, determined by the
validating IC and the colorimetric PAD (this work) methods.
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noted that the original concentrations of the analyte in all water samples
were non-detectable for both the IC method and the colorimetric PAD
(this work).

4. Conclusions

This is the first report that the superhydrophobic eggshell is effi-
ciently applied as a novel hydrophobic material for the cost-effective
and environmental-friendly fabrication of the liquid barrier on the
PAD. The superhydrophobic eggshell was prepared by 1 modi-
fication of the surface of the chicken eggshell biowaste with stearic acid,
a non-toxic C18 hydrocarbon. The dispersed superhydrophobic eggshell
solution was manually painted onto the bare filter paper to easily
manufacture the liquid barrier. The coated superhydrophobic eggshell
on the paper substrate enables it to effectively withstand water as well as
commonly used aqueous and organic solvents. A successful demon-
stration of the fabricated PAD for the colorimetric measurement of the
NH; concentrations based on the modified Berthelot reaction in various
kinds of water samples is achieved. The developed PAD offers a wide
working range (5 to 100 mg N L) with good linearity (% > 0.99). High
precision (RSD = 0.85 %) and satisfied analytical recovery (98.57 to
102.0 %) are also plished. The NHj in water
samples determined by this work and the validating IC method show no
significant difference.
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