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Remediation of soil and groundwater contaminated by organic pollutants is a key
component to develop a sustainable water supply. In-situ chemical oxidation (ISCO) is
a method that directly introduces the oxidant into soil or groundwater to degrade
organic contaminants. Because of its relatively low cost due to the elimination of
pumping, ISCO has been widely considered in real practices. Persulfates, including
peroxymonosulfate (PMS, HSOs) and peroxydisulfate (PDS, S,0g%), are novel
oxidants considered in ISCO. They possess a long lifetime in the aquifer and can be
activated to form radicals to effectively degrade organic contaminants. The presence of
halide ions and natural organic matter (NOM), however, may react with these radicals
to produce unwanted toxic by-products. We propose to use CuO as an activator to
activate PDS to degrade common organic pollutants found in contaminated
groundwater. Our results showed that PDS activation is a non-radical process at
neutral pH conditions. The degradation mechanisms involve: 1. adsorption of PDS on
the CuO surface and 2. Adsorbed PDS utilizes CuO as an electron shuttle to oxidize
the target organic contaminants. Experimental results demonstrated that the organic
contaminants do not need to strongly adsorb on the CuO surface for the reaction to
proceed and that the degradation did not proceed in the absence of CuO. The presence
of halogen ions did not affect the degradation of 2,4-dichlorophenol and the
interference caused by the presence of NOM can be resolved by increasing CuO
dosage. The test using real groundwater showed good degradation efficiencies.
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b R REE S BB pHETER > P €42 S EAADFEZE F 1 (Duan et
al., 2015a)  iE4EfBE L2 HF LR 25 BH 3 Gl % 4 #3128 (Furman

oy

L

4%

etal., 2010) > » % % A4 - F i“4gmumk s M2 2% (Liuetal., 2014) -
af%?féﬁqa@a*uwﬂf R HENLF ALAGE o4 BERLLY IR E
#9275 Agiw e KA 0k 38 (Blanchard, 2010) o d ¥ &> 15 5 i & A £
pFlEF TE R o AR F AR TORELE ) R R EHET R B ERE
Py ohdk TS 5L

b3 iR g C R[] ARG F VRV B F T B E AR
B BEEEBE ZiEHEmp® (PMS, HSOs) foiE = mpe® (PDS, S:0s7) & %7
(Liang et al., 2006; Liang et al., 2011) > v { & 7 G4 B A p R7 5 &
PRE G RF RN RBEE > TR BRA DH R e i
g kg iom- kA4 pd Kol F i e (Waldeneretal., 2007) »
WA AL T iy 0B (B = 2.1V) > fwer § it 55 ik o <34 )
i
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WAL MESE B OREIEEF TR AR R E Y
SRR R R (SO0, B 2.6 V) it pd AdedlFE A
o el pd AV 2ok F A2 a5 pd Ao Al ET o FREIp d KT
FERIIPRPF AL I pd Ao mERpd A3 pd AL Bk g
Fle Bt B A EBFART T F LRGBS S R T A AT
B - BRI LI R R Bl E S SR AR B

A4 mpatp d & (Yang et al., 2009; Lin et al., 2011); = ~:z & o
fad @ Bk fhde ERF I M NREYT SR BAKBDLET AL RF L P
(0:"7) (Furman et al., 2010); = ~ 1 * :B& & B+ kP ng LB RBFE
& B3 A2 - BRTF RSP LRF NPT > dB@AKBR L fEN - BT
(SO )fr— BFipet?p 4 & (Anipsitakis and Dionysiou, 2004; Liu et al.,
2012) ;2 ~ BApigic 22 > @ A AR EGE ML e T VR A
P AT R A BRI R B 2T USRS R
fepFig ok 2 BERAZERSE R (J1 et al., 2011; Drzewicz et al., 2012;
Liang et al., 2013; Liu et al., 2015) -

FERpd B2 S VARIERERAY L F R £ L - ko Ra o R
pd RERDER > FEEAGERBEROESF BP R kgl o 3F S
PTORBRBTG I REIRTBIE AR KT A ERE HEAKRT
REREIA D AR BT AR ARG PP LTI R R B R
i d ARy B EFEFEF B AT A g BRI Y iy
WitEfFp T SH s g g d A3 % (Huang et al., 2002) -
FRREGET L EP AP RS R R e vt § B RkRY 2
BER B3 N H s "t]%ﬁiﬁ-—" ERRAD é‘*’s d AEF-@e F R é_i
d A CL D) 7HFFEH 3 BPHFEFFRE aFREAEL I %D
(Anipsitakis et al., 2006) - F]#t > 5 7T EHZ@F A I PRl A A4 > 2Lp
£ (Non-radical) #+4|eiBarfs B 52 AT 8 & v )I%c‘ 2 BEEAED S
Besh A R E’z%"r%é F a8 g (Leeetal., 2015; Duan et al., 2015b; Cheng

5 R
IR
P
Bl A
d

etal., 2016)# # &% (Duanetal., 2016) St iTs i Hb G Culs
m&ﬂ?A%HWmWE%m M3 AL iRt d A oA

(Zhang et al., 2014; Oh et al., 2015) o
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Ay — =

o H

FERFO* Ko k3> Wehe 3375 20| FMERHELT L Tk
BB T AT 0 1L A klil“ﬁfﬂ/élbﬁfﬁiﬁ‘ﬁ R e JL e s 2 H Ak

st 4~ 47 (Rosansky et al., 2010) - vlg’%t‘ dpd o B 'E'-J-;:%_EJ/‘E 4
%ﬁﬁﬁuﬁ%wﬁﬁﬁ,gﬁﬂ%ﬁgﬂwﬁwéﬁ%#méf Z3 8 %

b oom gy ok R pl ERE R EAREEAKBREL S E
Wl At d A& a3 pd AnEfzs & (Cronk, 2008) - » %
SF LI EI - B AP EfRL R RPFIER TR R AR B
FHERT FOINR o AR RAURY P R - BREERIE N AT ] AR

{

AL FBNRE Y PRIk R FL O HR TRAAREISREFTY 0 £
TEFRRBREEFIEZ B TR S B L TR RE AP TR
A Ay B B Ly R R g itgy (Cud) & B AEB AR
%%-%%“ﬁi“*%%?%ﬁ%%%ﬂﬁﬁ%0356%{;%#¥$ﬁ’
AN LTy 3 o o T KB AEF LB RS 2§ 0 FF5 A
FBRCA AT A9 bt _w,; WAy SHFIFIRFLAL KLY
g TORES ISR RRT 0 @Y BERE A A BT  E ES
Fife s T U Z F R ’J\%“’ * 45 »xts f2 (Liang et al., 2009a; Linet al.,
2016) » 7E A EE § R E R H G B gk > RE g T kY T AT ES L
FopE o €A, A S MAT s 0 4 R T AiﬁmmLm;4o¢\_
FUOATHAAMASDIE AL > BB R > B ZF RFORT CEF
» A BOF Loengg B2k #E 7% % (Light Non-Aqueous Phase Liquid , LNAPL) i3
Ao AR gt G A FEF T FT AW LB AR Ay
v 32 m AR #% “,% (Llang et al., 2009b; Long et al., 2014) > # i&} it
B A A EF LTI R B AR A€ el BT i
F@’“iﬁﬁéﬁH%F@ﬁWEJOiZ&:fﬁQ{%iﬁ|24a:§”§og§
(2,4 DG F? FAS - ER%HBEF 7 ¥ (International Agency for
Research on Cancer, [ARC) ¢ #7|5 # i REd & > ?}I?v“ I+ 2 e 463
KA BT RE AR WD R R S AR i
PPV AR E - AL %% (Sun et al., 2015; Li et al., 2015;
Cheng et al., 2016) -
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IVE=N o - 0 U NG ST v ) PR

