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A slow-release oxidant candle is an emerging technology being used to deliver
chemical oxidants for groundwater remediation. The objective of this study was to quantify
the efficacy of slow-release persulfate candles to treat an organic contaminant in a long-
term and controlled manner. The release characteristics of slow-release persulfate candles
(1:3, wt/wt, paraffin:Na,S,0s) with and without ZVI candles (1:4.7, wt/wt, paraffin:Fe?)
under batch conditions were quantified. Batch results showed that PS+ZVI candles initially
released a large mass of PS with concentrations reaching 5,000 mg/L, which would be
sufficient to treat most prominent organic contaminants. This passive in-situ technology
was able to completely degrade an aqueous solution of methyl orange (MO, 100 mg/L),
which served as an organic contaminant surrogate, in 50 h. By using a stacked array of
PS+ZVI candles in a saturated sand tank (70 x 30 x 3 ¢cm) with 2 mL/min flow rate and
spatially sampling throughout the tank with time, the PS distribution pattern and zone of
influence were determined. Results showed the uneven PS distribution toward the bottom
of the tank and MO concentration decreased by 90% in 36 h from both the sampling array
and the effluent ports from the 2D-tank. A longevity study projected that using this PS+ZVI
formula to create candles will negate the need for oxidant replenishment. These results
support the use of the slow-release PS+ZVI candles as a practical approach for long-term

in situ remediation of contaminated aquifers.
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4.4 MINAadVUY Column Study (2D-Tank)

" v

Y [}
Tudeiiilumsnaasenmeluesl§ianis Taoi luamsuzsyuulasgiuiaauily

u

[

o o ¥ 4 A I a 4 <
mssavsdnyas lfmilousuiunldau (Subsurface) umsosnuvuiipyive lHau1sany

(3

Y 1 g o Y o dy EY = J o

AIDYNNUT U i]ﬂ(lﬂ"v] GIJ’ENLL‘]JiJma’ENUlﬂ Lllllli]WaﬂquiﬂfGlUﬂWiﬁﬂ‘H1ﬂ15ﬂ5$ﬂ18@]ﬂ]@ﬂlﬂ@i‘ﬁfalwm
VA 9 = =2 |a A Yy 9 A

D9NINNUNUNYU Slow-release lla31%1uﬂ15ﬁﬂyﬂlﬂﬂﬂﬁuqﬂlﬁ5@ﬂ']’]lllsllilsllu‘ﬂaﬂaqm@\iﬁ"ﬁ

% I 4 o Jd o o 1
AUV D Methyl Orange Fuiluddouiie lasuarsioidamaioutunarisiuly

5. dslawinlasuainmsien

5.1 ifluessanuilumsivese 1

a a o o 1 a { I @ 1 A
Uszansamlumsthiamsninananau lawanaan idlusuaseaedaunadon

v
=) =

¥ Y
53 MR g smsnanszuumsiiaasdsiudasiy ndudleouluduuaziinlasld

U

maTuTadaze1a91n3 198U slow release persulfate



a
unnz

U

v d a 4
U3NAI55UNI TN N IDLNIN IV

iesnnlsznnsludsemalnodiulvgjilszneuedwnuasnssu Jananiaes lulanee
Y Y o A A a A Ao o A
dedldarsdsdagimieoniuguuanannnmanyas mszlgnishdinyvelszimane

9 v o [ 9 I Y g A g @ a I ¥ a =
117 Hud1zvas L!a%éll']'JT‘Wﬂ 1Wuau ﬂﬁuulW@LﬂuﬂWﬁﬁﬂHWWﬁWﬁﬁﬁlﬁulﬂiJ']ﬂﬂ\‘]LﬂiJ INHATNTI

a A

o a3 9 @ 9 = a A 1A @
suiludestlosnuiildgadonanaanismsinyas ldnnaungou Taemmized1sgsaindag iy

U

13

=KX o Y 9y [ A o A [ Aa 1 A A da!
lﬂyﬁﬁﬂﬁfﬂ\jﬂ’]l‘ﬂuﬂﬂ\iﬂlcb'f,l']ﬂﬁ']‘llﬁ@gWGI)'@ﬂLﬂUﬂﬁgﬁ]']LW@anﬂnJﬁﬂH']Wawaﬂiﬁﬂ\iﬂﬁﬁﬂuwﬂﬂlu

a

o

[ IP-N =3 d' ] Sld' dy =1 [ [ 1 1 a [
NN i]illﬁfl\?hlllhlﬂ WuﬂﬂTﬂWﬁLﬂH@]iiuﬂQW3@Ft]3“]Jigiﬁ'ﬂﬂiy’ﬂ?ﬂ’]iﬂﬁ@ﬂﬂﬁﬁ’]iﬁ’lﬁﬂ FUANIGY

ov

[ k4
=

2 ? a H ' { o T 3 YA a
dunadounsluauuaz luih Fesamnsogmiwure Tvaasgiuidusonraunuihaiaunay

v
=1

E { ) 1 g‘) 1
i ldau1dluiige Tagiunnudagivildiuedisuwivarslulsumalneiuntisoanilu

' 4

1 1 1 14 4 4 =~ 1 =~ 1 4
valgngu wunqmmmﬂuﬂamﬂw NaNeBINIT IUAaDTU ﬂ@iJhl‘ﬂiﬁ)g‘;]fu NANUATITUUNA

I 9 [ A A 9 g’; £ [ =\ J [ 1 1 4 EX o w
1uau ﬁmmawuw“lﬁyuua@ﬂqm@@ﬂﬁgwwmmaﬂu”lﬂ FEU NQNATTUUNA 1¥lumsman

uwaiosnndnalasasedoszuulszamusaunasldeded nqueeinm s Turloawla 19lums

o o ] [ v 1 1 o o [ a ]

N1 mmawymﬁﬂaﬂmmmwa;uuimmﬂm ﬂ@u@@iﬂﬁiuﬂﬁﬂ%u Lﬂﬂllﬁafiﬂﬂﬁuﬂll@mﬁ
' o o A g o & 'y ¥ o Y 1 Y

LLW‘TH’ﬁ1fJEl,‘L!ﬂTiﬂﬁ]@l,!,llﬁ\WIL“]J‘L!ﬁﬁgﬂl@Q‘W“]ﬂm@’JEljﬂ‘5\1ﬁ'i1@%60ﬁ1iﬂ11ﬂﬁ15ﬂ@ﬂﬂ101u

v v
A =

' 9
‘ﬁiﬁJGIfWIlw]}@fJN@fJNEJTJMTH Lmz@i%ﬁﬂﬂ’d@]@ﬁﬁﬁ%ﬁﬂ@u"] Vlhlllslflﬂﬂ?ﬁﬂ?ﬂ MYITIWTDAIND

v Y

2 o g - 2 ¢ o ~ & ]
nsgnu lagiuiladedeslunsituuiavesuyydosnanin dagiivarsyiiatigndaninle
< ~ ] 9 9 1 A Aqud £ o A 1 o
nTan vnfinaudnedu msuaazatian s iusengniaedagisuanaranu 11 insasns Ine
1 122 [} YR A v [ A a a Lé ~ 1 = dy =KX A
drulngasluldgaaanuen)udagisrialagianiiaiesediaunsr mduiloudiiaim

A é! =Y a d' 9}& a a 1 :é aa .
TULTINNBUaNTIaarsiaveId1s N 1F Fenulnasr 1T aINAIATI%IA (Half Life)
A & 199 o A Yy ¥ 9 < ' R B
vosmswiatunleszeznamsaatganumasaNuaududssaz 50 Wumlavinaaiedala
9 a o A A Aa ' A 9 AY o W
1 uagriavesmsliudagiisunrianinnuaimuaednzaunadoni luminu Tag
1 Y o dy 1 2 aa 1 A 1 2 aa [ d =2
ansoua laaall aamuga (MAseFIannna 6 mou) Aanuiunais (Aase33a 6 dlannd d

A <3 Y [ R Aa o £d [ [ R Aaa 1 A
6 190U) AINUIANY08 (A1A333I0 2-6 dUa13) uay luaany @1A39FI0N1ANIT 6 1ADY)

(McEwen,F.L & G.R.Stephenson, 1979)



-8 -

NndeyavensuInmanyas laseaumsiuasminemanyas ludagiunun

= o =Y % a I 1
PsmamsdudasnivesIneludl 2550 Hl5um 67,805 au Asiluyani 15,026.32 A1
= = v a d 1 FY 2 A 1 1 v A = [}
nazdl 2551 511 66,563 au Aadluyan 19,181.75 1M Fedenegluszaungs Famnlu

= A o Y 1 ] Y a ] @ dy =
nmsaugursenuasnsii ) 1ded1elugndesazinannuludasads uenvinii qilsal wag

3 [ 1

Y 9 IS 1A 9y A o o A
AU (2518) vl,ﬂ5'IEJ\TIHﬂ'IiGLGHﬁ'IiLﬂﬂJGU’ENLﬂBG]iﬂivh/]EJ‘W‘]J’N3Jﬂ151"]fﬁ15m3Jﬂ1ﬁ]ﬂﬁ@]§j‘1/‘l"]fﬂu@8'lﬂ
1 9 1 1 g’/ dy g}/ S A
u,wwmﬂ”lmmmicluﬂqu Organophosphate t181Z Carbamate NN IZaIsNIgelsnniing
anan Tuszezi ldwwnuly Gaissw 2536) Tassziidgnseimsinansiadionianunoe
o aaa o ¥ o <3 I o o A . [
ﬁ"]il']ﬁi]‘VIT}JQﬂSfﬂﬂ’UfNﬂ']'TﬂNTLlL’f)uul‘ﬁﬁJVlﬁWﬂﬂﬁJﬂ\‘iﬁ%UUﬂﬁgﬁTﬂﬂﬂ Cholinesterase #IUH1T

1 g).l =1 a‘{ 9 A d' é =1 1 .
Ny Carbamate uuﬂﬂahlﬂﬂﬂﬂi]%‘ﬁlwﬂulﬂ 21521an Ao YsznnNnilaiTen11Cholinesterase —

= 1

Inhibiting Carbamate Wi Tagn7 11/ Tugilvoserainuuas Uszinni 2 58091 non —cholinesterase

. . 2 A 1 a 9 < o w j’ ..
inhibiting %Qhﬁjuﬂizﬂﬂﬂﬂlﬁl\‘l sulfur N’diJE]QLLﬁ$u83JGlGHLﬂuEJWﬂ1i]m"]5E]iW (fung1C1des ) uazen

¥ W

v ' v
A9 1% WY (herbicides ) 1t Carbamate NIT0INGNHNTN19 Neurotoxicity UAFHAN T0I02]]
1 =) zﬂ' 1 Yo A o w W A 1
AMNFUUTIINAIT (@UT8l nazame 2518) e 19mMonyEd laTuasialiniadagisizdana
1% cholinesterase anaeyi11# liamnsorhanulaautnatei Ifinamsazauueq Acetylcholine
~ ] ] 1 a . . I o 9
N9A0032121915281M (Nerve ending ) @3913198 Neuromuscular junction 1unai1diszaim

a [ 1 o a a d' Y dal = o 1 =
Uil’JmﬂﬁﬂﬁTJﬂNWUN@ﬂﬂ@ I@‘I‘c’lﬂ85LLﬁ'@Q@1ﬂ1i‘]J’JﬂL3JE]EJﬂaHJLu’E] “]J’J@ﬁ‘i‘lel$ AT DDULNAY

[ %

1hanes uazdIdsvmaniivadagialulSagunneniinadreusuineimssnnszgn uaz
p1deT 0 18
113 2545 nese FIoUN i Tnsamadhsz i lsanuanastisadagislunyasningu

= @ 9 . A = [N A
weanalszmalaelenseaunaaon (Reactive paper) N85 lnautodimolsaouitlunsog

v =X

da/ = o v w 1 4 J o
G]J"J@ﬂQﬂiﬂ'lmﬁ'liﬂ'ﬁ]@ﬁﬁgﬁ%ﬂfjﬂﬂ’E]‘iﬂ'lTUV\I'ﬂ’ﬁW‘IG]LLﬁZ ﬂWi'U'ILlI‘VII@ﬂﬂWiGli'ﬁ]’ﬁ’ﬂ’U‘ﬁ'ﬁ$@’U

Iy A A o ° 1 YA =
L'E)ullqlflliﬂﬁu!ﬂﬁl%@ﬁﬁiuta@ﬂﬂl@ﬂLﬂH@iﬂﬁ'ﬂfJﬂﬁgl‘ﬂﬂ’ﬂTHfJu 456,420 ﬂuW‘]J’J’]E!ﬂJﬂ’J’UJLﬁfNLLag

[ a

[ o I ~ o g’.} [ g’}
ul,llﬂa’f]@ﬂflﬁﬁ]'luﬂu 84,760 AU ﬂﬂlﬂu%@ﬂa$15.21 "U@\uﬂ‘]&lﬁiﬂiﬂllﬁliﬂﬂ']iﬁiﬁéﬂﬂﬁﬁﬂﬂ ANUU

dyd A I A A I a 1 1 o
msﬂaumma:nnJumimummmzﬂuqumazmwaﬂszwmaqmmwaumﬂmmmymﬂi

Q

o & A g [ (% 1 dy Y 1 a g a %} o w =
I@ﬂ@]i\? mumwmﬂumiﬂmﬂumimﬂanungixuuunﬁwﬂu@u uaﬂum NIIN1VATTIAY

=3

A v A ) " Ak o & A o 7
‘Wﬁﬂﬂwx‘l{luﬁﬂlﬂﬂﬁi’)ill‘ﬁa"luﬁlﬂllﬂ'ﬂllﬁ]TLTJuLW@ﬂ’J”I?J‘]JﬁﬂﬂﬂEJ‘U@Q?JL‘!HEJI@EJ?'J?J



-9-

a o a
ﬂ%ﬁmumimmmimuiﬂﬂmimmimddﬁmmmmmﬁlumﬁaaﬂcv"lﬂcnmiauw‘%éﬂﬁ’

[ 1

a J o o w A A A &’ A A a ~ ax o
g (F1590NHUAUN) Iﬂﬂu11ﬂﬂ’lﬂﬂ1uﬂﬂ msdwtleu nseisentaniTenn1I1 5NN

v v Y
UYPnIer00nFaruNYAn 1A (In situ chemical oxidation, ISCO) A431/N 2 T WHNIEd 11TV

q

Y
a v Aad

dda & A o "y a 1
aﬂmvmumiﬂunJaummmiaizumgmuﬂﬂ ﬁ"lilﬂﬂJ‘]J'N"]fuﬂuuﬂJ’)‘ﬁﬂ']i‘i_l'l‘i_lﬂﬂi'lﬂ'l]lNuWQ