4.2 1 iem p
Y oo, ﬁm,gﬂ;z p e 71\?.%]]@ %‘J‘z'r,%% B i¥IE P
1. F it4p2 W oasris:

%?%?%ﬁiﬂﬁ%ﬂiF*@%€$ﬂ%’ﬂ%%%é%:¢H&ﬁﬁ
R RN R N F oM F L&D CHEEF A2 450°C X IF
ﬁﬁ%2+ﬁﬁiﬁﬁﬁﬁﬁi$ﬂéiﬂﬁ’w 1z TR SR %
oo Rk EAEPF a2 T Ae R 2. (point of zero
charge, plie) ~ % % A 2 HBIF FHZ > FHRERSE VP BRD 65 Mepd o ~
# g2 F A -

%
B e
,—T,-t-‘
AT

2. BlEF AT E - MEBAARLKTEETH A R BIT L2

)34: ri.q, :

2

MEFFRRBR LS - » TR FE RS ET SRR & 8 (2000 -
20016 #) > R+ T-kpHie ~BER (T) ~33% (D0O) Ec%EE ¥ 7 Pk
ErpFe gk 5 (T=25°C, pH=7 D0 =0.5mg/LT™) :£FF % - p

TfRF B S A B s 0 E e F %k 0 0 fREC AR AR
FLpR Rl TR c BF VRTS8 S e u
BT AR PSPk 1 200 mg/L 2 F YA B FERE o AL
MR ERT > AR M2 2,42 A5 02,42 A ¥H-F F U A
- AF RIPBIRSFIFEFF R FHRIHFIRT T E-ER P
%ﬁiﬁ‘ﬁ%§Wﬁ(w&§Wﬁ>ﬁﬁw«?i&ﬁZMmL¢ﬁgaﬁa
AR RAIF IR RELI T A e~ F VBT %R B F
TP B B RaE BegR 0 T 0UGE R DAL PR ERAN B0k A4 » R R &N 0 BB
:ﬁ&ﬁﬁﬁﬂﬁ%%éiﬁ@’%¥9ﬁ¢ﬂ?%ﬁ%#‘@:ﬁ&ﬁiﬁ$

ZRBOMBBEIRALAFERIEA AL R E S R G
uﬁi#%ﬁv“—NF%%*w*“ﬂfkﬁ#&,pﬁ%ﬁﬁﬁmﬁﬁ’i
WEAF e Z2F %~ F 0 3 T EALF BF B INDF M EH G 5 L
P AARISP R RO BERERF BT E (93156mL ) > I sk
FRFNEEME CERERDEL  RFRY O R ONREFTE LA
5 o

A
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W
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Ll

RIZH 3 TR R HCT D HRIT B3 R

B3 bR ST 0 p R AR L F MRS R
#éﬁiﬁ—&OilﬁﬁB%“i;%ﬁ%@,

g5 4,){;: Ny Y= FI@? e
mi@%ﬁ%% ‘@Km

ER 3R E: pH B iR A SRR D
T T o PHRFSAY D EfE2 R T R HER o FH&RERRBLFIIEE 25°C
A% 0.5mg/L 2R AR KE SECEEAT 2 4-1 o FHI 2 R LR E
Fiehigk » BiF BEF AT oy MapHE =
?%ﬁ4#ﬁ—“ﬁ%¢*#$,d%k55m
AF BiEARRFE X 43 % R fe pH BB H
BETFN B AT E

LA

TEFLG A s
ERZEZ pH B kS 0
’ TI’TD“# AR 3 Il RN S U -¥
L 4F 2o ,Tﬁ

o

# 4-1 2 B oRF S8 7 5%

Zwlmp (T =25 °C, DO = 0.5 mg/L 2 7)
KT S8 3 5 o v
F i 4 £ (ng/L) | 100 ~ 200 - 200 200 200
400 ~ 1000
EoRmEmBERQD|] 5 0.8-1.54 5 5
5+ 20
& 3L B (nM) 0 0 0~1- 0
50 ~ 100
pH 7 7 7 3~H~
7~9

35



DLEALSE( bl iRk B A st T /KA 5 212 5%

4 FRulmpitp d 2§ pd AT AR RERY 4 3

B R Afrd F A RS RECEF M ET R AL S
Ao wENpD RenG hEEE - BN o 1 (FIE P P o AR
pd A4 HAH (Radical quencher) B {77 %> BF TP HKEET >4 10mM
e f: (ethanol) » BE P L5 4Pk RART AT 5 2a% 0 Fla e v Pk
Pg g opd Aompita d %’ﬁ’*ﬁf@’%@ﬁ#ﬁu“ﬁﬁé dABEpd A
HABTE X PP HRES 7 Uy F RiERLTE L pd ztk Wz i ﬁééﬁé d
%’?ﬁ—ﬁfﬁﬁﬁ% 715‘+T’ﬁ’b§47’/“54«f’”"5—’"r FRE M FE RP] R
BB WA AP S YR A T2 FHES o iz 3 P RRF f@ﬁﬁ’*‘
?%ﬁ“@ LRI P PRk R T

-

5. G EMI B ARG BI G A0 F CHE B MR BED B P

R g A

W AT E X ARG B AR VAP g v RIS 2
ARFBPF LR AR EHF CHETE - ARBEHPIRS ARG
o fips (Humic acid, HA) #- X R3 B3 A, 3 &5 > Z1EIEF 8
A2 - 0 AP AFTARFEET B2 £ R (2.4 mgC/L) g
T AER SRS (O 50 mg/l B - 0.5 mg/l) 4 R
JREA g2 3 R R e

WL IEIE P (2-3~5) PREAT MFITEE LA LB T A
FRLAKTHRETHIEF L4570 DE R 2 BEF G TRBT LA
REE A LERERE FAFSARNFTF] Fp AL (TR i&—%%%“
B TORE B = vF AR RGERE T BRI R RERHECRRR &RIEE D
o4 F AR R BRI AT A AP AR

B REER T RAR A 0 B R TR F R sk BT A B A
e B A 805 L R o
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A3 RELE D 2

PR S22 A R FHSRZEFER A AT RT I
H#egg (Scanning Electron Microscopy, SEM) 7% » #fga i * X %
¥5+ (X-Ray Diffractometer, XRD) 4c i & 47 » B is % (‘4 & ~ % &
Z_rr ARl X st E T 3 i R (X-ray Photoelectron Spectrometer,
XPS) 2 & > g =t LK (Fourier Transform Infrared Spectrometer,
FTIR) 4c gz o 2% 5 %@ * § e 4p ¢ 32 (High Performance Liquid
Chromatography, HPLC) ~ 47 B #5 4 ¥ EREF BFEF 25> &% 5 4p
& 47 & ¥~ 47 & (Gas Chromatography - Mass Spectrometry, GC-MS) i {7 7
7 BalAb 2 Av\%"’r s FRA T MG e 2 47 R (TOC Analyzer) %3
= N e gL E S AR RR A DR RIS Y 2 peerie eh 2 (Liang et

,2%@’§@—ﬁ&§i?@£mﬁﬂﬁ(M)gﬁF%’#%“%4%v
85k 4 sk k ik (UV/VIS Spectrophotometer) & Bl &¢ & adpF (Is) gwx
KR NI EE - R ER o F B (Y44 I endr g R R R R 48 8
ey D‘f( Fa & 8 55k 3 & 47 k% (Inductively Coupled Plasma Optical Emission
Spectrometry, [CP-0ES) #4v Bl & o # 2 %t & F o ie ™7 2R HAS 2
pH & o R ZEX - & DR SRinsey LSBT B 4-2-% 4-5-

B 4-2 AEFUFTHRAREHEC LR
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Cu(NOs) . 3H20 - CuO
450°C , 2 hours
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XRD ~ SEM ~ BET

PVDF filter

FRF R A

HPLC
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Spectrophotometer
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2+
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W

i

39



DA LS5E (L8 —
4.4

i

FRRRE

1 i®38 p

Pt fie st KA S22 B9

2 1T P (H4HEHB)

10

FHE B 822 P if

FwERFER

Al 7 65 84 2

A2 Bh Rk FEEE T p
155 % 4 5% 2 A0

A3 == F i ¥
SHcehip 3 B %

27k

Byrulpd Aw s F

C3 3345 f2 7

DI £ 58 = Kk Sk

D2 2 F 5 T RGP

RESIEIETREN T
SELED

1 e R B3P A

( % & & )

40

9%

15%

30%

40%

59%

60% |70% |80% |90% |95%

100
%

e
f




RS

L FHI R BAAS R LR

P ek R S

. OFEZ R R

. Rk kiR L8

41



DLEALSE( bl iRk B A st T /KA 5 212 5%

42



H
=y
1

LES S R L
5.1  F 4wz A 4T

SEREREE T2 3 VS 2 Ak I X REMHRETH Lo HHY
e GF e (B 5-1) 0 d 8% 7 a0 WKF He0 B
ST F X R M ERDFT AR B A RPFY 3 MEE AL N L F e
WEARR L TRELT - Hap RN EF R o & b-1 7| diisd BET § 5 =
wgm Bt e f o WHEF tpe BF bz Aafanli 1032 40 2,13
/g A G FOL BB EE B AR E Y hh G AT M o

ﬂ'ﬁi

SR T EAcs (SEM) s t4rhi e AL RO 2%AE L ARIAT
(5000x ~ 20000x ~ 50000x) &5 (v 4 A1 A 45 » 7 BT (BT 3 ) 0 AT
BN 3-Oum Y B tAERpA gt g RE - A g 10 (a0l 5-2 (o)
G mBRTE ML e By RS Aa e bRl HERYS 0.5
um °

Gt e 2 AT RS T Ed XMk T Ik (PS) A 490 d
Bl 5-3 *rR g k& 2 WK AR H s~ 3 r(National Institute of
Standards and Technology, NIST) #ikz XPS F42E (NIST X-ray Photoelectron
Spectroscopy Database) & {7t 4> ¥ 11 ¥ 5' BlP FdFMwF2 05 - B
g (U)o st bl s 912 %o it- HAEmAST Y A F CarD 4 s
oG B

F TR (pHwe) eER1> 2 5 Immersion Technique » fie & 4% # F 4= 4> pH e
NaNOs % f23/% > F3ar - T8 M4 A2 E T 24 ) FE 23 % a0 pH &
T fE s BPIT e T rpEanpl o 8 K R s ehpl £ E (ApH=pH «s—pH +s) >
@U"’ﬁﬁ pH & ApH 2 M B % ApH=0 “t¥ 244> pH 5 ¥ térd w2
FRATE M b4 PRI SE T B WF a0 pHwes8. 20 BT AT
fg‘r—hqu. pH"L‘é D 2 % 2t o
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count (cp)

40000
Commercial CuO —— CuO

30000 -
20000 -
10000 -

0 T T T T T T T T T T T T T T

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
two theta (degree)
Bl b-1 XRD ;&A% @)
% 5-1 BET ** %o #

Metal oxide Cu0 Commercial Cu0

BET Surface Area (m’/g) |1.3240.016 |2.1340.02




Intensity (a.u.)

%

Cu Zpg/z

Cu2* (91.2%)

928

930 932 934 936 938
Binding energy (eV)

W5-3 f WF - 4F2 drsps XPS %

940

A\pH

0.4
0.2

-0.4
-0.6
-0.8
1o 0.001MNaNO3
-1.4

-1.6
pH

=y
i
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5.9 QL’J\?';{ —r«ﬁzpﬁ O S P e

A BT AETERE SFE TRBRESRFEET (T=25°C, pH =T,
DO = 0.5 mg/L) > f1* =& 2 % it4¢ (200 mg/L) # &= @ (O w4
HELES S R RS #ﬁwﬁ fRenlEa) > TR T - PR S iy

PRIEF MG W EF e 72 4 FP ~2,4-2 B o~ ¥H-2 F T o
BAF U G PSS T 53 A 52 IR S5 gk o 2t B
ApET D RN 242 A 2,42 Bepeirr RE SRR R > Bt F IR
Tt 2, 4-5 Fpaend ok 40 % ik A HE T ﬁ‘&ff*ﬁ Bﬁ fe ek
Bt F R PRI BEFaweg ) RAF L ELE - RRBATAHI R
i3 "—’M?"E”‘ EELBE T G B R j‘ﬁ‘/m‘“ iy £k
et d] > S AF IR AT R &S AP B R RS Y AR
Tk E‘#mﬁﬁ d AfcH i ¥ '0. (singlet oxygen) &% f2 (Liang et al.,
2007) > @ AR LRGSR TG REHEAFTRED G e f2 0 48R p o
éﬂff’ﬁf A3 VoA 2EAFEN P aiE My Vg ks rﬁ&*qﬁ d th\éfﬁ”ﬂfr$
Rl el A ¥ :#fﬁum |5 8.8x10° M's'4r1.2x10° M's", & 77 #rfit19 p
d AEa —‘]’E]z’gb”ﬁ A OF B VRIRE AT S - R B iR TE i 4F S
ViE S AR B2 K R A R 2hp d e AR o