=

J a @ o v d 1 CO a
ll'lﬂuﬂl,ll’ﬂﬁ'lil,ﬂllﬁllNﬁﬂ“].lﬁ'li?)u‘ﬂiﬂ ’Jﬁ')ﬂif’]'lﬂ‘l’i'Nglﬁlﬂ'liﬁ'l'i_lﬂLﬂu"l,ﬂ’ﬁlfﬂﬂﬁuﬁgmﬂﬂ'I'Jﬁ’ﬁ]l,ﬂﬂ
. . . = g A o Y a a o AN 1 @ 1 F) a
Mineralization “JNL‘]J‘Hﬂi%‘U'J‘Llﬂ'li“lm’ni“ﬁmﬂﬁ'liWﬁ@lﬂﬂ!m‘lﬂulﬂlﬂu@uﬂiTﬂﬂ@ﬁﬂ'lWLnﬂﬁ@ﬂJ (tna

o P @ Yz a 9 ¥ A a aq A da v
ﬂ'l"’]fﬂ'liﬂ’ﬁ]u"lﬂf]f]ﬂ"l"’]fﬂuﬁzH'IL‘]JHNEIWEWIQ'@WTIEJ) ‘leiuﬁ'li@uﬂiﬂﬂN"]f‘l!ﬂ”ﬂlliﬂiﬂﬁi'l\iq@i

o ] a L4 a 1L a o o A o 1
Tuanagudou hidunsognoend lad lasaseonduauilninanisindaiauysel 14 uaas

a g A P A Ado Yy Ao 9 v <
@aﬂmmu‘nmmamﬂaﬂuimaﬁmmieumﬂ Qﬂa1’Ji]1ﬂIﬂiQﬁiNWﬂfﬂ%ﬂﬂi‘Hﬂﬁ1ﬂlﬂH

Y A 1 o w as a = ax = Yy kS =2
Iﬂi\iﬁiN‘VN1ﬂ@]i’)ﬂﬁ‘UTUﬂIﬂfJ’J‘ﬁVIN‘E'iilJ%WﬁTﬂfJﬂﬁ“BW ADNNFININ) ]lﬂ ATUU ISCO Ay

an A o o o & a % q ya '
’J‘ﬁ‘ﬂ“’ilﬂgﬂ‘]_]ﬂ']fl"]_]T]Jﬂfﬂ5ﬂulﬂJ@uiuﬂullazu']cl@lﬂueﬂ'mu']ﬂ

Removed leaking tank

Stainless steel
applicanon well

Inject oxidant Pressure and —
into Temp monitors
contaminant

Unsaturated zone

Groundwater Saturated zone
p—_ G oy\ay

In-Situ Chemical Oxidation (ISCO)

‘l.lﬁ 2 In Stu Chemical Oxidation “H‘i ® ISCO

(ﬁm :http://'www.regenesis.co.uk/products/in-situ-chemical-oxidation-isco/

Y = A o A a
IDNUNBIUN 1 YWY 2556)




-10 -

o Y] = 1 axa 9y A = J [ [ Ay ] [
msihtamaniiuaaz s ideanazidouanaianu lasiiy 15Ul seqaninveg
o Y] g = 1 1 %’ ay 9 (%) = < a P a a
Tsahiiavnaeneudaseiiinelaslsszuume s Ivusuilueonsuausnilssansninag

v Y

SR LA GLE FANTFUNINTFIUNGY (Standard reduction potential, B’ =+2.10 V) 1A 35 1 1)
1 1 o Aa 4 [ a o w
aldarelumsduiumshgannlasmmznsldnaenu I lumssaamaTo Tau nsiinia
A18A191 VT 1150 Permanganate (MnO,, B’ = +1.70 V) F4ne liinadand1s (F119) ludunado

=K Y a s =\ 4 F) a o w 9
sawdne ldnalsuamuamilauazuuamiia laoon lsaanmeluaugs msihiialasls Fenton
Oxidation Fawanani Idifumsifimdndidnduiigedotanuiuansoonduauifiianuse

Aa ad a 4 A
Tun5¥e8anAToUIINAITOUNIIA® Hydroxyl radical (OH®; E* = +2.80 V) LiAtH8391nA21%
= a a Lﬂy 1 = = o 9 ) (% o (]

maﬂimaqaugaaﬁsz%uﬂu"lnuwugwfmwa a1 OH® Musauanauazaateded e

<3 o a [ v W ~
529151 faeenFuaunniadndsandunInsguiguilusedsin OH Ao Persulfate radicals

o, 0  a ) . 2\ ¥ o .

(SO, ) (E' =+2.60 V) MNANNITNTEAU Persulfate anion (S,0 ) a2efaden1euen (Activator)
o roa ¥ oa o w vy 0 o A ' ~
Tagdd S,0, wutulianuaso lumsiniageeduad (E'=+2.10 V) aaunisn 1 uariniinig

a 1 a d . @

N32AU Persulfate 1ag 19 Activator 1¥ifan1saniasudianasoutioaniian Persulfate 92
A 2 . o, w A o ' Y . Y Y] £
laewily Persulfate radical (SO,”) A4aNNI5N 2 #29819M15 19 Activator laun nslFanudeu
M3 14 Tangns gy (Huang et al., 2002; Anipsitakis and Dionysiou, 2004; Hou et al., 2012; Wu et

A ] . oy A 2+ A Ty o = Y 9
al., 2012) #3913 1% Zero valent iron (Fe’) %30 Fe’ #30A21UANU AIGUNIIN 3-4 NINTEAUAIY
[ <
MIneuaIsans1iileian (UV) (Lau et al., 2007; Chan et al., 2010; Shih et al., 2012; Gao et al.,
J A gd a A g‘/ a dg! a 4 =
2012) T0AUDINTLUIUMT UV/Persulfate HADURNI01UNATUIINAI1TOONFUAUNABAINGID

A9 Ao OH® waz SO, Fegnadunelduasgd (Berlin, 1986) AIAUNITN 5-6 HAZMITIANAIIY

Flusanlav laemsiuaiiey Fludu

S,0,” +2¢ 2250, [1]
S,0, +¢ =250, +50,* 2]
Fe* + %0, + H,0 = 2Fe’ +40H [3]

S,0 +Fe’'280,° +50,” + Fe" [4]



- 11 -
$,0,” +hv=2250,% [5]
SO,* +H,020H® + HSO, [6]

Y
Y R

A Y o Y A =2 A o '
RzUUMIa0n 1% Persulfate tazAINTzAUNIHIZANRNANNA A Tueg1ann Tums
o w A Y a Z‘, o o Y FY o W = 19 1 o A
iaasainanna luauiv spdszanamsthyandesddslumsthiavan ldiuadndiuns
1 = 9 Y A Y o 1 I A A
pazaaIsal nsldaisnszquiinilddie azain vazdszvdanildiieninngado n1s
’q Y <3 d A 1 1 o A 2’, A Yas 1
Yszgndldmanguevise zvl ludiuvesmauiumstuy msaenl¥isaruaumslaosans
a 1 9 A A = d A A I [
DONFUAUNUUUFI 1130 slow release 130 control release U una@onnirauloiusgrann
9 v
MSITENTaNALNUNTINTALUUALAY HIaN31aNLaIR A (In situ chemical oxidation)
Y
14
1 1 a I 1
Kambhu et al. (2012) 181991013HAA Persulfate candle 1UN1sAIUANMISUapea1sAll
(] 33 o J o ) o o & o 1
281391 9 3z ldurarasus vl esFamavazii i 1lslumsiiiiadluma TuTagnaeuinalny

o 4 4 ] o o [ o w
TasliTagilszasanotie Iin1saaieaaveod Persulfate 11 u l1lo 19819 Tun151i1iaans

9 1 Y
Yudlou ieunldluiealjiamsdahaulaenslianusounaznsnay Na,S,0,



NN 3

B uHUMIIVY

1. MINARBIVIAILNMS

3‘; = F) 1 1 1 A
GLH"‘IJHG]@uﬂﬁl,G]iEJllﬂﬁ"‘U@QIﬂNﬂﬁﬂSzﬂﬂﬂqﬂﬂjﬂﬁjuﬂ@ﬂﬁﬂﬂﬁ’suﬂ@

= k4

=] a dd‘ o | %
1.1 NIIANEINIAIIOUN aﬂumﬂmﬂummmmu

o o dy AA o Y I a a d A g’/ I A &
ﬁm'ﬁﬂﬂiﬁmiumimmlumﬂstuaumﬂmaiﬁﬁamiwﬂﬁauuu Wuasmilu

A A

@ aa A J A 1 I 9 [ Y o o g}/ g
AN UVIFISIANOUNT I uazdodnduaisaunuuunuaUs1udasnsn lsnun th NIUY

L1

a a SAq Y a 4 1 1 1 9 1T A A a S
auAAesN 1w UM nAs1zv ’mmmumaaﬂﬂqﬂwm 9 ll@] 3NQUAD auamesNunas
. . = S = = A A a A s 1
(neutral indicators) ¥99¢U¥29nM31)aeuaN pH naN 9 A pH Uszwa 7 duamnein haonu

I . . L. . = A A A A I 1 A >~ a A

unsa (indicators sensitive to acids) 9z UF WM Ilasuan pH uae vsonasuan pH g
' a a 7 ' <3| ' . | . = IS = oA

A1 7 uaz duAmesN aeanuiluaig (indicators sensitive to bases) ¥ ¥ Iaeouan

I = ° '
pH Hlunsane pH @121 7
9

dyo o ya A 9y A o I a a J a A
‘VI\‘l‘L!?f”I‘HS’]JTﬂi\‘]ﬂTi"l ulﬂWﬂﬁﬂﬂm@ﬂ%ﬂ asnihudusuanmesdeIriiane

l
A A Q

< a3 a 4 ¥ 1 a A <
1. Methylene blue - LﬂuﬁWiT]iJ’ﬁu'lNLlLﬁaﬁgﬁﬁllﬂ 5%133”;1@113%14@1ummmmgﬂumgmu

v 9

a A I dal Y = a dyd A g o Y
Gllf]\‘lﬁ'lif]uﬂiﬂﬂﬂulﬂ@uul@aEl'Nﬂ ﬁ']ﬁcb'u@uuﬂigﬂﬂﬁ']\‘lﬂlﬂuﬂjﬂ ﬂ11ﬂﬂﬂﬂﬂcﬁﬂﬂjﬂ

Q £ U

] ]
A A

Subsurface 18 1agd10 111 liasenudngilseaen lun13 19 2D-tank tNo@n1TIAROUA

dy =R o & 9 ~ a (Y] J v 4
vosa1sdutou e ndudeulasurtiavedals uadineu landinnilszasnvea

Q

TAsamsau

G

< a J A A o 12 A ! 1%
2. Methyl orange - Lﬂu’ﬁ1i@u‘ﬂiﬂ nmmmmmamwuumngﬂaﬂullﬂmmm pH LA AN

[

J ¥ wa Y a X 9 o d‘
1u§ﬂ1ﬂ 3% ﬂymgIﬂj\?ﬁﬁqﬂllagﬂmﬁﬂﬂ@ﬂ']utﬂu'ﬂ’]ﬂﬂTWLU@Q@uﬂﬂllﬁﬂﬂiuﬁqiqﬂm 1

& A 3w Aa  Add g o ¥ a 2 oy 2
G]Nﬁ]mfmJumlmu"ummimuauﬂiﬂﬂﬁﬂmﬂuaﬂymz%u@mmuenmmﬂm



-13 -

=
[
o —]
S
h
-
-
)
P
=
Pt
o
I

3171 3 Fv09 Methyl Orange iloliman)asuuilag pH

( TETE http://www.scitech.net.au/moodle/file.php/1/Yenka Workshop/Year 9/venka/

ph_testing/venka_sims__ph_testing.html 1Wdadio ui 1 flt]lﬂflu 2557)

q‘ 9 o 9 ~ dy Y
MINN 1 Tﬂﬂﬁingmzﬂmﬁunﬁmumu—mﬂmwmamu

MW
Dye Chemical structure Molecular formula
(g/mol)
Methyl
CH 3 )2N4©7N= N~©7803- (CH,),NCH,NNCH,SO;Na 327.33
orange

[

A A Y} o = S A = A o
ﬁ"l!ﬁfﬂﬂlﬁ@ﬂi% Methyl orange NUNIINAABDIN 9’]‘Qﬂigﬁ\‘lﬂLW'ﬁ]ﬁﬂE'lﬂ'lﬁLﬂﬁﬂuﬁTU@\?

Y g’/dl [

Jd o @ a £
asfessanla uazfny1ons NI anaIveIEISIANBUNE SAUIIUNUTOY 4 A6 A1l
I & o G AA o =
1. Methyl orange (Huniialua13§1man Azo dye 5015 N1HUTE -N=N- 1az91nM5ANY
1 1 gd' 9 [} 1
wunlszua 15% vesansmartiiignldlulssnugasmnssuedaunsvais uas ag
gaweldonnszuaun1sdon (Daneshvar et al., 2006; Inoue et al., 2006; Gomare et al.,

= 29 " A ' ] @ <3
2008) Fasageouaril lasarulvygnuinvunlunqudinavuazorvuaunglu

ga 4

Ay 1 1 ?,‘ a ] 1 ?,’ ya @ I 1 a 9 v
ﬂ?iﬂﬂlﬂ@“gl!ﬁﬁﬁﬂ?‘ﬁiiﬂ“ﬁ”lﬁ wunvasi laauswiluuvaswwaaiaulvnuvuuye

q

#0'1'1& (Riu et al., 1998; Sureshvarr et al., 2010)

£4
1A

o o [ 1 3
2. MIMIATTIININ Methyl orange Iasuanuaulasganinvnaunneasmariinedlu

[ v A A

A ' 9 a d a & v A 1T A AAaa
asalanennlunisnelinalsaugise 9ANIETIMAINGINNY lagnsInoaaaIa lu

! 9
%

[ 50’ H [ L 1 [ A 1 o A
uvani Tasiasmariilegnidesasgsssumanu sinaenisgniiiateTagisnig
FITUBIAKIBITNIFINN (Coughlin et al., 1999; Guettai and Ait Amar, 2005; Puvaneswari

° o 3 A A ° v A '
et al., 2006; Peng et al., 2008) ¥1 1% HANuTuT uedwasNdoviaemsaiil 1feglugll



-14 -

A d 1 Y =2 Y = A Y 1 4 9 a
ﬂlﬂﬂjulaf}a‘ﬂlaﬂa\iﬂ@u L!.a')ﬂﬁi“]f')'ﬁ‘ﬂ1¢]%')ﬂ’lWW‘Iﬂﬂh’if‘ﬂﬁﬂ@ﬂﬁﬁ?ﬂﬁuﬂuimllﬂﬂqﬂwaWfWI
& 2
11 CO, ttag U1 (Gayathri et al., 2010; Pi et al., 2014)
3. @13 Methyl orange U wu UANUIUS ﬁﬂJﬂJWﬂﬁlUﬂ13u1N11aﬁﬁﬂH']ﬂ'lﬁ‘ﬂ']af’)ﬂﬂ']ﬁ!ﬂa@uﬁ'l