Gt H e TR R G Ao F O {fﬁr%”j‘\ﬁﬂ*ﬁ»ﬁ % 4p fe e ip e =
FEEFF WAL EREIR 50 ﬁ'*#—t“”‘ WALy F HEE s L%
R G SR g S LR PR P L S o) S Ff@:é»‘ MR TR
(No headspace) « Bl 5-6 &7 » i 60 4 48:0F J5 > = & ¢ FioF kR TR

FRHFSCE RAPLFENF BBHIH G o r T R EFERE - N
)f}?)cml‘ﬁ v S Heehz 3 ¢ T,:'fr:'js 'EfE S A 4 2 (Vogt et al.,
2011) e p d A f2> ;% (Liu et al., 2016; Yuan et al., 2014) > * = #

z Ty‘z RS- BRRF R FEEES NS j\lﬂ'ﬂm_r:}% e RS ) A
Forfzaeirrmizd zIJF PHEIE o AR G b 0 R +§ 1!.
Gk BRFET o PPRAE o g ) RS R PARILL F ]
i
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Bt d W BRI o A W s Rk BN F O RsE 0 H Y 2,42
%%24:44%mk§%W1£¢%vvﬁzﬂqmwzkﬁéﬁéﬁﬁﬁﬁ““
éW1%m7§E4m@*m‘§’ IERITEE DA RS B

ﬁ'c#r'ﬂﬁ,

=1 ﬁi’»‘Z 4-= 85 ~ B F i 5
_t4#c (coefficient of determination,R*) *
Pl = fd g 4 o0'E fRARS JFJ%T?E%‘] 5-8 il 3 P 3

e

et $ BR &

R 5% hit -

¥ crsk s o B 57 17 £i-

=

Fe B ™ AR 5N A7 A 2 S
TN 0084\0.0075\0.0095 min" »
70,94 > &

-rr 2,4_

LR I F

EET > B F AR R - MR BERETFRE A F N AR N AF
ABY F MR o S RS ARy VAR 242 32~ 2,4~
SRR R aw4%ﬁ4#mﬁiﬂﬁmﬂﬁ:ﬁ&ﬁéﬁ
RS il TGRS S R SRR AR AR
Flo o E AN R Rk 2,42 F T {é—*&mﬁﬂz‘%%&
#5-2 A kG izt F ey
3 2,4 % p» 2,4-= 8.pm iy HEFTR Wi ¥ M
P> ;‘:,‘,
B L 2,4-dichloro 2, 4—dibromo phenol 4-chloro 4-Hydroxy
phenol phenol benzoic acid | benzoic acid
H OH OH Oy OH | Ox -OH
Cl Br
S
Cl Br Cl OH
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1.2

N R g
3 :
S 08 ;
@
[
©
5 06
3
(- N
9
s 04 - W 2,4-DCP
2 ®2,4-DBP
° @ Phenol
0.2 oon
pHBA
0 . : , , . .
0 10 20 30 40 50 60 70

time (min)
W55 %k F 44 (Bodf ~ 7 BRaf)2 " 217

Initial PDS conc. =5 uM, CuO dose=200 mg/L, initial organic pollutant conc. =5
uM, pH =7, DO < 0.5 mg/L

1.2
T T T

1 _
) % i é Il T
L * 1
£ 0.8 -
2
[=
8
3 0.6
°
a.
2
c 04 A
]
20
(@)

0.2 4 @ Benzene
Trichloroethylene
0 . ; : : . .
0 10 20 30 40 50 60 70

time (min)
W56 74 (Z &% ¥z

Initial PDS conc. = 20 uM, CuO dose = 125 mg/L, initial organic pollutant conc.
=10 uM, pH =7, DO < 0.5 mg/L
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0.6 - W 2,4-DCP
®2,4-DBP
0.5 y = 0.0084x @ Phenol
R?=0.9416 y =0.0077x
04 | R? = 0.9958 PCBA
pHBA
S 0.3 -
o
S~
L
£ 0.2 A y = 0.0059x
R? = 0.9696
0.1 -
0 {‘ T 1 T 1
) 20 40 60 80
-0.1 -
time (min)
B 57T 23 852 8- FFF i 4 2 4250
1.2
® CuO+PDS without organics
1@
°
0.8 - e o
3 ¢ ¢ 5
S~
< 0.6 -
(7]
(]
a.
0.4 -
0.2 -
0 T T T T T T
0 10 20 30 40 50 60 70
time (min)
Bl 5-8 3 it 4F i - ARk B e ')
Initial PDS conc. = 5 uM, CuO dose = 200 mg/L, pH = 7, DO < 0.5 mg/L

Ll
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0.3 AU pd AH I TF KA

BI5-9 % 2,4-= §f e f87 Fif 7T 0% f2135 2 ¢ ¢ i (ethanol) £
Frenpd AFRF > 7 ubde Er Y 2 X2 mpgitpd Afed § pd AF
Fo o FALY R F AT AF G A AAd o R AR L g
A E g kS LRGBS ERE AT B L e 1 S B AR R
FWEAAr2ZWFEFFE B 59 gk A PF PR 24 F R
P F A B BY G ANEE T YA PREERESN > 5E 60 4
G B REN 4-6 % E s RA K 2B BRI 24-C AR
24-= & RS F AR A A G F A g o BRA 0 R R F
e = B o A 2,42 F R F R B 4 RBRBRI 2,4 F R
NP P YR B CE AR 0 d dﬁ@#ﬁrwﬁﬁ(Qﬂﬂ4$@'mﬂﬂ4$@)’
L b B A B 2,4-- & e P & (CuOtPDSH2, 4-DCP) i &
- HHRPy it4pdm P 2iE= ﬁf&q- B 5E 242 F R EfRR B2 A
FivA e F 3 10mM e fEis chF BifE T 2 2, 4-2 & B s fRARE B R ¢gd
%ﬁﬁﬁﬁ&ﬁw»ﬁﬁﬁ&@%@%&kqﬁ@ﬁ“v%24_§E 1140
ek v 5 ﬁﬁﬁﬁ%wﬁm*%’ﬂpz4— FpocntEfErk by Epd A
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EoRT IR S A B R RE 2,4 AR B AR
WA RE P AR TR B MR BR 2,4 A RE- B F""f%ﬁi% =
PR Rr 2,4-- AR F o AL G MR R d A g AT
HrE 2, 4-2 7 pApengE %o ® &F),@%}ﬁ# for B A Ay Mo
SR F LR ST R A G K R o KA F ALY A Ay
P T R R ARAP Y PFREA D A EUE R E S AR R L G hp d A
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2,4-DCP (C/Co)
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o = v 3 .
*
0.8 A 4 . )
/_:
0.6 + ;i;
0.4 A
B Cu0O+2,4-DCP
® PDS+2,4-DCP
. & CuO+PDS+2,4-DCP
CuO+PDS+DCP+ethanol
0 T r : : : .
0 10 20 30 40 50 60

time (min)

N

B 59 2,4-=-3p R ifgit™ s 22

70

Initial PDS conc. = 5 uM, CuO dose = 200 mg/L, initial 2,4-DCP conc. = 5 uM,
ethanol conc. = 10 mM, pH = 7, DO < 0.5 mg/L
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ERFEREEE mﬂ% ¢ AEF e i A L G AT F PR R e
pH % » p 38 PP P B EBFEF b B F R F7 R Ef2R 7o