J = 9

A Faado = = a A 1 < 1 A
WennaIsiaIdiangaau awdazimsiasuaeneninudunsa-aie y

v

dy ~ ) Y v A (% @

wasuly udanstidunmeaniioziunlflunisg szezuassafimanszaedinionds
o o Y a J
NITUIVANIYTITDDNFUAUN

YA o [l A a o Y o =2
4. 5]1ﬂﬂ151/]ﬂ1/]']1!']55mﬂ5551lE;I"Jﬁ]EJVIJJ‘WUUV]ﬂ’JW?JTﬁ’E]ﬁ'IENTL!ﬂTi’Ji]El‘lﬂ"] llﬂ‘ﬂ'lﬂ1iﬁﬂ']eﬂ
' x> = v 9
MIFAAYAIVOY Methyl orange 'JfJ ‘ﬁﬂ?ﬁ‘ﬂ'lllﬁ]iJﬂWﬁ‘iJa@ﬂﬂl@ﬁlﬂ@ﬁ“ﬁalﬂﬂﬂgﬂﬂi%iﬂuﬂﬂﬂ

%

dy < A ]
Lwaﬂﬁlllflll’lﬂﬂu "lN‘Vl']Sl, nIv EJ‘L!L‘]JL!L E]\i ']ﬁuslﬂlﬂu@ﬂ']\ﬁ\l']ﬂ

1.2 20nUUUNAZAIMYANINAABIEIHTY 2D-Tank
= a a A o Y] ana A Y

msanulszneumsnasadszaniammsiitadsalounIgauLU LY

[ A 5 =~ Y1 [ Yy o
o ﬁﬂﬂ‘uﬁﬁg W 1a8 Controlled-release activated persulfate (1N Persulfate lg3mnuzvI) HIVYIL

o o g‘/ a 9 o an A A A 9

mmstaesruau laglsuuudiaes 2 1@ (2D-Tank) SUVFMAGUNUAIVUIA 1.00 Y. x 0.45 . x

v @ o o Y A . ' 9 2
0.03 4. (NI x ¥17 x U1 WUIVDIUVUIIADIITNIAIYNTLINKTO Acrylic D81 UDYHUIATU

A Y <3 A o o A Y
e lduaufiumsnaoudIvesaIsazatenelunuyIiaosnasaaaziie Ing11150
asvdUMIIARUAIv0ms 1A szneunulddunsofasumsaatediniendinisgniiia
Ta# Controlled-release activated persulfate (Lﬁ 8UPersulfate GlGlng'i' A" UZVI) UISBSII’EJEJ'NQﬂGE]} 99 AINAN
0 Y & g Ao < A q9

melusyyudiasses lensie Ottawa (YUIA 20/30) CBQL‘IJ‘LW]?WU‘VI?JGUHWQLiJﬂ‘JJW]ﬁﬂWL! LW’E)GI,W‘VL]ﬂﬂTi

o o MY v Y o v 3 o
ﬂﬂﬁ@\?’ﬁﬁﬂiﬂH1N1llﬁﬂﬂlﬁﬂﬂﬂu1ﬂ6fJNQﬂG]'EN NIUADAICYNAIVANAIGUINUNVDINT 1AL

]
=1

as o I ) dy Y < @ 1 Y 1 A
Fimsuadaniluszuy unuraesiivzgnesnuuuldmuisaiudaiediala 3 seania fo
FOINNAATYNAVNTZUY FOINNNA15NAI00NINTZU LAZUTIUATINANVDILLUTIABY
= o ' < 2 = o Y Y
Fae13i08199zgnn Y Taslduaag 0a51013 ladgszuuvesasazalsuugnalugylag

ﬁnqu%ﬁ@ﬁﬂ (Peristaltic pump) ﬁﬁgﬂﬁ 4



-15-

Peristaltic pump

Candle location

/ Sampling ports Effluent port

}%@mcm%‘

70cm

Reservoir Reservoir

311 4 gANAan 2D-Tank

Y

= =S

13 MsesaNasnil
v & a3 g’/ { k4 YRR | k4
msnivansadedluasaidundenlylulassnmstnaaas 1l

Y A A YA = d a A A A
1.3.1 mmuuuumaaﬂ%ﬂ@ Methyl orange G‘H\ilﬂuﬁﬁﬂuﬂiﬂ UAUAITALND

=2 =2

3 o ) = 3 9 @ o 1
ﬁ$ﬁ']ﬂu'l"”lﬁgﬂu’l‘lﬂiﬁbﬁluﬂ'ﬁﬁﬂﬂTQQﬂ'JTNLTJull‘]Jllﬂsllf’NﬂTiﬁaWﬂf"l’Jﬂlﬂﬂﬁ?iﬂﬁﬂﬁ']’ﬂﬂﬂ?iﬂﬂﬁ@ﬂ
)

dy a dﬂld % 4 % o w
1V Batch Mailaglims lFmsyiatiiuasdmmuiognisniza1eaive Persulfate Tunsihiia
¥ Y
Tuaanzaududadissiinielu 2D-tank
a S A YA I = RERS
132  a1509nBuaunNaenl¥ne Sodium Persulfate ¥aa1u1sauandl iy
. 2- A o Aaan 1 @ % 9 9 a PR
Persulfate anion (S,0,") taziieinlfnsensanuainszdu az ldesoonsuauiniieynimgs

A UANAD Persulfate radical (SO,)

9
v A

133 ganszquiainsale 1duulivatenuy wu Hydrogen peroxide (H,0,)

0 A A 1A 9 9 3 v v A S o
Fe Fe(I) #1390 Fe(IIl)) NISIWUATNIOY mﬂ%mmi@u LﬂUQULL@LWﬂﬂQTNLﬁNTSﬁNﬁTViillﬂ15

Yo v A (Y Y o

111111991959 dAAvedendInszau Fe

U Q

%38 Zero-Valent Iron (ZVI) Iagazriin1snaaealdly

(%

ANUZUDI Controlled-release AIFUNU

Y
S

Y
134 a5l wazdielseneulunisnana Controlled-release activated persulfate

1 [ g’; < a [ [ o % [ 4
(fiouPersulfate 1959002V duszitlumssia@ernunumsviuiiouly Fediseezszgna



-16 -

v
=

o ' 2 o d
991318794 Controlled-release persulfate ¥191NTUVDY Kambhu et al. (2012) Fauiluaun fﬁﬂmﬂurﬁ'

1 = 3’/ Y
saanu lulasemsiuaie

1.4 M3A939)0 AaMNANMUVNTUVRIATIAN
v a = Y o ) A a ' A

141 mstealesFamladusniludeuwlasuavesaisazalgnouiiedain

= Jd o Y aa 2~ = ] 2 1 ax . . o k% ~
TadeulosFamaiuidla $95endno8194119913F Colorimetric method 11114 Ian 131613 83

4 Y] 4 %
T@enlumsueiumn (NaHCO ) Uszana 0.2 nsutaz Inuna@oulo Toasied (KI) 4 n5u azaie
3

%’ % ] a aa a aa g’; ay 9 A o v A 4'

lided149 40 Haaans luvaa EPA 1119 60 Uaaaasuazaandld 15 un il ad Taensoq

A E o d'
Spectrophotometer N11IMUE1INAY 400 uﬂummmﬁ;ﬂiugﬂm 5

wwanld EPA glass
vials Yu1a 60 AARAAT

4

NaHCO,02g . Kidg

2

éwm| H,0 40 mi

o =

6Oml 40ml  20mi

Y J J o
51 5 el Tmmanududuvoaoiganla @287% Colorimetric Method

142 M35asiaasAlAuLUY Methyl Orange 3Ad 1A8N1511W9v04 Methyl
) ' v 1 [l
Orange ltazaeindnir1Uiag d1e1n309 Spectrophotometer NANVEIAAY 464 U1 TUINAT T
< 4 . . . .
201 UANNEIIAAULY isobestic (Parthasarathy and Sanghi, 1958; Al-Qaradawi and Salman, 2002)
o o A Y a A Y
143 mamnsmlinasgie awnsoduiums lamusiiavesd1snindoanis

9 ]
ANANIN lm%%gﬁﬁl@%ﬂ%Elllﬁ1icl,1”ill‘lﬁ]ﬂﬂi\‘l HagnNne ’Ju!ﬁ’t]éll@\‘lﬂTiﬂi’Ji]’JﬂGl’JfJEJNﬂ']i’Jﬂﬁ'li



-17 -

:’:’J 9 [ = o ) [ d o ~ 1 =
HIA3FTIUUHIZAATY] DU Gﬁ\iﬂgllﬁﬂ\jﬂ']iﬂ']ﬂi’]wll’]ﬁ5@1“?”1’75Uﬁ15lﬂﬂﬁcﬁalwﬂw\|ﬂ\1@81\uﬂEI'J

[

1710 6 mswsenmsazareied319n51M11ATFINYEN Persulfate 929 1MSIR5 N E15AZA1Y

] v ]
Persulfate ﬁﬂ')"lillélaljil"lgl}u 1,000 ¥aansy Aoang mﬂuuﬁmmﬁmwmiazma Persulfate 171213

[WUTU 0 10 20 30 40 1AL 50 VAANTU ABAAT AINEIAY 11N1TTAAIANMNTUTUUDI Persulfate

#1875 Colorimetric method TagMsiasIMsgaANAULET NANWE1INAY 400 W1 TUINAT HazIAIT
[ P A ] 3
vansnasgiulasliaimsganauuaamuuny X uazanudududluunu Y uazmuimm

MAUMIFUATI Y = me + ¢ HUAT R

! o Jd o
31U 6 1@AINIM Standard Curve voutlasFaia

~ = 1 Jd = < d
2. mamssuneumvgumslasy eidama uasmemangud
Y
HanN1IHaA Controlled-release activated persulfate (L‘ﬁﬂuPersulfate 1493 AUNUVZVI) Wuly
[ o X 14 { o g’/ 1 I
wanmsiuNoudelszgnan191n9IUUee Kambhu et al. (2012) Taoifisufiviiniunisooniiu
A o o 0 2 an o A Jan o

2 WU Ai® P19 Persulfate candle 11a2N15911 ZVI candle (Fe') 9350159 1uNeuaz 14350159
1 o { 1 . I < 4 o 1 {
R INUIasuNeaunA Sodium Persulfate T angud (Fe') 90131 1UUD4 Persulfate candle 9

Y
' v

FHULTAIAULA 1: 1.75 D4 1: 3.50 (Paraffin: Sodium persulfate) @IUsATIAIMVOURU ZVIN1F

9
v A0

< 7. ¥ o U S 1 o Ao
UUTAN 1:4.7 (Paraffin: mangud) Tasniaesdasidruiuiiarlndifesnauidevo Kambhu et

al. (2012)



-18 -

< % o 3 1 1 [ ~{
Iﬂﬂ%%ﬂlﬂﬁﬂﬂ?jﬂﬁlmﬂlm Persulfate candle (1]1n9ag 5 g e ZVI candle (Feo) e

A 2 A
2 vane 1.25 uag 2.5 g Awaaslugin 7

J «— & 1.0 cm Steelrod PS -5 1cmx3cm

Paraffin Persulfate

- ¢ 1.0cm
Cylindrical mold

-_—

V- 1lemx3cm

19
D <— PScandle —

Heat 65°C

—_—
ZVI candle .
PS + ZVI
candle
For batch experiments For 2D-tank experiments

gﬂﬁ 7 YALAAINT 11 Controlled-release activated persulfate(Persulfate and ZVI candle)

[

TneSSsmeiifionTasazBeaned
gJ/ [ o 9 a [ Iy 1
VUADUUDINITIATI Persulfate candle 1¥HaoaNaId@AN 1AENITIA IR NAINEIIUNIDY

a Y v L 9 A a e . v o A P
3 HUANAS LAz NAIUNINAgegliTlonsesa oaT1dIuveImIdaineuy lsunaas
= J o [} 1 ] Y ,i' A
Tapemdossaa auensIdIua1g 9 998 A8 1:1.75 1:2.00 1:2.25 1:2.50 1.2.75 1a 1:3.00
dalél J = d v axy A o dytg 9 dy 9 AA
@mige TRsun)osdaa) I5msne iinsnasuaneludenszieslasldgugiin 70 oam
I go’ @ a < y %
e auazateutuvadianyusla uazian Persulfate 411 udraulfiilwilo@eanu
4 ' Y a 2 o 2y ~
nndumasllunnunae vazseltifiounieaaTasnald 1530 urfl M15AUAN Persulfate

Candle 9/MIAILAUN 5 NTN M 9 AU Tagn13F3 Aaueaslugali g



-19 -

d' 1 = Jd o =} Jd v A o <3 ) [ o '
g‘IJVI 8 waaanmsnaseulessama mfmuJawaml@mmmimgm“lmmazammau nag

= < J
maummﬁua

3. NMINAadIULVUY Batch Experiment
3.1 ﬂ'li!ai’)ﬂifﬂd'?uﬁ!ﬂ?ﬂgﬁﬂ‘lmﬂ PS uay ZVI
[ 1 dl = g‘/ A Y %
AAFTIUNHUIETUVDUNYU PS Liag ZVI ‘H‘Lll,aﬂﬂﬂTllﬂi]Tﬂﬂ1§ﬂ§$i]18@]'J"llﬂﬁE‘ﬂi
o A H] AW Y o @ 1 v ~ H < 1
Persulfate mmaumﬁmﬂﬂmmnﬂq ﬂﬂi']ﬁ')uiﬂﬁlﬁa\iﬁlu Erlenmeyer Flask NUITIUINAUDEY
A aa 1 a A ° 1 1 ] 1A Y A Y
200 yaaang Tﬂmmaz Flask 3£ MNIUITUIU 1 LN oY LL‘VNL‘VIEJH"!W@]@QQﬂﬁﬂiﬂﬂlﬂf@ﬂ@nﬂ Lag

o 2 o v

Y 1 YR v ~ =] 1 Aa
@ﬂuh ‘]JLL‘VN"liJCN%$Qﬂ31\1“1’)‘1/lﬂ1ﬂ"ll’m NUIZABYBYNINANISHINAIUINUNUVIA Flask Gl,‘Ll