W

1. § “4p & & @ 58

i - PRy o APdahs v 2o P onilf- R RBR S 58 2,4-C
FRCERAZARE R IR AR E LR E T ANE B LN FET ERE
2,4-- Fpeti Rt S o B 510 5 A7 R F R ETECE - MBRBRHTZ
Pr2,4-2 FPR iR 0 T UG BB IIEF S LB A4 260 A
@F R 02,42 & peend FRFERF RS o Ahn et al. (2016) v R T
Ef-F 1 hF (NM-ALO) it #en® i B H i B 4-F 5% fRenB B0 7 1
FREFRCABE ARG A F P EEARB I PREFRY B4
Frikamm g (B5-1050-11) > 7 Wit £ 5 (“4v £ 5 aE =8 Bt "5 3
WP PR - BAERESES o d N AT SF BRI £ b i
BB A AL ST W E # 4 F (reaction k1net1c) HFT Y 0 &
GEEE S S S ERAE - S P CE L B '%ﬁmﬂ & F R
o 4o@l 5-12 977 o SEERE L Sk F ¥ e d Y4 AR 5 200 mg/L P
i EfEsk > HRFIV n B R 2 BB AR '“ﬁ*ﬁfﬁ?'] BB T e Ea
WAL CE R 8 TH0%) - ARG By eng '“"\"Jﬂbzzﬁék 4 % 5 & Fl4kenis
AP FAF R 2 AR HRERY T '1&?}- &8 % 1000 mg/L -k enipg & je et
Brergpazd o
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1.2
W 100mg/L
N ® 200mg/L
1n - © 400mg/L
i = B 1000mg/L
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2,4-DCP (C/Co)

o
N
1
HeH-0— @A

0.2 o

0 T T T T T T

0 10 20 30 40 50 60 70
time (min)

B 5-10 2,4-- Fp~t? b3 CARHE T % 2157

Initial PDS conc. = buM, initial 2,4-DCP conc. =b uM, pH = 7, DO < 0.5 mg/L

1.2
1n
o S S
0.8 - o +
S A ’
S o6 °
3 ; ¢ ¢
(-9 o
0.4 A *
W 100mg/L _ T
@ 400mg/L
1000mg/L
0 T T T T T T
0 10 20 30 40 50 60 70

time (min)
BIo-11 B mpe@ bt i CapRE T s 22

Initial PDS conc. = 5uM, initial 2,4-DCP conc. = 5 uM, pH =7, DO < 0.5 mg/L
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9. F Mook 4k 2 pH ch

PeRRA T BRI E RA R A e DH A g E L AR S 1B S Bk B R R
2,4-= & e 3'5%.5‘#%“%”1 FUSE - Ry Car REFIEE
ATFEE AN G E 2 EITEE o R 513k TR 24 F
Fl g BT T pHET R ket fEeny o mFLpH=5-F pl=3#9
CRICE-E AV SESE S AR I EE S Lo L E '“s?'ib
Y RERBEY R AEFE, B F M HECE S KRR -5
(p—chloroanline)éﬁﬁéﬂc— #* (Liang et al., 2013) o & F B4 d BE (7
%‘%”aﬂ‘ » pll = THed 3 REF Rk v o £ 55 24 T B f T2 4

ﬁﬂﬂff% FRiE - AT M i @ LRSI RE At TP
hpdom o Al E R RES > F 20 bpll = 9 PR RIE T FEE
BlorFRETE MR LT O HE - BB 2,4 AT BT R
514 5 3R F b miEd e kg o gt b F £k pll = 3 BF > drART ehip
NFE10mg/L #riF 8% 2,4-Z A patifi> 7 BARRP S {3 B S

FRpe W il 4p LI g B A o

1.2
m pH3
E ® pH5
10
E 8 o g n - . @ pH7
i } § § pH9
—~ 0.8 ~ } }
o
S ¢
<
a 0.6 A
o
o
<
N 0.4 A
0.2
0 T T T T T T
0 10 20 30 40 50 60 70

time (min)

Bl 5-13 2,4-= % s &7 b pH & 0% R

Initial PDS conc. = 5 uM, CuO dose = 200 mg/L, initial 2,4-DCP conc .= 5 uM,
DO < 0.5 mg/L
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' LA ER D14 cdp s R R a3 NS SR TEE - 1R
LRV LED AT pH T é}?#ﬁﬁ—* R Y GREEF PR e m R R

) | % F 04 {7 LI EF IR
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1
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®
E 06 -
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£
1%}
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" o
3 o ° o ¢ S
0.2 > *
2
0
0 I T T T T T T
0 10 20 30 40 50 60 70
time (min)

Bl 5-14 4r3p+ &7 e pH @ T 93 4 A

ANENN

Initial PDS conc. = 5 uM, CuO dose = 200 mg/L, initial 2,4-DCP conc. = 5 uM,
DO < 0.5 mg/L
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WA F R B MR BIER AALE 5 UMPE > T 5 B PR RIER S5 L b
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FORsiB AR kB AEBTT VR L B 40 F RenFEL o A0 5B 60 A 4B F 1S 02, 4-
SERARF D 5 R G A0% T - 30 B FE B RS 5 20 uMpF
AP ER THI 2,4 F Rt Ak MERPFE PR B E CRES LS
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R 423 FF ke RIFEFRarcy b d o EBIRREF
TRt kg (R 5-16) 44k & 5 20 M2 &= e B > 5 5 uMe 2, 4-
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mEFEF 52 (Yun et al., 2017) -
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1.2
i @ .
.
3 g ol .
0.8 - A 3 .
S .
o
= *
o 06 1
[
aQ
< W 0.85uM
N 04 - H
®1.5uM
¢ 5uM
0.2 20uM
O T T T T T 1
0 10 20 30 40 50 60 70
time (min)

B 5-15 2,4-= & v &7 A~ 4oi = ARl Bk B '8 2057

CuO dose = 200 mg/L, initial 2,4-DCP conc. =5 uM, pH = 7, DO < 0.5 mg/L

25

0 T T T T T T
0 10 20 30 40 50 60 70

time (min)
B 5-16 20 pM B - Fepe L B % 1 2

Initial PDS conc. = 20 puM, CuO dose = 200 mg/L, initial 2,4-DCP conc. = 5 uM,
pH =7, DO < 0.5 mg/L
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a2, 4 F el 0 E e B 2 F (NaClOs) R 233 58 R o AL
B 5-17TenF g% v @4 k¢ dpFsad 0 mM3<c s 100 mM > >t 60
AEF PSR 2,42 F kS d 40 %R T 5 %o dpl A kY §
%ﬁ—'} MR TR TR B ARG a4 o A E Yav £ oo
BE BB RS 3 E 2 4-C ARG MREARER LR R
Zhang et al. (2014) *TH&R DB/ PF > RE B - ARBIF BT ES
“4F % m ek - B L3 ¥* (outer-sphere interactions) @ & & & &
Jede foilic B RS IR F kAT > ZBELA G TGS REFEY > FrpE
BRI G o PRET OUEE A M pH PRGN RAE T ARV 'hi"J
B iEns AP 3 "f‘ * 5 Lee et al. (2016) ®FRONHET R R
fapse RO PRGOS DRI RL- BRI RS DERL T K
fodd 4% b= Fipe @ o