-20 -

: ! o s ¥ 4 i oA, o Y
WINEATIEIUTTINITNARDY 3 1 (3 flasks) NINAADINUIZEURWN DT UTTOU 931N 9
Z 2 o <] @ [ A o Yy 9 J v =1 o A = 3
i]'lﬂ‘Ll‘LliN‘I/'I'lﬂ'lil,ﬂll@’JﬁlEJ'N‘Ll'II,‘W’E]’]ﬂﬂ'lﬂ’]'liJL“UﬂJ"lJuﬁlJ'fJ\Hﬂ’fJi‘ﬂfa!WﬁWlEJ'LIﬂiJ!’Ja'I LUDDIIAUNY
o HET < o Yas . . An Y Yy vy A
AIDYN u']ﬁ’)ﬁ]fl%‘]%%gﬂLﬂ‘]JlJTJﬂIﬂEIGlGB'J‘ﬁ Colorimetric method w"l@ﬂanmummmu ‘]E'iﬂilﬁ’l
< y 2 Iy Y s o A = 9y 9 2
LﬂiJll'I‘Llu"llu’ﬂgﬂllﬂ’J'IllL"UﬂJ"lJu"lJEl\iﬁ'liﬁ%ﬁ'lfllﬂﬂi%ﬁmlﬁﬂﬂ mﬂummmmu“luﬂimmqa
1 Y a @ I <] = Ay Yy 2 o
(ﬂﬁﬂﬂiﬂlﬂﬂﬂ?iﬂi%ﬂ'IEJ@’J?J'IL‘]J‘L!L’J@'IH'IH) ﬁ'liﬁ%ﬁ'lfﬁ]%gﬂlﬂ‘]_lllﬂuﬂiﬂJ'liLl‘VIu’E]EJaQ AMMNUUIIUT

oA F) <
ﬂ'WlulﬂiJ'lwaﬂﬁa\‘]ﬂi']w

d' J ] A = [ = J o
Q‘IJTI 9 LEAAINIBYNNITNADUNBANEINTNTZNTAIvaUNeUoSFama

g ] I ] 4 o
Msnaaesiuysoonily 3 ﬂ”li‘l/lﬂﬁ’fNﬂ@ﬂlﬁ@ﬁﬂy1@‘ﬂ1iﬂi$ﬁ]1ﬂ@nﬂl’ﬂ\1 Persulfate

v
1 =2

A Ao Y =Y | 9 an o ] = [ 1
candle mmlmmw‘]u“luﬂimmmm G]f\ulﬂﬁzﬂ'lﬁﬂﬂﬁﬂﬂﬂ&’sl‘ﬁ Flow chart 395 DTN USULAYINULLE
naswitsaalSinavesiinszdu

1 ~ o A A o Y
N1TNADIYDYIN 1 : NITNTLANINIVD Persulfate candle Lm)"lnnmﬂiwau
] H @ 4 o I
ﬂ’]iﬂﬂa'ﬂﬂﬂ'ﬂﬂﬁ 2 : NINTSAYNIVDY Persulfate candle Lﬁﬂﬁ‘lﬁmmmmwfmﬂu
v v 1 (%
(1/4) YUY UN Persulfate candle FANVUANMINY 1.25 g
1 A @ A A @ Y
NITNAADIIDYN 3 : NITNTLV18RIVUDN Persulfate candle mauﬂ?mmmﬂisﬂmﬂu
v v 1 (%
(1/2) U®IUIHUN Persulfate candle FANVUANMINY 2.5 g

o Y v a Y A Ao 1
Nﬁﬂ'li‘l/lﬂﬁfN%31’]111’?ﬁ1u13ﬂﬁﬂﬁu1%1ﬂ31 921890 Persulfate candle NUBIAITITIU

' Y
143 azvu1Avee ZVI candle (Fe') wdumi 1us e ldlumsnaasslutuaen i



-21-

3.2 msﬂizmmmqmm Persulfate candle
d’l I =< A a .
mﬁmammﬂumﬁﬁﬂmmaﬂizmummqmm Persulfate candle (Longevity study)
=~ d’d 3/ =\ 1 1 =1 a 1= LY 1 =)
Iﬂﬂmﬂu‘ﬂﬁﬂ‘]&l'I‘L!‘L!i]gNﬂlﬂWﬂi‘Viiyﬂ’ﬂlﬂﬂHﬂlHWﬂmn UAUVUIAANULUINININU NA1IAD Persulfate
] =\ [ Y ] 4 k) = 1
candle 9¥1N9LIA8T 3 DU eummﬁumuquﬂﬂan Scm YU 2 cm U cap ﬂ’JEJWIEJLlL‘]JﬁT“”] U1 0.5
g}/ [} 9
cm MNHIAU[SNY
o 1 @ 1 I 1 1
Persulfate candle 39NUINIABNY ZVI candle Tﬂﬂumaamﬂuﬁmmuﬁa qaIu
v Ay Y Yy A Y o ' I 4
Persulfate mm"lﬂﬂanumm 16 ﬂJUWQLﬁUWWUﬂHﬂﬂaN 5cm¥YUT 2 cmuazmumaﬂg{ua
o 1 ~ o )=} < 1 o g Y
E]Gli'lﬁ’)l!@l'm‘l/]mﬂ‘]/l'lll111!§“]JGU€J\1L‘VIfJ‘L!GUUWHEIﬂ 191U NY Persulfate candle mmwmuuiw
Yy a 1 o ) v L g o ,
DNOINUVUIAVDIUINUN Persulfate candle LQIYV1TAY 2 WQLﬂUﬂ@ﬁWﬁ?U%UWﬂﬂJ@Q Persulfate
0 3’; Y = g’/ % Y a Y = [
candle 11a2 ZVI candle (Fe’) 9 lvitonneunsaosdsenunulvain cap adanewdai) vun
?1‘/ [} Y o A glJ 9 1 Ad o d’ [ 2K Aa 1Y =1
0.5 cm MNUAULALNIY NITNUNYUUU %zi%uuuwawmmmuu LW@ﬂﬂQﬂuﬂ1iﬂﬂﬁﬂﬂuﬂlﬂ\1mﬂu
o TR 1 Y = < ~ o v A a 2 2 o
NULUVYIAD ‘*INLL‘]J‘]J?T’G’E)ﬁ]%@]’f)\‘lllﬂ?']llLL‘INLL?QLWEN‘WfJGLUﬂﬁT]JLLi\‘]ﬂ‘LlHJ@Lﬂﬂuﬁgﬁﬁlliﬂllﬂl\m%
= % 9 o v A a d’
ﬂTiﬁﬂ}ﬂfﬂiﬂi$ﬂ1ﬂ@]3ﬂ$1%ﬂﬂiﬂ$ﬂlu1ﬂ S5UNAADU ITUHIU 4 TN lIPh“lJﬂL‘W'O

[ sol g‘/ =3 1 = v W Y A = é é
ﬂmﬂuuﬁzmﬂmﬂuuﬁngumﬂum Taotsnulneuauaaoaal uasiszozdseuunsanie

P
Y o v [ Y

[ 2K A d‘ [ [ ] ya
VBNTZAVUINUNUDN iﬂﬂuui]\‘i‘]JﬂPh@]aﬁ]@L’JﬁTLW’EJ’ﬂENﬂuﬂ1§i$L1’TEJ Llﬁzig’NlliJGlﬂiJﬂ1i

4 a 2 ' o < @ [l g 3 ' {
Lﬂﬁ@ugﬁﬂlﬂﬂﬁu@]ﬁ@ﬂ%’)ﬁl’)ﬁTﬂWiﬂTﬂTﬁﬂﬂﬁEl\‘] m'imumammu%muﬂlumaszﬂznmﬁ

Yy 9
v A

P
817N21NINAADINOUNI 1ALLIFI00NIINFIUIAINITU 56 U Tagnouia dossnfeuiy
Y @ o o 4% 19 2 ad . . !
91011 tazaume 1ue 1aziiMIIaANUTUTUAI8IT Colorimetric method 10 11)
{ o Jd v ?:) gj/

aunmsnlglumsdszuianmanizarsdrvouod saaluinivldaunis
(% 1 9 9 = | 1 9 % 1 9 9 9 =Y d‘
DATITINVBIANVIVNTY (Cr) TAglAUNIANUBATIFIUVDIANVTNIUAVYUTUIAT & 1781

#A09M TN BIAATENAUNILIIUIY AIaUMITVI9a1



-22 -

Y
gasrauanududu (Cr) Hazihwudaalugdvesns v Iaeld non-linear regression to a 2-
parameter power function Tael¥ 1150033 SigmaPlot sz ldisansashueldnes

A ¥ = A = o oA ' .
NTINDINITANHIVS Release f)f)ﬂiﬂiﬂﬂ‘i/lq@ﬂﬂﬂigll']ﬂ!'luﬂlﬂ']llﬂi (Christenson et al., 2012)

d aaa (v
33 msﬁn‘ymauwamammmﬂgnsmszwin Methyl orange NU Persulfate candle
o ~ 3/ A Y o [ 1 [ ~
Wnfisunanuain ldsiwimng dasiaruuilaas]u Erdenmeyer Flask 11559
1302010 Methyl orange ALY 100 HadnSuAvans og 200 Hadans Iaguaay Flask 921

~ o ' ' ' 1A Y A 9 Yo ' YR P
NYUITUIU 1 UNN quoY LL‘I/NL‘VIEJ‘LJ%%ﬁﬂigﬂﬁjﬂiﬂm%@ﬂﬂw !,!,a?.iQﬂ]’hﬂﬂlmﬁulucﬁﬂiwgﬂ’ﬂﬂuhﬂ

v
o v 9

nvaa Meuazaseegnina 19Tz nI9ANNUAUYIA Flask Tunilsdasidiusziinnisnanes
¥ 4 2 Y A A ' ~ @ A ¥ = o <3 @ ] ¥
3 41 (3 flasks) MINAADIUUILITUAUNDIETUUNIY A93UN 10 91NUUIBNIM TN UAIDEIN
A o L)) ~ v A = S o ' o ' <
(WD IAAIANUAUNTUYD Methyl orange INPUNVIAT (DDA UAVAIDEN 1IAIDINIL ANV
o A g g‘; dg! [ Y Y A 2’, < o 1 A 9 I
7o TagUSanainuunuuIuegiua1uIduduYee Methyl orange N3 1INUUINIAMN Iaunaon
aansml
2 ' <3| ' A = o w
Msnaaodtloenilu 3 N13nAaoIdeeNeANYIRN131TATI15aZA 18 Methyl
d' =1 v d' A o 9 J d[ J 9 as
Orange tiatneunuaNleNAINTzAU WS a9 Gakiazninaaedaz 1y Flow chart 3513
) ] = o 1 A ~ 1 (J Y
MisufenuualasuisannlSnavesiinszqu
MINAADIEGRETN 1 : NITNTLIIAIVDI Persulfate candle 1Ho lulidanszdu
' A o A~ (g Y <
MINABDILDEN 2 : N1INTTINEAIVDY Persulfate candle 1WoNUTIUAINTEGUIIY
y v 1 4
(1/4) Y99U N Persulfate candle FINVUIANY 1.25 g
] A @ A A @ Yy <
M3INAABILDEN 3 : NINILVIBAIVDY Persulfate candle NI MNAAINTEGUI U

v v 1 %
(1/2) 499U UN Persulfate candle FaRUUIANINY 2.5 g



-23 -

EE “"E'; S

athidir . O (b Pl -
7 %5 o R e L

gﬂﬁ 10 tEaIN131IA Methyl Orange U®J Persulfate candle

4. MINAaIULUY Transport experiment
41 M3OONIVVNAZNITASII 63918093 11aVa 2 JA (2D-Tank)
s A Ay v
YUIAVYDY 2D-Tank LUVTHASNHUFIVUIA 0.80 1. x 0.45 1. x 0.03 1. (NINXHIIX
o o o ¥ A . oy ) A Y 3 A
MU WU UDUTIR0992IIANTZINHID Acrylic 08191D8MMIAUIND IR URUMTIAROU
@ o A Y A @ v
fvesansazaemeluuuuiiassnasanalaziie 1Ha1u50AI19a0UNSAABUAIVEIANT 1A
Uszneunulianunsadaniunisaaisainionainisgniinialag Controlled-release activated
Y v v Y v ° y 2

persulfate (Persulfate and ZVI candle) llﬂ’e)EJNQﬂ@]’eN AUIATUWUIPNEIIS FITUIUNIAY 30§
) [ 3 o ] A @ o 1 A
dmunualegamsindeuaIveIdIsazats luuuuiiaee lasuaazjazAagne1arIe septum
o o < I 1 <
drnanenelunuudiaesTasez 191316 Ottawa (V19 20/30) FauTunsrenivuiadiauasgiu
A qw o p v Y Y o Yy ¥ o
e ldnnmanaassdnsmhwneuiisunu ldedegndes msuasaIzgnaILRUAILITITD

ag v A d o dﬂl Y < @ Il Y
Yoans1guazIsnsuacaiuszuy unusiassiivzgnesnuuuldamisomnudiodiald 3
[ A [ ~ [ 9 (] A 1 =< %’ F)
PDINNAD FOINNNATYPAAUNILUY FOINNNATPAFI0OANATLUY  HINU AN

@ Y

¥ [ A o < .. = J AsA 4 @
H109Nv0InIvENanyuu mixing chamber %Q@ﬂﬂi%ﬁﬂﬂﬁﬁﬂ‘ﬂuﬂ@ Glf]\iﬂﬁﬁlﬁﬂ‘izmﬁlﬂ’ml@ﬁ



-24 -

¥ [ @ I U 1 A °

1 lands 2D-Tank nsz18d IAANANUGEY dIUF0INNTANIBLTNUATINANVDILLUTIAD
& o ' 3 2 = v AR Y Yy ¥ Y o Y 1
Faesaaedrzgniny Tasdudaiasi lananldudrdredu dasims Inadigszuuves

9 ! v
AsazanugnAIUAN IneINT0gUTHAIA (Peristaltic pump) 9317 11

50 1 800

2D-Tank

110 120 120 100

sUf 11 u@AINITOONLLY Transport experiment

v
=

9
duaoulunaazmsnaasslsznonlidie (1) msuadaiagnielu 2D-Tank Favz

o =S

“lﬁi’f'gﬂuﬁ”ﬁ@mmgmiﬁwaﬂmm Ottawa (VU119 20/30 N30 YUIA 40/50) (2) N1FISNA DY

, . o e 3
@1582a18 CaCl, (Electrolyte Concentration) i91g5zuuieSuanuanldanatedimsguiny

v Il
a (3 =)

o Y A ] Y A a
@NﬂﬁllﬁmW@ﬂ'}‘UﬂﬂJf]ﬂi']ﬂ'lillﬂaﬁlﬁﬂﬂﬂlﬂuiﬁ'll'lﬂ!@fl']\‘]u@ﬂ 3PV (3) ﬂ"l'i!iﬂ“l’lﬂﬁf)ﬂiﬂﬂ@lﬂ@ﬂll

[
=3

A (Z A o w o A
NITINADUAIVDINT Persulfate nelu 2D-Tank Llaz/‘lfiiﬁlﬂﬁgﬂ1J”I‘]JﬂﬂJ®\1ﬁ15’]Ji1‘]Jﬁ@]§W“]WI

L, : > o { A
donld (4) maisudndesasazate Methyl orange®an g9 laidonldasamnuntuiloulu