\\\?@r

1.2
1N @ 3 N
s ¢ Py ® s
— e
]
__ 08 °
o
L u ®
L
a 0.6 - [ |
o
Q
<
~ o4
B OmM NaClo4
0.2 1 ® 1mM NaClo4
© 50mM NaClo4
100mM NaClo4
0 T T T T T T
0 10 20 30 40 50 60 70

time (min)
B O-17 2,4-= Ff 7 a3 R T 'F fR1T7)

Initial PDS conc. = 5 uM, CuO dose = 200 mg/L, initial 2, 4-DCP conc. =5 uM, pH
=7, DO < 0.5 mg/L
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B s PP iR 500 R4S g £ 28 T okeRla- Fhik
T RS R A A 2,40 & R H R R B A
ﬁﬁ%ﬂ%$,ﬁ?mwwﬁﬁwﬁﬁ%%Tﬁ JLPE T R S sk o
ﬂ*ﬂ%iém S RRRRRPESE o0 B RLALF 0 A&
*oF A fr;#%&&—* EER%&d B 5-18 BERFa 7 B fF RS 3 DR
T 2,4 FF 60 A4EF BEAEROMER TG AL BT O >
JoflT AR B ARBALERIG I RUEH ST RO R
(methylparaben) A ERKD WD 10 mMPF > 55 A F T BT fpend
,ﬁi’—w‘g54 %% 3 31 % (Chen et al., 2017) > #*7{EF|enE % % kb » B4 H A
PRy F i apFi s mpERER 2,4 *ﬁz)@f"— B2Lpd AR ERF
S RARAPELF B AR TR F RS T AR B AP
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1.2
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1 ® 10mg/L CI-
# 50mg/L Cl-

< 08 - _ 0.5mg/L Br-
Q [ |
8 -

0.6 1 4
5 [ ]
aQ " T
<
~N 04 - + .

a 1
n
0.2 ® I
B L
: T
0 T T T T T ‘
0 10 20 30 40 50 60 70
time (min)

Bl 5-18 2,4-= #f- a7 o L 15 27T % 2157

Initial PDS conc. = 20 uM, CuO dose = 200 mg/L, initial 2,4-DCP conc.= 5 ulM,
pH=7, DO0<0.5 mg/L
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e
a 0.6 -
o
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<
(o]
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0.2 m 0.4mgC/L HA
: ® 2.4mgC/L HA
@ 2.4mgC/L HA (w/o CuO+PDS)
O T T T T T T
0 10 20 30 40 50 60 70

time (min)

Bl 5-19 % R4 8% 5 a¥ 2, 4-- & % jalF7)

Initial PDS conc. = 20 uM, CuO dose = 200 mg/L, initial 2,4-DCP conc. = b ulM,
pH =7, DO < 0.5 mg/L

1.2
18 m g o o o o
® o
—_ i °
3 0.8 °
L o
e
e.) 0.6 1 Y
Q
<
~N044 o B 20uM PDS+200mg/L CuO
® 10mM PDS+200mg/L CuO
0.2 * # 10mM PDS+2000mg/L CuO
* . . .
O T T T T T T
0 10 20 30 40 50 60 70
time (min)

B 5-20 % 25 845 Al o R F BIFE L 2,4-2 F BRI

Initial 2,4-DCP conc. = 5 uM, HA = 2.4 mgC/L pH = 7, DO < 0.5 mg/L
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TR TORGEF BEEAHITR 0 T REEF R BEE S A AR T
fokdR pll BT IT AR 2,42 & @t PR s T ook G2 s
WEF ST AR R N AR (TIT AR RPIGE o AT L ATE R 2 A i
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BEA R T A (TOC) ERZIP T34 5-3- 1347 % 2% k7 (B 5-21) >
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0.2 + o o
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0 10 20 30 40 50 60 70
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Initial PDS conc. = ImM, CuO dose = 2000 mg/L, initial 2,4-DCP conc. = 5 uM,

DO < 0.5 mg/L
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Abstract

Peroxydisulfate (PDS) has been considered as a promising oxidant for in-situ chemical
oxidation for groundwater remediation because it is stable in aqueous phase allowing a long
traveling distance to reach contaminants in aquifer far from the injection well. The process typically
requires the reaction between PDS and an activation reagent to generate sulfate radical that is
capable of degrading a variety of organic pollutants. Recently, efforts were devoted to developing
PDS activation systems that do not generate sulfate radical to avoid the formation of unwanted
by-products. The kinetics of these processes, however, was either not quantified or empirical in
most cases. In this research, we examined the activation of PDS by CuO for the degradation of

2,4-dichlorophenol (2,4-DCP) at neural pH. It was found that only PDS adsorbed on the CuO
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surface can be activated and radical scavenging study confirmed that the activation of PDS by CuO
is a non-radical process. A single positive correlation between the amount of 2,4-DCP degradation
and the amount of PDS consumption was found for various experiments using CuO solid loading,
PDS dosage and 2,4-DCP concentration as the variables. A kinetic model considering the rate of
PDS adsorption and the rate of 2,4-DCP degradation by adsorbed PDS was developed and
successfully described the reaction kinetics. The adsorption of PDS onto CuO surfaces can be
described a pseudo-second order kinetics with a rate constant of 7.28 g/mmol-min. The rate
constant between adsorbed PDS and 2,4-DCP was determined to be 4.79x10* M™'min™. The
developed kinetic model could serve as a framework to characterize other non-radical persulfate

activation systems.

Introduction

In-situ chemical oxidation (ISCO) has been proven to be an attractive technology to remediate
polluted groundwater because of its easy operations for both saturated and unsaturated aquifers’.
Various oxidants such as ozone (O3), permanganate (KMnO,), and Fenton reagent (Fe**/H,0,) have
been proposed®®. However, theses oxidants suffer from various shortcomings, including short
lifetime of the oxidant hindering the application to pollutants far from the injection well, sparingly
solubility of the oxidant in water leading to ineffective delivery rates, selective oxidation limiting a

broad application, narrow effective pH range reducing the removal efficiency, and undesirable
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sludge production increasing the overall cost®.

Persulfate-based technologies, employing peroxydisulfate (PDS) and peroxymonosulfate
(PMS), therefore, have been considered as emerging alternatives used in the ISCO. Persulfates are
stable and have a prolonged lifetime in aquatic system, allowing their travel with groundwater for a
great distance from injection wells until reaching the pollutants’. Persulfates can be activated to
form sulfate radical, a strong oxidant with a oxidation potential of 2.6 V that is capable of degrading
various organic pollutants®®, by many methods, such as UV®, microwave®®, base™, transition metal

13.1% and carbon materials™ *°. However, if halide ions are present in the system,

ions™, metal oxides
sulfate radical may react with them to form halogen radicals and subsequently generate unwanted
halogenated organic compounds'’. Due to this disadvantage, activation of persulfates via
non-radical pathways is desirable.