-25-

v ' v
a A 1 a = [

Y
uiogluanzaudidion ¥adI19692a521900UMIAA10AIVOI Methyl orange 108 1% Persulfate

v 9 ¥

4 a a o w a o a 1A
candle tWolsz@nTmmmaiiiaasdunigluaunandidei

=

1 < @ ] 1 1 1 2
izmnmi‘wﬂa@wzﬁmﬁm‘umat’mﬂausﬁﬁmGlumﬂu,ﬁﬂuazﬁmqnamﬁﬁﬁu

Y
U [

Tuganas mﬁnﬂmsma@wz”lﬁ’%u Electrolyte concentration figau 2 PV infuilusuiade
M13NAADY V‘T"qﬁeﬁuagi fusasmsaaeivesasiioudunal @aumand) uazanuE1veINs
Tnadas dsazaeezgmifiuaIedeiiveuiuf1981931319 2D-Tank Tﬂﬂﬁaasjwﬂzgmﬁm‘?ﬂ
FOUNUAI061952 1314 2D-Tank 11AZN19OBNYDY 2D-Tank MIUATIZHAMUTUTUVDY Persulfate

921933 Colorimetric method Tunsihlfazenldinad uazianududuvead1s Persulfate 1oz

v .
Methyl orange #1178 GEGN spectrophotometer

42  MIANHINITNITIAIVBS Persulfate candle 1ATNMIAAIIAIVO Methyl Orange
lugssraeamsiva
MONAININUTIINTI0a311 2D-Tank iSoU5001d7 399I1NI5UT5Y Persulfate candle
o 1 ~ " ] ?:I 9 @ A J
a411/1u 2D-Tank Tagdumisveuiisuogriisingoaniaind 3 au. awaaslugili 12 Ydos
Y [ 1 ~ o Y o <
713092018 Methyl orange GlﬁllﬁaWTHLWNWIfJu‘HZTHGlW Persulfate NTE1UNIDDNNT LATINU
(% i [ I @ l A o 1 '
fI981N Persulfate ﬁj’mmuﬁﬂawum 3UY. i]'lﬂi].ﬂl,ﬂﬂ@"]f]EJ'I\?TW]HLWH\WHQ”]Glu Transport
. Y o Y 9 A (A A A o ¥ A
experiment 91AHUIAANUTUTUVDS Methyl Orange Moy lililioiion nua1lasldinTes
Spectrophotometer
da/ ] I ] 4 @
mﬁn@amuum@amﬂu 2 fﬂi‘ﬂﬂﬁfl\?ﬂ@ﬂlﬁ@ﬁﬂ‘hﬂ@jﬂ?iﬂi$ﬂWEJGI’JGU'éN Persulfate
. A Ao Yy H o = 1
candle 1y Transport experiment LiJ’e)ll@]’JﬂiW]‘uLﬂu (1/2) Y9IUIMIUD Persulfate candle HLHALNT
Aas o 1 ~ o 1 =Y I g Y]
ﬂﬂﬁ@\ﬁgi% Flow chart ’Jﬁﬂ'l‘iﬂ1lﬂfulﬂfl')ﬂulm&ﬁﬂﬂllﬂﬂﬁ3ﬂ§$§j}u&ﬂu (1/2) ¥®3UINUN Persulfate
g 2 ° ) A o9 R 2 ' 3
candle mﬂ”|s‘nﬂaaQu%m“lwmwummmmemmau azon 1 NINeastgosazilunsnaaed

A = A o o o Y A o o Y
INBANKHINITAAAIVUDI Methyl orange INBNUNITUIUANIY Persulfate candle manﬂ‘%mmmﬂiz@u

ﬁJu (1/2) ¥09UIMUN Persulfate candle



-26 -

] A @ A a2 o Y
MINAADIERETN 1 : N1INTLIAIVDI Persulfate candle 1o lailidanszdu
] ~ o A~ J 9
MINAADILIEN 2 : NMINTTNBAIVD Persulfate candle 0T INUAINTZAU
I ¥ @ 2 A 1w
1w (1/2) ¥9IUIMUN Persulfate candle HINVUIAMNIND 2.5 ¢
M13NARB9EREN 3 : N15ANAIVDIANUITUTYU Methyl orange NN 2D-
tank gn¥11HONAIAIY Methyl orange AMIANAY 100 Wn./a. 1az 1d Persulfate candle NN UTu101

@ I H @ X 1w
danszduilu (1/2) voerwiin Persulfate candle HFIRVUIAMIAD 2.5 ¢

é"mm’sauamf\la‘rmﬁ s

qﬂﬁnaan

g‘ﬂﬁ 12 UEAIN1ININITNAADY Transport experiment HAZLAANA KW UIVDY Persulfate

candle



UN 4

wamiﬁnmuazmmﬁﬂﬁwwa

4.1 ﬂ]‘i!ai’)ﬂé{ﬂ%"I'J‘I—!élli’)Q!ﬁﬁl‘lﬂﬂﬂﬁﬂ‘HW]]ﬂﬂ]iﬂi%ﬁﬂﬂﬁ’J‘lli’N Persulfate

dy Y o = A [ 1 ~ a =\ J v
mMsnaaddl lamsanyimsiaendaaiunmnz ey lumsnaameulessama Tagns
[} [ 1 1 da/dy 4‘ 1% 1 d‘dd‘ o =

YTUOATIAIUHANTENIN VM AT Na,S,0, INBN10AT1dIUNANgA TagMIANEI9INNITATID
a % J o Yya o Y o [
aamunianszaealveuessamalunisnaaoau Bacch #3398 1avinsnaaeudnsinig

o 3 < ] R 1 ] '
nszaeanduszezinal 120 ¥ 109 uazlasienuranisnaassutauilulugraqdu ¥y o-1
2 Tu9) ez Tug9817 (13U 24-120 52 T09) (Woyauaasluzali 13; 3UN 14 uazarsan 2) ms

Y 9y v
NAa09 I UF T NUNIOAT I IURNT U 1L (sllﬁﬂ :Lﬂ@g"lfa!,‘l'\lﬂ; 1:3.00 1:3.25 149 1:3.50) 9

1 @ @ J o 1 [
ANANITNABDUAAINNNUANA1 IUBATINITNT Ao ulesFama apn1snaassnau

©

A o o [ [ 1 =1 A a ] I [ ¥ 2
F9e'ldvinisdsusasiaruveuneuTagmualsuiaveuod saadluasant @ne 11les

=

Y]

1 a J o ~ [ g}/ =] 1
‘ﬂ)’ﬁl‘l/\l@]; 1:3.50 ag 1:1.75) W‘U’JTiJﬁll']ﬂlsll’é)\uﬂﬂﬁ“])’a!,i/\lﬂ‘ﬂﬂﬁZﬁ]Tﬂﬂ’J@fJﬂMWllllgﬂﬂ’ﬂﬂﬂ 10 M1

~ { ¥ 1 o J o ~
@oyauaasluglh 13; 317 144) Tumsdneiinunmsnszaearvea)oidamaosnainiion

1
v a4

9 i1
Wuwan1snaaoandrenunilusieauou (Dhananjeyan et al, 2000; Kang et al., 2004; Lee and
[ (% ] 1 J o = A A
Schwartz, 2007a, 2007b) 8491035863 1uFausnNuIMesFamlalianududunaann
< x o ' @ ¢
nandseuin 48 ¥2 719 Fand190Y Liang etal. (20112) Ia318911 1391msnszaedrveat)es

o kS ] < o o A @
Gﬁalw@uuFﬂ$aﬂaQ@fJ’Ni'J@lj'Jﬂ’lfJﬁl,u 6 IULLTN Wg'ﬂﬂigll'lm 144 "lf'JINQ Glu"umzmmiﬂizmﬁlm

v
= o 1

Jd o 1 % @ J 1
GU@\‘]L’]J@icﬁﬁlwﬁiuﬁlﬂ\‘llﬁﬂﬂmlﬂiNUGHM’E]G]TIE‘T'JUBUGQ Na,S,0, Iﬂﬂﬂﬂﬂﬂ@i?ﬁ?u%$1ﬁ|ﬂ31ﬂ’ﬂu

q

Y 9 S o Y ' ' A a o 1. a A < A
HJNGU‘L”U@Qlﬂ@ﬁ“ﬁﬁlﬂ@luu{ﬂgﬂgﬂluwgﬁ 4,000-5,000 ¥aansuavanINIal 120 615'3111\‘] (;3:‘]_]1/] 13)

=

9 A o 1 d"o 1 g’u ~ @ J o 1 " W 1 A
Elﬂl’)uﬂf]@li']ﬁﬂuﬂ@nﬂq@ (1:1.75) L‘VI1‘Llu‘1/'Ifﬂiﬂi$ﬂWEJG]'J"lJf]\1LTJﬂi%alwﬁullltjﬂlﬂﬁ)ﬁiWﬁ'Ju@u
2y ya A v A Yy 9y A a o o 2 a A
uaﬂﬁnﬂu"lﬂm"nemuauq LLEWN'Jﬂ/]ﬂ'ﬂllHJll“]JuulWﬂﬂW@iuﬂWiﬂﬁ]ﬂﬁTiﬂulﬂ@‘L!@‘L!‘V]'ifliu
asavaneeinlea 1@ (Huang et al., 2005; Tsitonaki et al., 2010; Petri et al., 2011; Xu et al., 2012)
A Y Y o w =\ =) o o w g aol Ya
LW@GLWﬂ"liﬁSNLLu'JTJT]JﬂGU’ENLTIEJ“L!?Jﬂ’J"IlIi"fﬂJ']EI"iﬂ!GluﬂTiUT]JﬂﬁTi‘]JHL‘]J@uGlHHTGl@ﬂu

dounlesdamlanisvzannsatanlasenleidanialdediedeiiowazalnsaningliiuan



-28 -

[

A ] H YA = Y 1 A A d o A A
Luaagclqumlmuﬂﬂﬂu QQLL?J'J']@@]T]?['JU‘VIQQﬂq@ﬂl@QLﬂﬂﬁ‘ﬂfalwg}ﬂ 1:3.50 41U DNVL

1 Y
= I3 v v

Y
Vaaaesnleddanalaguiioane uansadmiiiionliainsaasglirudn131d duiuan

v v v Y
']_Id I v A (% U = A v
i

a Y = 1 a 14
1 13 APAvedendasidiui 1:3.0 insawisoasgiiau lduaziinslandesdsuianiles
% d' =
Faanguneane
y A o . o AR ¢ > Yy A Y Y gaow Y
WaInmadensandusznIdnaazilesdamalunsaiuiionlauds §ive’la
o = (% 1 zﬂ' o (% Y 9 ] td‘ d o (]
MMIAnYIgAI @Mz aNd M UAINIZAU (U ZVD) Tuvazinlesdaagnilasseen
v a 7 o Y = ' v ' A 3 o
nnauuveunsuleitamavzgnnizdudle Zvi Ngnilaeseanaindiuaiy (owianii
a A Y a a A a dﬂ! A a A a a o ~
Unsenszguaziiaealgnisunavuneljnseinmnaneyyadaszuesdama (aunsn 2) uaz
v o w a A o & a2 A =KX J 1 Ao o
aamdneyyadasz (@aun13n 3) asuullsuaves Zvi iz audvduaiundiagluns
Hosnumsinaniminoyyada sy (Tsitonaki et al., 2010; Liang et al., 2011; Li et al., 2014) lun1s
- Jd o 1o & [ awv 1 g '
a$19 50,” YsmmwewlesFamlauaz zvi 3¢ hisuiludeuminu Tusreaisensuniiinud
2 2+ A a g’/ 2 ) 4 tél 2 2+ =~
YSua P AnmifunwenuansnanlSuia so,” aela uenvintifSumaes Fe finnw
1 A Aa o 1A I { { a Jd o
iuuoan 250 aansuaeans iWuFinaimsanenegnszaumsnanloidania’la
Tumiseinyimnlsuanmnezauves zvi giseldideniisundasidiu 1:3.0 uag
o = =) A %’ @ 1 v A [ a 3
MmsAneTa Zv Nnhninuana1enune 1.25 uag 2.50 n3u Ay 25% uag 50% 104
E4 1 d’ =) o g’l 1 2
WmiiniMen 91nRan1snaaoanuZvi nsuia 2.50 nfutiuainsadanideslsuin
= ' ' = iy { o
nlesdamlasonninifienIdgads 2 munaninieunlessamlan il zvi Anat 0.25 2 Tue (31
~ a R oA 9 < o % 9
1 14B) Tagasu1e 1491 zvI liuaiiesnszquilosdanla Tuasazasuadiaunsonszduns

[

A _Aa o o 1 [ < {
nan SO, nawiieu lame F3seldmnmsanyinmsnszaiedlae ldwunms 15d5usuvani 2.5

U

[ 19 1 v a A d v 1 [ 1 =
ﬂilll,l,ﬁZUliJEl,G])'lfdEJW’]J’J'IGI,‘L!G])"NLHﬂﬂ$ﬂﬂih1mﬂlﬂdlﬂﬂi°ﬁﬁlwﬁlmﬂGI'Nﬂull'lﬂl,miwulllllﬂ'ﬂh

uaneaiianaull 120 ¥ Tua



-29 -

. 7000 I — —
= Releasing Time
CED 6000 - mmm 1 h i
— —3 120 h o =
c 5000 - o L
9o T
S 4000 - .
"g —
Q3000 + .
S
O 2000 + -
(\Ilw
o’ 1000 + I .
o } I
O -I . I| II II I I I I I I
paraffin (13 [+ [x [+ ]2 [t [t Ti[1]
S,0,° [1.75] 2.00 [ 2.25 [ 2.50] 2.75] 3.00 [3.25 [3.50] [ 3.00]3.00]
zvi@) [ [ - [-[-[-[-[-[-[] [125]2s0

Chemical mixtures (Paraffin: 82082': ZV1)

! ¢ > { ' ¢ > s
31 13 naasnnududuvewnlesdaiangmlassesninnniisunlesdamauaziieunlos

v d' FIA [} d‘ ] <
saan1¥52uny ZVI a1 1 92 Tuauag 120 ¥ 1ug



-30 -

400

7000
=)
S, 6000
é 5000
c [Paraffin:82082' ]
.2 4000
©
o ® 1:1.75
s 3000 O 1:2.00
© 2000 m 1225
g O 1:2.50
O A 1275
& 800 A 1:3.00
ON 400 * 133.25
0 & 1:3.50

0

7000
—
S, 6000
é 5000
c
2 4000 ,
© . ]
S 3000 Paraffln.S.ZO8
5 [1:3.00] with ZVI
O
S 2000 A 0.00gzVI
O 800 v 1.25g2zVI
& v 25092V
OC\I
0p]

24.0 48.0 72.0 96.0 120.0
Time (h)

! ) = ' = ) a ¢
31 14 vaasnnududuveslesdaangnilassesninnnifisunlesdamauaziisunles