Recent efforts, therefore, have been devoted to developing persulfates activation systems that
do not generate sulfate radicals*® 82!, CuO has been reported to be an effective activator for PDS
for the degradation of 2,4-DCP and p-chloroaniline (PCA)® . However, the proposed mechanism
for PDS activation by CuO has been ambiguous. Liang, et al.® claimed that in their system PDS
could be simultaneously activated by CuO as well as by Cu®* leached from CuO to generate sulfate

radicals, while Zhang, et al.?

claimed that PDS was activated by CuO only via an outer-sphere
complex and no sulfate radical was generated during the degradation of 2,4-DCP. Moreover, the

proposed Kinetics was empirical in nature based on aqueous PDS and 2,4-DCP concentrations

without reflecting the reaction mechanisms. Other materials, such as carbon nanotubes (CNTSs) and
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iodide have also been proposed to be able to activate persulfates via the non-radical mechanism*® #*
21t has been proposed that persulfates can form reactive complexes with CNTs that are able to

15.25.26 and iodide can be oxidized by PMS to form iodide atom?*.

oxidize a variety of compounds
The rates of these processes, however, were mostly not quantified, empirical in nature, or without
considering the mechanistic reaction steps.

To better understand the mechanism and associated kinetics of the non-radical persulfate
activation processes, we re-examined the CuO/PDS/2,4-DCP system. The influences of CuO solid

loading, PDS dosage and 2,4-DCP dosage on the kinetics of 2,4-DCP degradation were

characterized. A mechanistic kinetic model was developed to elucidate the reaction kinetics.

Materials and methods
Chemicals and reagents

Cupper nitrate (Cu(NOs3),*3H,0), potassium iodide (KI), sodium hydrogen carbonate
(NaHCO3), ortho-phosphoric acid (H3PO4, 85%), ethanol (C,HsOH, 99.8%), and copper ion
standard solution (1000 mg/L Cu®*) were purchased from Merck. Tetraoctylammonium bromide
(TOAB) and nitric acid (HNO3, 65%) were purchased from Sigma-Aldrich. Urea (CO(NH,),) was
purchased from JT Baker, sodium hydrate (NaOH) was purchased from Shimakyu Chemical, and
ammonia (NH3*H,0, 28%) was purchased from Showa.

Preparation and Characterization of CuO
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CuO would be prepared following the steps described by Yao, et al.?”. Briefly, 20 mL copper
nitrate solution (0.05 M) and 20 mL tetraoctylammonium bromide ethanol solution (0.05 M) were
mixed forming a homogeneous blue [Cu(NHs)n]** solution. 4 mL of ammonia (28%) was then
injected into the mixture and NaOH was added dropwise into the mixture with vigorous mixing to
form Cu(OH), precipitates. The particles were collected using a 0.22 um pore size nylon filter,
washed with distilled water and ethanol, and dried at 60 °C for 2 hrs. The Cu(OH), power was then
calcined in a tubular furnace at a heating rate of 5 °C/min to 500 °C in air for 1 hour to form CuO.
The synthesized CuO was characterized using the scanning electron microscope (SEM, ZEISS
SIGMA Essential), Brunauer-Emmett-Teller surface area analyzer (BET, ASAP 2020,
Micromeritics), and X-ray powder diffractometer (XRD, X’Pert PRO, PANalytical). The
characterization of CuO particles are shown in Figure S1. Figure S1(a) was a SEM images of CuO
and the arrangement of CuO crystals showed a relatively random pattern, like coral. The XRD
patterns also shown in (Figure S1(b)) and the the BET surface area was 5.16 m%/g.

Experimental procedures

All degradation experiments were conducted in a batch mode using 250 mL amber bottle as the
reactor. The experimental solution was prepared by adding desired concentrations of PDS and
2,4-DCP in the presence of 10 mM of borate as the pH buffer. After the solution pH was adjusted to
pH = 7.0£0.1 by NaOH and HNOs3, desired amount of CuO was added into the solution to initiate
the reaction. 4 mL of sample was withdrew from the solution at 5, 10, 20, 30, 40, 60 mins and

filtered with a 0.22 um pore size PVDF filter for the measurements of PDS and 2,4-DCP.
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Analytical methods

The concentration of PDS was measured using an iodometric method allowing PDS to react
with excess iodide to from triiodide (I3"), then measured using a UV spectrophotometer (Shimadzu
UV-1800) at 352 nm with a molar extinction coefficient of 26400 M*.cm™* ?® The concentration of
2,4-DCP was measured using a high-performance liquid chromatography (HPLC) system equipped
with a 150x2.1 mm Zorbax SB-C18 column and a variable wavelength detector (HITACHI) after
the PDS in the sample was quenched by excess Na,S,03. The UV wavelength was set at 220 nm
using an isocratic mobile phase consisting 55 % methanol and 45 % 10 mM phosphoric acid buffer

at a flow rate of 0.65 mL/min.

Results and discussion
Dual-compound systems of PDS, CuO and 2,4-DCP and radical scavenging study

In order to check whether the loss of PDS and 2,4-DCP could result from their mutual reaction
and their adsorptions onto CuO, the removal of PDS and 2,4-DCP as a function of time in the
dual-compound systems including PDS/2,4-DCP, PDS/CuO and 2,4-DCP/CuQ were first examined
and the results are shown in Figures 1.

For the PDS/2,4-DCP system, the concentrations of PDS and 2,4-DCP remained above 95% of

the initial concentrations after 60 mins (Figure 1(a)), indicating that the reaction between aqueous
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PDS and 2,4-DCP did not proceed appreciably in this system. It is known that PDS is the precursor
of sulfate radical and subsequently formed hydroxyl radical, both can degrade a variety of organic
compounds®. This result indicated that PDS does not transform to sulfate radical at neutral pH in
the system. For the PDS/CuO system (Figure 1(b)), the concentration of aqueous PDS lost around
40% after 60 mins. As PDS is negatively charged (S,0s°) and the surface of CuO is positively
charged at pH 7 (pHp;c of CuO = 9.5%), PDS could be adsorbed by CuO via electrostatic attraction
forces. Another possibility is that PDS was activated by CuO to form sulfate radical, which can be
verified via the radical scavenging study described below. For the 2,4-DCP/CuQ system (Figure
1(c)), the concentration of 2,4-DCP remained almost constant during the 60-min period. The acid
dissociation constant (pK,) of 2,4-DCP is 7.89% indicating that 2,4-DCP is neutral at pH = 7.0.
Although CuO is positively charged at pH 7, there was no electrostatic attraction force for extensive
adsorption as evidenced by the results.