Falan1¥51u8u ZvI



-31 -

a Y v s a4 A ' a oy
13190 2. memmmmummsﬂasmm‘wmmaEmg]mJaaaaaﬂmmﬂmﬂmﬂ@smamlm

A PS rel t /d
Candles Mixture 7VI verage PS release rate (mg/d)

Release duration

(symbol)  (Paraffin: S0s*)  candle

Short term (0-1 h) Long term (24-120 h)
[ 1:1.75 - 37.04 298.51
O 1:2.00 - 55.56 343.75
| 1:2.25 - 60.19 375.00
U 1:2.50 - 83.33 388.89
A 1:2.75 - 87.96 402.78
A 1:3.00 - 123.15 371.53
L 4 1:3.25 - 250.00 243.06
& 1:3.50 - 259.26 197.92
v 1:1.75 1.25¢ 125.09 190.97
Vv 1:1.75 250¢g 134.26 136.81

9 v
WNeIHa: Yoya lum1519118199911910 Legend Tuns1wgii 14



-32 -

4.2 msﬂizmmmqﬂjm Persulfate candle

Y
doaveanslHiieunlossamalumsdassarslossamaodratng vwihulss Tow

b4
% o

] J o w a @ I
a1 lumsiszgnd I lumsthiamsniandeluganadeulumaauin duiusuiludes
=\ a a =\ J o ~ Y @ 1
unnadevdszansamveunsulossaanlgiauny Zvi 91nHan1INAaBILAAII

d v 2 @ [ {
anuiuduveaoidamadmsogeiulylang 850 mgL nrelu 70 T (Fanaaslugli 15)
2 v A 2 A ~ 9 ' v A A <
mynaassi laanuluszeznanenuuiuionSsuieuiuminaassnounihibiiesainilu
A T 1A a Yy ~
msnaasdluviianlvginame 20 ans 151lsdeya Crainmsnaasanstszumelgueaney
o o Ja J ~ o 1
waziimamua lagleI5ued Kang et al. 2004 HAN1INAADILTAINVUIAVDANGULDETATIY
Jd o 1 J o o 2 a 1 {
vouneunlesFamanay zZvi adsezianilasenlessamalddiusnaunuien (¥u Cr=1.0) 7
(7 9 (% = d‘ = (2 = =
1381 210 ag 270 U dmsuieu PS (3UN 16) alssumeunumsanyInslszinaeiguesney
J o % = 4 . YA o 1 ]
esdamanumenlesuuanuaved Christenson et al. 2012 FIdenuNguuunsianides
a J A @ ] I o 1 1 a PR
YOIATPONFUAUTMIBUN B89 T3NMwBRT1dIunTlandosd1seonFuaudnIaes e

1 a3 o 1 o 4 = 1 A o =2 ¥ o a
ﬂ1iﬂﬂﬁ@01hlﬂuﬁﬂﬁ’)uﬂuLﬁ@\‘lﬂ1ﬂ1]ﬂ’31Mllﬂﬂ@n\ﬂu5$1J1J1/I‘1/]'lﬂ1iﬁﬂ‘ﬂ'll,m$u1‘ﬂ NUYDIDDNY

v
Y] v =~

P " o J QTN v = Y o Vo 23 v
LAUENUANAINNUY UDNITNU \‘]llmj Elulﬂi']ﬂ\ﬂuﬂ\‘]ﬂ'ﬁbl{’]fjﬁﬂcﬂleﬂﬁ']\iﬂu‘ﬂﬂllﬂusuW\iiﬂﬂ'ﬁl%

Q

I o A o d o Iy 4 g .
Wulaaiwausiunulesdama ¥un1s 1¥FuuanaunI0az il (Liang et al. 2011a) Qe

q

v
[ =

9 v
. . ' =\ 9 1 @ 1o 1A =
Stearic acid (Yuan et al. 2013) ﬁ\illfl}’ﬂ%$llfﬂisl“]ﬂﬁﬂWLLG]ﬂG]NﬂULLG]’J’d@(]L‘I’TﬁWUﬁHJWiﬂV]i]$

L)

Hanilasslossamaldluszozen



2000

-33 -

1500

1000

500

S,0,° Concentration (mg/L)

OmD><

Obs. Cr (PS+2VI)
Obs. Cr (PS)

Obs. Conc. (PS+ZVI candle)
Obs. Conc. (PS candle)

80

0.0

: g o 1 y
Ui 15 vaasnnududuvealoiganla uazanududunuudasidi (o T

Concentration ratio (C))



Predicted Cr

=
N

=
o

o)

o

I

0.0

-34 -

: ° 1 < =
3N 16 uarasmamIua Critluszezia 21

| 0®® 0°7 ]
&P
o® o9
} ® o _
° @@@
.. @@
o P
o 9

4 ..@@ ® PS candle -

0@@ ® PS+ZzVIcandle

oy
2

® | i i i |
0 50 100 150 200 250



-35-

= d aaa
4.3 MsfAn¥IvauNamanivalfnsen
Y A d o A o w dy = ) a d%l @ dy @ [ 1
lumsleneulesvamlamemdaasuilouazil 2 Morunavuaatl oAs1AIUTEHIN
d v ~ Y 1% I 1 =\ dy o @ a P &’
Wessamanl¥sruny zvi arsazilwmla vazmeutiazauisatiniamiasasuandwileou
Ty A Vo & A A o 'V A gne Yo = TS 7 )
T 1dwse 1 duiuiefvzaoumorumariigite ldinmsanyinsiisawsasosus lagld
~ J o o A [ @ [ 1 o w I
meunleidamadainisdiudaniaiuves zvinanisnaasauaainmsinvaugiluuy
= o w <3 da! =) ~A A 49! -1 -1
first-order #4151 AVFT IV UMNUTUIUVDI ZVI MAVVU (K=0.029h™, 0 g ZVI; k=0.048 h",
-1 Y = o y 9
1.25 g ZVI; k=0.086 h ', 2.50 g ZVI) (Aanaaaluzili 17) nlesdamaainisaannnuiniuves
a 4 Aa A [ 1T A { < {
waeeisud ldananududu 100 Hadnsuaoansad lUvwnounuan 200 32 Tue (U0 17)
I d v 1 % o w a ] 4
Tuvazietmsllossamaiiudy Zvi azamsamsamsasasus lanelu 50 32 ugile
1% zvi vuia 2.50 n§u wazdiva laruanielu 90 ¥2Tuaield Zvivuia 1.25 n5u 91ARa
[ gd o VA A Y A d @ 1 [ [ a
MInaasuraItguguInLelns ¥ NewlesFalas 1Ay ZVI vu1a 2.50 ATN LA IWITONAA
Jd v d’d 9 9 1 a a [ 1T A d’ < d‘ é =
nlesdamanianududuuINnI1 4,000 Tadaniuaeansnaal 50 53 1ua (FUN 14B) Fariiea
A o A A ea A Y} . . .
wonvznvaa1saunIenUuen 1@ (Huang et al.,, 2005; Tsitonaki et al., 2010; Petri et al., 2011;
Xu et al., 2012)
[ gi 4 o Jd v { 1 a 1
wiudieinsuuieuleossamand zvi wanlaasldlumsazarsazinamsdanilase
d v a { ~ =Y a 4 [ ] < {
WesdamaludSuanun U 14B) USuaveunFaoosud hildanasedesiaGiniui
4 . a3 [ [ o w ] 1%
mansal 13 damsanauiusaswuy fistorder wasvngniitialuuda 3 ¥ Tus dwaaslugy
A gJJ YA o U =\ @ a 14 d”é’ [ g’/ ya o Y o
117 Tuasasndideaaneniinsgaduveunaoos uauuaHe asiugide ldiinisnaaes
1 { J o 1 =
guulagldnisnaaswnuaiugulesls KCl unuinlesdama wanisnaaoadaadn luiing
Y a 4 % o
AAFUVOUNTADDITUT 9 Rauscher et al. (2012) 11ag Kambhu et al. (2012) 1@inm1snaasauyuy
Y
L?]EJ’JﬂuW“]J’NUthJﬂﬁ@W]ﬁJ!,Gb'ul,afl’mu UONIINUU Rauscher et al. (2012) 89NV phenanthrene
a ) ~ Il A a Aa < 9 1 v J W
mamsgatuvwnsule s uataziaiamseengayuLalzanlassaseywusnau
oonun luaisazaie

a Y =< I o A 1
msilasuutasves pH llﬂg]ﬂﬂﬂmlﬂunm 360 GI)"JIIN (TN 3) HANITNAADILTAIN

1 pH ana1nn 6.7 Thilu 2.8 lumsthiiamsasesusmeaisulesdamauas pH anaqlids



-36 -

A o o w a <Y =1 A o 1 J v ~ P [

2.3 ievhmstiiiawsaseisuissiisuniimsnaunuseninaessamanldsauny zvi ms
Y
aAa4ved pH WinavInmMIsHangalauasnsadansn (House, 1962; Petri etal. 2011) Tun1g
v W ' 2 <3| 4 J o ' Y ' °
nauAUNUIT pH tin1n 6.7 Thilu 7.1 dlefims oS damlasuny zvi (@oyalilduiun
1 g a Jd o ] 1 A a ] =
ua) ANuuanaHIINmskaaoisamlalooousdsasiiipaazoyyaddszvesdaa ¥
I § 1 1 [ A a 9
iWudefvesmsldifeuniinisassedining asazateldsulSuavesoyyadaszvossanla
~ a [l 9 A a - . . = Y1
NuaRunedenalyd pH anad 1Ho9u191A0151AA HSO, (Liang 118 Lai, 2008) 84111131 pH 92
A Y A 7 o ' ¥ a A o X =
anauilesnnmslfieweidamanaz zZvi ualuthsssumnaausanezlSy pH Yumaud
pH Un@ (ITRC, 2005)
o w a o ~ d @ ' a o
Tuszvumsthiiaveswsaeeisus laslfiiewlesdanlanay Zvi nuluusaeeisuing

~ 1 Y 1 = a o 3 )
fanasluszningmsnaasy laimsauelimsaaasvesduiaseaisuduran1nmsiiaie

-y 1 14 a9 a Y .
YOIWUTY azo (N=N-) TuwyjlnsTulosvesddonves azo lnsoyyadaszuosdaia (Gomathi
Devi et al. 2009; Li et al. 2014; Rodriguez et al. 2014) Tudnna lnnilunaaneyyadaszuesdama

lumsnanoyyaddszvesoyyadase lansondanaudasluaunisi19a1e (Waldemer et al. 2007)
MsHan OH : SO, + H,0 OH +S0,” +H'

M3skan OH 3241 1% pH vesd1sazaganasaanaasluasien 3 dadimlgniennzd
awv A1 Y a <A o A ~
188518915 3IeRdIuuInaas WLz Tyreunsaoots Uz NALLANTNNMEAT 25 U1
v 9
WAI9INGUNITNAADY (Nadepour et al. 2013) ALUUNIFITOIAUDIINTUANTNHUTE -N=N- Tu
a J* Jd o =~ Y £ A (% o
TuanaveuuTasosud lasnlesdamlangnnszdulag ZvI Humlounumsuanwuszuo e To

T1d Orange G Fadlunilaluadouvediole (Rodriguez et al., 2014)



Concentration (C/Cp)

-37 -

1.2
1l0ipe e e @ & o o & o &
8 ]
® Control candle
A PS candle + 0.00 g ZVI; k = 0.029 h™)
6 ¥ PScandle + 1.25 g ZVI: k = 0.048 h") 7]
v PScandle + 2.50 g ZVI; k = 0.086 h'™)
4 7
2 T 7
0.0 | e e
0 40 80 120 160 200
Time (h)

4 ! a I 2
51U 17 saaamsnlasundasnnududuvesusaseisusnanududuisudu 100

'
QQQQQ A

o o 9 = Jd o A F)) A 1 %
uaaﬂsmaamngmmmmamﬂmﬂm«nmﬂwmmﬂ%ﬂ?mmmm ZV1 NUONNNNNU



-38 -

e 3. uagasmslasundasa pH Tumsthialumsnaaeuuy batch experiment

pH pH following treatment of methyl orange
Treatment . Time (min)
0 min
30 45 60 90 120 180 270 360 360
PS slow-release experiment
7.48 703 7.2 692 7.2 7.10 7.08 693 6.54 6.11
6.70
Control (KCL) 0.03)  (0.06) (0.07) (0.11) (0.08) (0.07) (0.06) (0.05) (0.03) (0.03)
3.55 342 334 330 326 321 316 3.09 3.03 283
MO + PS 6.70
(0.09) (0.10) (0.09) (0.11) (0.11) (0.09) (0.10) (0.09) (0.11) (0.10)
5.92 598 6.09 576 597 594 589 596 580 577
+ .
MO +ZV1 6.70 (0.02) (0.01) (0.05) (0.11) (0.02) (0.03) (0.02) (0.15) (0.13) (0.19)
3.37 328 3.17  3.12 3.05 294 286 270 255 233
+PS + 6.70
MO +PS+2ZV1 (0.05) (0.09) (0.08) (0.03) (0.01) (0.03) (0.05) (0.02) (0.05) (0.04)

Note: Values in parenthesis are standard deviation.
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Abstract

Slow-release oxidant candles are an emerging technology being used to deliver chemical oxidants for
groundwater remediation. The objective of this study was to quantify the efficacy of slow-release persulfate
(PS) candles to treat an organic contaminant in a long-term and controlled manner. Release characteristics of
slow-release PS candles (1:3, wt/wt, paraffin:Na,S,Og) with and without zero-valent iron (ZVI) candles (1:4.7,
wt/wt, paraffin:Fe®) under batch conditions were quantified. Batch results showed that PS +ZVI candles initially
released a large mass of PS with concentrations reaching 5,000 mg/L, which would be sufficient to treat most
prominent organic contaminants. This passive in situ technology was able to completely degrade an aqueous
solution of methyl orange (MO, 100 mg/L), which served as an organic contaminant surrogate, in 50 h. Using a
stacked array of PS +ZVI candles in a saturated sand tank (70 % 30x 3 cm) with 2 mL/min flow rate and spatial
sampling throughout the tank with time, the PS distribution pattern and zone of influence were determined.
Results showed the uneven PS distribution toward the bottom of the tank and MO concentration decreased by
90% in 36 h from both the sampling array and the effluent ports from the two-dimensional tank. A longevity
study projected that using this PS+ZVI formula to create candles will negate the need for oxidant replen-
ishment. Results support the use of the slow-release PS +ZVI candles as a practical approach for long-term in
situ remediation of contaminated aquifers.

Key words: dye decolorization; in situ chemical oxidation; persulfate; slow-release oxidant; zero-valent iron
activation

Introduction

ERSULFATE (PS; 82082_), A STRONG oxidizing agent

(E° = +2.01 V), has been frequently chosen to remediate
contaminated groundwater and has proven to have an oxidiz-
ing potential to mineralize many organic pollutants (Krembs
et al., 2010). Despite its ability to directly accept electrons,
82082_ is usually induced to form sulfate radicals (SO4° ™),
which have a higher redox potential of +2.6 V (Eberson,
1982). Activated PS, therefore, can be used to treat threats to
groundwater quality such as leaking petroleum from un-
derground storage tanks, primarily (i.e., benzene, toluene,
ethylene, and xylene) BTEX, chlorinated benzenes, poly-
cyclic aromatic hydrocarbons (PAHs), and chlorinated sol-

*Corresponding author: Institute of Engineering, School of En-
vironmental Engineering, Suranaree University of Technology,
Nakhon Ratchasima, Thailand. Phone: 66-4422-4686; Fax: 66-
4422-4220; E-mail: chanat@sut.ac.th

vents. The PS radical (SO,°~) has several advantages over
other oxidizing agents. For example, SO,°~ is more stable
than other oxidizing species in the subsurface (Gomathi
Devi et al., 2009; Deng et al., 2014); and, unlike perman-
ganate, SO4°~ does not leave undesirable precipitates (i.e.,
MnQO,), which can cause plugging and flow diversion and
possibly lead to plume bifurcation or plume fingering (Crimi
and Siegrist, 2004). Common activators used to produce
SO,°~ formation include heat, (Huang et al., 2005; Wal-
demer et al., 2007; Ghauch et al., 2012), UV (Wang and
Liang, 2014), and transition metals (Anipsitakis and Dio-
nysiou, 2003; Teel et al., 2011; Rodriguez et al., 2014).
Among these activation methods, using zero-valent iron
(Fe® or ZVI) as the source of ferrous iron (Fe>*) to activate
PS [Egs. (1)-(3)] is widely used since it is relatively eco-
nomical, environmentally friendly, easy to implement, and
effective (Gomathi Devi et al., 2009; Yang et al., 2010;
Hussain et al., 2012; Li et al., 2014; Rodriguez et al., 2014).
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A challenge to successfully implementing in situ chemical
oxidation (ISCO) in aquifers is when the contaminants of
interest are present in low permeable zones (LPZ). This ob-
stacle may be overcome by adopting a passive approach
where a slow-release oxidant is created in the form of reactive
solids and inserted into the well assembly to serve as an
oxidant source by providing a slow but sustained release of an
oxidant (Dhananjeyan et al., 2000; Ross et al., 2005; Lee and
Schwartz 2007a, 2007b; Lee et al., 2008; Liang et al., 201 1a,
2011b; Christenson et al., 2012; Kambhu et al., 2012; Rau-
scher et al., 2012; Liang et al., 2014).

Dhananjeyan et al. (2000) was one of the first to create the
use of a long-term polymer release device to treat an azo dye
under visible light irradiation. The release system included
the composition of the copolymer ethylene vinyl acetate and
bovine serum, which acts as a carrier for PS. However, this
system still requires specialized equipment for the applica-
tion process (mixing trailer, pumps, hoses, etc.). Liang ef al.
(2011a, 2011b) developed slow-release PS in the form of a PS
cement cube (4X6x7cm) and a PS barrier to evaluate the
PS-releasing behavior in column experiments, to quantify
their efficacy in removing petroleum hydrocarbons. Their
results showed that ~95-99% of the benzene and 86-92% of
methyl tert-butyl ether were removed during the initial stage
of the column experiment. Recently, paraffin wax has been
used as the releasing material for oxidants such as perman-
ganate (Christenson et al., 2012; Rauscher et al., 2012) and
PS (Kambhu et al., 2012; Eyerdom, 2014). Christenson ef al.
(2012) was one of the first researchers to field test the use of
slow-release oxidant by inserting it into a trichloroethylene
(TCE)-contaminated aquifer at an unregulated landfill. They
achieved 67-85% TCE reduction in the first 15 months.
Kambhu et al. (2012) successfully treated BTEX using ZVI-
activated PS-releasing candles.

In this study, an azo dye methyl orange (MO) was selected
as a representative organic pollutant in the subsurface. Al-
though ~ 15% of dye is lost to the wastewater during dyeing
processes (Daneshvar et al., 2006; Inoue et al., 2006; Gomare
et al., 2008), dyeing waste deposited in landfills has also
built-up and can cause a possible contamination route to
groundwater and drinking water supplies (Riu et al., 1998;
Sureshvarr et al., 2010). The removal of this contaminant
group is of great interest due to its carcinogenic potential,
toxicity, and perturbation in aquatic life, as well as recalci-
trance in the biodegradation process (Coughlin et al., 1999;
Guettai and Ait, 2005; Puvaneswari et al., 2006; Peng et al.,
2008). Therefore, the need to oxidize the azo dye into smaller
molecules is necessary before the biodegradation process can
be employed (Gayathri et al., 2010; Pi et al., 2014). Fur-
thermore, the use of dyes allows visualization of the hydro-
dynamic behavior plus the radius of influence of the PS +ZVI
candles during the transport experiment.

To the best of our knowledge, the degradation of an azo
dye using PS +ZVI slow-release candles in a laboratory scale
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has not been studied; little effort has been made to demon-
strate the PS-releasing pattern and MO decolorization with
advection in a two-dimensional tank (2D tank); and there is
no report on the longevity of the PS +ZVI candles. Therefore,
this research attempts to close these knowledge gaps and to
expand on the works reported by Kambhu ez al. (2012).

Materials and Methods
Chemicals

MO (Ajax Finechem; CAS 547-58-0) was selected as a
target compound; it has several synonyms such as p(p-
dimethyl amino phenyl azo)-benzene sulfonate of sodium,
orange III, and gold orange (Supplementary Table S1). So-
dium persulfate (Na,S,0g, reagent grade 298%; Panreac) and
paraffin (Suksapanpanit) were used to make a slow-release
candle. Iron powder (Ajax Finechem) was used as the acti-
vator iron species. Sodium hydrogen carbonate (NaHCO3),
potassium iodide (KI), and potassium chloride (KCI) were
purchased from Carlo Erba. Ottawa sand (Humboldt) was
used as a packing material in transport experiments. All stock
solutions were prepared in deionized water.

Slow-release PS+ ZVI candles

Slow-release PS candles were manufactured for laboratory
experiments and produced in batches by mixing solid paraffin
with Na,S,0g (Supplementary Fig. S1). The paraffin wax of
5 g was placed into a ceramic bowl on a hot plate adjusted to
65°C. Once the wax had melted, various amounts of Na,S,0g
ranging from 8.75 to 17.5 g were quickly added to the wax.
Each mixture was slowly stirred by a glass rod until all PS
particles had blended with the wax and the mixture texture
had reached a milkshake-like consistency. The mixture was
then poured into a cylindrical mold and tapped gently to
eliminate air pockets. The candles were allowed to cool in
their molds for 5 min and then removed. Candles shaped as
cylinders were 1.0 cm in diameter and 3.0 cm in length. The
final ratio by mass of paraffin to PS ranged from 1:1.75 to
1:3.5 (wt/wt). Individual PS candles were weighed for each
experiment and maintained at ~5g.

A slow-release ZVI candle was made in the same manner
as the PS candles by mixing melted paraffin and ZVI in a
1:4.7 ratio (23.5 g ZVI and 5 g paraffin wax) (Supplementary
Fig. S1). ZVI candles were trimmed to a weight of either 1.25
or 2.5 g. ZVI candles were smaller and of lighter weight (i.e.,
1.25 and 2.5 g) compared to the PS candles (i.e., 5 g). When
control candles were needed, the candles were made in the
same mold, using the same proportions, where KCI replaced
the PS (Rauscher et al., 2012) and the procedures used to
make the PS candles were followed. Individual control can-
dle weights were also maintained at ~5g.

Batch experiments

The first experiment was to determine the optimum ratio of
PS, paraffin, and the ZVI. The criteria used to select the most
suitable mixture are that the slow-release oxidant should provide
a continuous supply of PS and maintain its cylindrical shape in
the wells. The second experiment was designed to determine the
candle lifetime. The final batch test was conducted to compare
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the kinetics of MO destruction from the pairing of PS candles
with different lengths of ZVI candles.

Chemical release rates from PS+ZVI candles. To
quantify the PS release rates, batch experiments were conducted
with 3.0cm lengths of different proportions of candles. Each
candle was placed in a separate Erlenmeyer flask filled with
500 mL distilled water, which was maintained at room temper-
ature. Candles were adjusted so that they were completely im-
mersed in the water. Each treatment mixture of candle was
replicated thrice. Immediately before sampling, candles were
removed and the solutions were gently mixed by swirling. Ali-
quots were withdrawn at selected times, and the PS concentra-
tion was measured colorimetrically using iodine at a wavelength
of 450 nm (Kambhu et al., 2012) with a Spectronic 21 spectro-
photometer (Milton Roy). Samples were diluted when necessary
to fall within the linear range of the PS standard curve.

The effect of the ZVI candles on PS dissolution rates was
also quantified to represent the two candle system (PS and
activator). Before placing the PS and ZVI candles in the
Erlenmeyer flask filled with 500 mL distilled water, they
were joined together with a layer of pure wax. Temporal
samples were taken to measure PS release rates.

PS+2VI candle longevity study. To quantify PS release
rates and predict the candle lifetime, a PS+ZVI candle that
was 1.7cm in length and 4.7cm in diameter was created.
This joined candle was sealed on the flat top and bottom with
a layer of pure paraffin to ensure the radial diffusion direction
of PS. The proportions of PS, ZVI, and paraffin in the can-
dles were chosen from the results based on previous experi-
ments. Candles were placed in 25L polyethylene carboy
containing 20L deionized water. Solution samples were pe-
riodically collected to quantify the PS concentration over 10
weeks. An empirical function used to calculate the concen-
tration ratio (C,) to characterize release of PS was as follows:

o

C,
M

“)

where C and V are concentration and volume at predicted
time; M is the initial mass of PS in the candle. C, was plotted
and fitted using nonlinear regression to a two-parameter
power function using the SigmaPlot scientific analysis and

graphing software. The fitted equation was used to charac-
terize and predict the release of PS from the candles (Chris-
tenson et al., 2012).

MO degradation kinetics. To determine the kinetic deg-
radation of MO by ZVI-activated PS, an aqueous solution of
500 mL of 100 mg/L MO was treated with a selected mixture
of PS candle and ZVI candle. Batch experiments were run in
triplicate. Samples were periodically collected through a pi-
pette every hour for the first 6 h and approximately every 6 h
for the remainder of the experiment. Candles were removed,
and the solutions were gently swirled before each sampling.
When needed, samples were diluted with distilled water before
analysis at the isosbestic wavelength of MO at 464 nm (Par-
thasarathy and Sanghi, 1958; Al-Qaradawi and Salman, 2002).

Transport experiments

Construction of 2D tank. Transport experiments were
conducted to investigate the effectiveness of selected PS+ZVI
candles for contaminant removal in the specifically designed
rectangular acrylic tank (2D tank) consisting of three chambers.

7000 T T T T T T T T T T T

Releasing Time

Sl - 1 h ]

E= 120 h =
5000 m m o

4000 —+ =
3000 + =

2000 N

» el fll;

Paraffin |1 | 1 [ 1 [+ [+ [+ [+ [+ ] [1T]n
82082' | 1.75] 2.00 [2.25 | 2.50| 2.75 | 3.00 |3.25 3.50|
avig [ T-T-T-T-T-T-T-1

Chemical mixtures (Paraffin: Szosz': ZVI)

* Concentration (mgl/L)

o]

Y 1000
o~

S

[ 3.00 | 3.00 |

1.25 | 2.50 |

FIG. 2. Persulfate (PS) release characteristics from PS
candles and PS +zero-valent iron (ZVI) candles at 1 and
120h.
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The main chamber housed the transmissive zone, which was
packed with Ottawa sand, and had internal dimensions of
70% 303 cm (Fig. 1). The other two chambers were upgradient
and downgradient of the main chamber. Titanium mesh was
used in the inlet and main chambers to prevent clogging of the
array of tank openings between chambers and to contain the
sand. The 2D tank was equipped with a grid of 30 septa-sealed
sampling ports on the front, spaced 10 cm vertically and 5 cm
horizontally, and arranged in a 5 by 6 array (Fig. 1). The packed
systems had a total pore volume (PV) of ~2.5L. Liquid flow
was controlled using a peristaltic pump that provided a constant
flow rate of 2 mL/min from the 5 L Erlenmeyer flask as a solution
reservoir. The effluent connection was constructed with the
separate sampling port before the solution was flooded to the
final reservoir (Fig. 1).

The remediation experiment. To determine the radius of
influence of the PS +ZVI candles when the hydraulic gradi-
ent was present, a well assembly was placed 5 cm upgradient
from the first sampling column (Fig. 1). A well was fabricated
using a 1.6 cm id polypropylene tube slotted along the length
of the tube. Slow-released candles were slowly inserted into
the well assembly before the start of the experiments. Seven
pairs of PS +ZVI candles were aligned vertically by attaching
each one with a thin layer of paraffin to hold each candle,
such that the PS could only diffuse by radial influence. Two
transport experiments, which differed in the initial flooding
solution, were performed separately. The experiments were
either flooded with deionized water water or MO solution
(100mg/L) with a consistent flow rate for at least 2 PV to
confirm the flow consistency. One mL samples were col-
lected periodically at each sampling point array using a 3 mL
syringe connected with a 21G needle. Samples from the first
experiment were measured colorimetrically for PS, while
when MO was used, samples were measured for MO con-
centration. At the same sampling time, samples were also
taken at the effluent outlet to quantify total removal (%).

Results and Discussion
Chemical release rates from PS+ ZVI candles

The release of the PS concentration from a series of tests
with varied mass ratios of Na,S,0Og and paraffin was carried
out in an attempt to select the most suitable mixture for the
entire study. We tested the release rate for 120 h and reported
results as short-term release (i.e., 0—1h) and long-term re-
lease (i.e., 24-120h) (Fig. 2; Supplementary Fig. S2; Sup-
plementary Table S2). In the initial phase, only three
mixtures (Paraffin:PS: 1:3.00, 1:3.25, and 1:3.50) showed
distinct differences in PS release rates. By doubling the mass
of PS in the formulation (1:3.50 vs. 1:1.75), we observed
approximately a 10-fold higher PS concentration (Fig. 2;
Supplementary Fig. S2A). In this study, a large flux of oxi-
dant released from the candles was initially observed and
similar results have been reported by other researchers
(Dhananjeyan et al., 2000; Kang et al., 2004; Lee and
Schwartz, 2007a, 2007b). After this initial release, the PS
concentrations were much more consistent (~¢>48h). This
finding was similar to Liang et al. (2011a) who found that the
release rate of PS dropped rapidly within the first 6 days (i.e.,
144 h) and then declined for the remainder of their experi-
ment (i.e., 50 days). While the initial PS concentration varied
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depending on the amount of Na,S,0g, apart from the lowest
mixture of PS (i.e., 1:175), all mixtures were in the range of
4,000-5,000 mg/L at 120 h (Fig. 2). Several researchers have
demonstrated that these concentrations would be sufficient to
remove most prominent organic contaminants in the aqueous
solution (Huang et al., 2005; Tsitonaki et al., 2010; Petri
etal.,2011; Xu et al., 2012).

To successfully create a reactive barrier to treat contami-
nated groundwater, the slow-release oxidant should provide a
continuous supply of PS and maintain its cylindrical shape in
the wells. Although the highest mixture of 1:3.50 was able to
release sufficient concentration, due to higher PS mass, the
candle lost its shape after releasing PS. This could impede
removal of the spent candles from wells. By contrast, the
higher paraffin composition encapsulated the Na,S,0g
granules and prevented complete release of PS (Fig. 2).
Therefore, we selected the 1:3.0 mixtures for further study.

Once the mixture of paraffin and PS was finalized, we
further evaluated the suitable mixture of the activator candle
(i.e., ZVI) with PS candles. As PS was released from the top
candle in the perpendicular-to-the-axis direction, it slowly
reacted with the released ZVI from the bottom candle. Since
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FIG. 4. Temporal changes in methyl orange (MO) con-
centration (100mg/L) when treated with PS and varying
mass of ZVI candles.
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the iron activation process involves both sulfate radical
generation [Eq. (2)] and radical scavenging [Eq. (3)], the
optimum amount of ZVI is important to avoid excess scav-
enging (Tsitonaki et al., 2010; Liang et al., 2011; Li et al.,
2014). To produce SO,4° ™, an equal amount of PS and ZVI for
one candle is unnecessary. Previous research has found that
an excess amount of Fe2™ could reduce SO,*~ from the so-
lution as it acts as an intrinsic scavenger (Kolthoff and Miller,
1951; Anipsitakis and Dionysiou, 2003; Teel et al., 2011). In
addition, the concentration of Fe?™ of <250 mg/L was suffi-
cient for the PS activation; otherwise it would compete with
SO4°~ for target contaminants (Block et al., 2004; Chen
et al., 2009).

To determine the appropriate mass of ZVI candle to use, a
PS candle of 1:3.0 mixtures was paired with two different
ZVI candle weights (1.25, 2.50 g). This ZVI mass reflects
25% and 50% of the PS candle weight (i.e., 5g). Results
showed that the 2.50g ZVI+PS candle pairing released a
twofold increase in PS concentration over the PS only candle
at 0.25 h (Supplementary Fig. S2B). This is likely due to the
fact that ZVI not only activated PS in the solution but also
activated PS at the candle surface to generate SO,°~. When
PS is released from the candles, it leaves tiny voids, which
later serve as activating sites for subsequent PS particles,
causing PS embedded in the nearby surface of the wax to be
released rapidly into solution. While the initial release rate of
PS was affected by ZVI, the concentration of PS observed at
120 h was similar between the 2.5 and 0 g ZVI candle (Fig. 2).
Thus, we confirmed that the ZVI candle had no effect on the
PS release at 120 h after initiation.

Longevity of PS candles

To take advantage of the merits of the slow-release candles
for field application, the performance of the PS +ZVI candles
must first be characterized. The results from the longevity
experiment showed that the PS concentration reached
850mg/L within 70 days (Fig. 3). This longer timeframe,
compared to the earlier batch experiment, was due to the
larger experimental setup (~ 20 L). We used C, data from our
longevity experiment and fit the dissolution data to a power
function to extrapolate data from the 70-day experiment
(Kang et al., 2004). Results showed that, with our candle size
and formulation, the PS + ZVI candles would possibly release
most PS to the subsurface (i.e., C,=1.0) at 210, and 270 days
for the PS candle (Supplementary Fig. S3). Comparing our
longevity study of PS with that of slow-release permanganate
(Christenson et al., 2012), we found a similar pattern of ox-
idant release. However, the release ratios in both results are
not proportional because both the candle system and oxidant
mass differ. Besides solid paraffin wax, a mixture of cement/
sand/water (Liang et al., 2011a) and stearic acid (Yuan et al.,
2013) had also been used to bind these oxidant granules.
Although different materials were selected, all results indi-
cated that these release materials would be able to release
oxidant for a long time.

Treatment of MO by PS+ ZVI candles

Two questions regarding using the selected PS candle
(1:3.0) for treating contaminant are as follows: what ratio of
PS and ZVI should be used and will this dual candle

TEMPORAL CHANGES IN PH OF TREATMENT SOLUTIONS UNDER BATCH CONDITIONS

TABLE 1.

PH following treatment of methyl orange

Time (min)

pH

15 30 45 60 90 120 180 270 360 360

Omin

Treatment

6.11 (0.03)
2.83 (0.10)
577 (0.19)
2.33 (0.04)

6.54 (0.03)
3.03 (0.11)
5.80 (0.13)
2.55 (0.05)

6.93 (0.05)
3.09 (0.09)
5.96 (0.15)
270 (0.02)

7.08 (0.06)
3.16 (0.10)
5.89 (0.02)
2.86 (0.05)

7.10 (0.07)
3.21 (0.09)
5.94 (0.03)
2.94 (0.03)

12 (0.08)
6 (0.11)
7 (0.02)
5 (0.01)

7.1
32
59
3.0

6.92 (0.11)
3.30 (0.11)
576 (0.11)
3.12 (0.03)

7.12 (0.07)
3.34 (0.09)
6.09 (0.05)
3.17 (0.08)

.03 (0.06)

7.0
34
5.9
32

8 (0.01)

2 (0.10)
28 (0.09)

7.48 (0.03)
3.55 (0.09)
5.92 (0.02)
3.37 (0.05)

6.70
6.70
6.70
6.70

PS slow-release experiment
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Values in parenthesis are standard deviation.

KCl, potassium chloride; PS, persulfate; ZVI, zero-valent iron; MO, methyl orange.
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effectively treat MO-contaminated solution? In an attempt to
answer these questions, MO degradation by a PS candle with
a varied mass of ZVI was tested. The results showed an in-
crease in first-order degradation with increasing mass of ZVI
(k=0.029h""',0gZVI;k=0.048h™',1.25g ZVI; k=0.086h™",
2.50 g ZVI) (Fig. 4). PS alone reduced the MO concentration
from 100 mg/L to nearly zero in 200h (Fig. 4), while with
PS +ZVI candles, MO degradation was completed within 50 h
for 2.50 g ZVI and within 90h for 1.25 g ZVI. These results
confirmed that if PS candles with 2.50 g ZVI candles generate
and sustain PS concentration 24,000 mg/L at 50h (Supple-
mentary Fig. S2B), most organic contaminant degradation
would be possible within the chemically active zone (Huang
et al., 2005; Tsitonaki et al., 2010; Petri et al., 2011; Xu et al.,
2012).

Given that the PS +ZVI candles released a large pulse of
PS immediately after placing the candles in the solution
(Supplementary Fig. S2B), the MO concentration did not
dramatically decrease as expected. Rather, the MO concen-
tration slowly decreased and followed a first-order degrada-
tion rate after 3h (Fig. 4). We first suspected that the
adsorption of MO on the paraffin may have been responsible,
so we conducted a parallel experiment using a control candle
with KCl instead of PS. The result showed no reduction in the
MO concentration (Fig. 4). Similar work by Rauscher et al.
(2012) and Kambhu ez al. (2012) using paraffin as the mixture
media reported mixed results on chemical adsorption. Nei-
ther adsorption of PS nor benzene by paraffin was observed
by Kambhu ez al. (2012). In contrast, Rauscher et al. (2012)
found that paraffin was responsible for the adsorption of
phenanthrene onto the permanganate candle surface, which
later desorbed as a degradation product.

Temporal changes in pH were monitored for 360 h (Table
1). The results showed that the pH measurements dropped
from 6.7 to 2.8 for the treatment of MO with PS candles and
to pH 2.3 for the treatment of MO with PS+ZVI candles.
This reduction in pH likely resulted from the production of
sulfate and, subsequently, sulfuric acid (House, 1962; Petri
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etal.,2011). In contrast, an increase in the pH from 6.7 to 7.1
was observed when PS and ZVI became limited (data not
shown). The differences here were from the continual supply
of PS ions and ZVI, which is the main advantage of using
slow-release candles. The solution, therefore, received an
excess amount of SO4°~, thereby continually reducing the
solution pH. This is attributed to the continued generation of
HSO,~ with the progress of the reaction (Liang and Lai,
2008). Given that a pH decrease usually occurs following
PS+ZVI treatment, the intrinsic groundwater buffering
system and dilution capacity would eventually adjust the
overall pH to normal (ITRC, 2005).

In the MO and PS 4+ ZVI candle system, MO decolorization
was observed during the degradation experiment. It was
proposed that the MO decolorization was a direct result of the
destruction of the azo bond (—N=N-) in the chromophore of
the azo dyes by SO4°~ (Gomathi Devi et al., 2009; Li ef al.,
2014; Rodriguez et al., 2014). Another possible mechanism
is from the SO,*~ induction of the formation of other active
species, that is, hydroxyl radicals (OH®) as shown in Equation
(5) (Waldemer et al., 2007):

OH*® generation; SO,"~ +H,0—OH® + SO42 “+HT (5

The OH® generation would also cause a decrease in solu-
tion pH during treatment (Table 1). Although this reaction is
slow, past research has shown that the MO azo bond started to
break 25 min after starting the experiment (Naderpour et al.,
2013). Therefore, we proposed the breakage of —N=N- in
MO molecules by ZVI-activated PS as similar to the break-
age of the —N=N- bond of orange G, one of the prominent
azo dyes (Rodriguez et al., 2014).

The 2D tank experiment

In the second part of this study, 2D tank experiments were
conducted to investigate the following: (1) the PS release
pattern in the 2D tank with advection, and (2) the removal

Sampling position
D E F A B c D E F

FIG. 5. Changes in spatial MO
concentration in 2D tank when

treated with PS +ZVI candles at N
_ 50— L & 3 B =
T=2, 6, 12, 24, and 36h. Ko gy SN g

- L o%

Sampling position
.
&

\
J\
&
[
|
f
€
Sampling position

Wk S

MO concentration (mg/L)

Slow-release candle = PS+ZVI

_ T

Sampling position



IN SITU CHEMICAL OXIDATION

percentage of MO and the delineation of MO degradation in
the tank. PS and ZVI candles were sealed on top of each
other, which imitated how they would be inserted into an
aquifer (Supplementary Fig. S4). PS concentrations from any
sampling points in the 2D tank (i.e., Al to F5, Supplementary
Fig. S4) were representative of the PS plume at the time of
collection. The PS concentration observed from the tank was
highest at 8,000 mg/L in the first 2 h and slowly decreased as
the fresh water came in. These large initial amounts of PS in
the initial phase were in agreement with the PS release in the
batch experiment (Supplementary Fig. S2B). At 72h, PS
concentration from 2,000 to 7,000mg/L. was observed
throughout the 2D tank. The uneven PS distribution can be
explained by the gaps between the well casting and the outer
surface of the candles and that the oxidant releases only
downward in the tank through density-driven advection.
These release patterns also manifested that the contaminant
embedded under the candle location would likely be first
affected and the treatment zone increased vertically.

To qualitatively visualize the MO decolorizing pattern, we
saturated a 2D tank with MO and analyzed the temporal
changes in color disappearance following treatment with the
PS +ZVI candles. Using a spatial array of sampling ports, in
2h, MO adjacent to the candle location had decreased
~45%, and in 24 h, ~75% of MO had been removed at the
bottom of the tank (Fig. 5). By 36 h, >85% had been removed
from most of the tank, except the top two rows of the tank
where between 70% and 80% removal was recorded (Fig. 5).
Since we did not apply any agitation and had less control on
the preferential flow compared to the batch experiment, an
uneven pattern of hydrodynamic behavior in the 2D tank was
expected.

To quantify the overall removal percentage, the effluent
samples were collected from the effluent port (Fig. 1). We
only recovered ~ 50% after 36 h of flushing (data not shown).
The MO concentration in the outflow water was higher than
in the water samples collected from the sampling ports
alongside the 2D tank, suggesting that MO was not com-
pletely degraded from the slow release in the tank. This is not
uncommon as it is often difficult to quantify treatment dif-
ferences in short finite-length tanks (Lee and Schwartz,
2007a; Chokejaroenrat et al., 2013). MO is pushed out while
the SO,*~ is dissolved in, and the area for interaction be-
tween the SO,°~ and MO is generally confined to the inter-
face between the oxidant and the contaminant plume. To
evaluate the efficacy of using PS + ZVI candle, we selectively
collected samples from the effluent reservoir. Approximately
90% of MO removal was observed within 120 h, suggesting a
beneficial use of PS+ZVI in the form of a slow-release ox-
idant. This reveals that the release of PS from the PS+ZVI
candles was able to oxidize MO effectively in the down-
gradient area. Therefore, the candles can also be used as a
containment of organic contaminant plume.

Our experimental conditions included a flow rate of 2 mL/
min, while the others had no flow rate (Kambhu et al., 2012).
In addition, in our case, the density-driven flow was minor
compared with advection. Given that natural groundwater
flow is slower than under our experimental conditions, che-
mical oxidants may bypass the contaminated zone resided in
LPZ during treatment. Once the porous zones surrounding a
LPZ are treated, contaminants diffuse out of the LPZ and
contaminate flowing water (Bass et al., 2000; McGuire et al.,
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2006). To overcome both a density-driven oxidant and to
ensure uniformity of oxidant throughout the treatment zone,
the PS concentration should remain high and continuously be
released. Therefore, with time, the PS +ZVI candles would
be capable of creating larger treatment zones in the aquifer.
However, the efficiency of ZVI-activated PS toward other
organic contaminants depends on the competition kinetic
between contaminants and reactive species that may be re-
sided in the soil and groundwater system. To effectively use
PS +ZVI candles in the subsurface, the candles were needed
to be optimized for the hydrologic and environmental con-
ditions of the target treatment zone before extrapolate batch
treatability studies for practical application.

Conclusion

Slow-release PS +ZVI candles were encapsulated in par-
affin and tested under batch and transport conditions to
evaluate the sustainable release of activated PS and its ability
to degrade the test pollutant, MO, in solution. The compo-
sition ratio of release material and PS was selected at 1:3.0 by
weight in our study and can be adjusted depending on the
designed PS release rate and field conditions. Differing
amounts of ZVI as an activator were also tested. Early in the
experiment, the initial release rate was high and then it slo-
wed, but was sustained with time. The degradation results
showed that the activated PS was able to degrade ~98% of
the MO in 48 h under the batch condition, while 90% removal
was observed within 120 h in the 2D tank. Although a number of
factors associated with the subsurface hydrogeology of the
contaminated site must first be considered before using slow-
release PS +ZVI candles under field conditions, our laboratory-
scale results supported that slow-release PS +ZVI candles could
be used as an alternative means for long-term in situ remediation
of contaminated aquifers.
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