The radical scavenging experiment was conducted for the PDS/Cu0O/2,4-DCP system with and
without the addition of 10 mM ethanol, a radical scavenger that can quickly quench sulfate radical
and hydroxyl radical' and the results are shown in Figure 2. The results clearly showed that
regardless of the presence of ethanol, similar rates of 2,4-DCP degradation were observed,
demonstrating that no radical was generated in this process. Therefore, the degradation of 2,4-DCP
by the PDS/CuO process can be assured to be a redox process involving the electron transport from
2,4-DCP to PDS, in which CuO acts as an effective media for electron transfer.

The results from the three dual-compound systems and radical scavenging study clearly
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demonstrated that 2,4-DCP could not be degraded or adsorbed either by PDS or CuO alone and that
the adsorption of PDS onto CuO was the first step responsible for its consumption, i.e., the

degradation of 2,4-DCP in the PDS/CuO system must occur following the adsorption of PDS by

CuO.

Adsorption kinetics and isotherms of PDS onto CuO
To further characterize the adsorption of PDS onto CuO, the adsorption kinetics and adsorption
isotherm were determined as shown in Figure 3. The rate of PDS adsorption was fitted to the

pseudo-first and pseudo-second order kinetics as shown in Equations (1) and (2)*"**:

%=kl(qe—q) D
dg _ 2
dt—kz(qe q) 2

where k; and k; are the rate constants for the pseudo-first order and pseudo-second order Kinetics, g
is the amount of PDS adsorbed onto CuO at equilibrium (mmol/g), and g is the amount of PDS
adsorbed at any time (mmol/g).

Based on least-square regressions, it was found that both models could fit the experimental data

fairly well, with the following determined constants: pseudo-first order: k; = 0.036 min™, qe =
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0.0088 mmol/g, pseudo-second order: k,= 7.28 g/mmol min, g = 0.0103 mmol/g. Compared to the
experimentally determined g (0.0095 mmol/g), the pseudo-second order Kinetics provided a
relatively more consistent result with the experimental data.

The Langmuir adsorption model shown in Equation (3) was used to fit the adsorption isotherm

data.

_ quLCe

- 3
g 1+K,C, @)

where qm is the maximum amount of PDS adsorption on CuO surface assuming monolayer
adsorption (mmol/g), C. is aqueous PDS concentration at equilibrium and K_ is the Langmuir
constant related to the energy of adsorption (L/mmol).

The Langmuir adsorption model fitted the experimental well, with the following determined
constants: K. = 3714.3 L/mmol and gmn = 0.0096 mmol/g. It should be noted that at a C,
concentration greater than 5 uM, g, would approach g, which were consistent with the pseudo-first

order adsorption kinetics.

Influences of CuO solid loading, initial PDS dose and initial 2-4-DCP concentration on the
degradation of 2,4-DCP by the PDS/CuO process
The influences of CuO solid loading, PDS dose and 2,4-DCP concentration on the degradation

of 2,4-DCP by the PDS/CuO process are shown in Figure 4. The degradation of 2,4-DCP and the
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consumption of PDS both increased with the increasing CuO solid loading (Figures 4(a) and 4(b)).

The pseudo first-order rate constant k’ for 2,4-DCP degradation (k’ = -In(C,/C)/t) was found to

linearly correlate with CuO solid loading (Figure S2), suggesting that the rate of 2,4-DCP

degradation was proportional to the available surface area of CuO, which was consistent with the

proposed degradation mechanism.

The influences of initial PDS dosage on the degradation of 2,4-DCP and the corresponding

consumption of PDS are shown in Figures 4(c) and 4(d). In the end of the experiments, the

degradation of 2,4-DCP reached 57.7%, 94.8%, 99.3%, and 99.4% when 2.5 uM, 5 uM, 7.5 uM

and 10 pM of PDS were used, respectively. Figure 4(d) indicated that 2.5 pM PDS was exhausted

in 30 mins and beyond this point no further degradation of 2,4-DCP can be achieved. For PDS

concentrations greater than 5 uM, similar rates of 2,4-DCP degradation were found. As discussed

before, the true PDS involved in the degradation of 2,4-DCP should be the adsorbed PDS. The

similar rates could be due to the similar rate of PDS adsorption when the PDS concentration was

greater than 5 pM.

The influences of initial 2,4-DCP concentration on the degradation of 2,4-DCP and the

corresponding consumption of PDS are shown in Figures 4(e) and 4(f). Complete degradation of

2,4-DCP was achieved if the initial concentration of 2,4-DCP was below 5 uM (Figure 4(e)). The

rates of 2,4-DCP degradation and PDS consumption slightly increased with the increasing 2,4-DCP

concentration.
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Correlation between the consumption of PDS and 2,4-DCP degradation

A plot of aqueous A[PDS] vs. A[2,4-DCP] using the data presented in Figure 4 is shown in

Figure 5 to clarify the correlation between the consumption of PDS and 2,4-DCP degradation in the

system. Those data obtained at 2.5 uM 2,4-DCP beyond 20 mins where 2,4-DCP was completely

degraded were excluded. A fairly good linear correlation with a slope of about 1 was found. The

lineal correlation indicates the 1:1 stoichiometry between 2,4-DCP degradation and PDS

consumption. Since only adsorbed PDS can react with 2,4-DCP, this result also implies that the

adsorption of PDS onto CuO surfaces could be the rate-determining step, i.e., once PDS is adsorbed

onto CuO surfaces, the adsorbed PDS fast react with 2,4-DCP that is in the close proximity of CuO.

This also suggests that the surface concentration of adsorbed PDS should be minimal once exposed

to 2,4-DCP in our experiments.

Kinetic Model

Based on the above results, the degradation of 2,4-DCP in the PDS/CuO system must occur

following the adsorption of PDS onto CuO surfaces. Therefore, the overall reaction kinetics can be

characterized using the rate of PDS adsorption, which is a pseudo-sceond order process and the rate

of 2,4-DCP degradation by the adsorbed PDS as shown in Equations (4) and (5).
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Where [PDS’] represents the concentration of PDS adsorbed onto the CuO surface.

According to the experimental results shown in Figure 5, the consumption of PDS in the solution
was assumed to be equal to the degradation of 2,4-DCP (A[PDS] = A[2,4-DCP]) and [PDS’] must
be lower than g, (0.0096 mmol/g for the CuO employed in this study) at any time. Matlab was
employed to fit the data of 2,4-DCP degradation and PDS consumption shown in Figure 4. Based
on the least-square regression, the rate constant ks 4.pcp 0f 2,4-DCP/PDS/CuQO was determined to be
4.79x10* M min™ and the model simulations are shown as the lines in Figure 4. Overall, the model
simulations fitted the data fairly well except a few cases of PDS consumptions at high CuO solid

loadings and high 2,4-DCP concentrations.

Environmental Implications

This study assured that the activation of PDS by CuO is a non-radical process via radical
scavenging and PDS adsorption experiments. PDS adsorbed on the CuO surfaces was found to be
responsible for 2,4-DCP degradation and CuO served as a medium for electron transfer in the

process. The kinetics of 2,4-DCP degradation can be described by simultaneously considering the
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rate of PDS adsorption and the rate of 2,4-DCP degradation by adsorbed PDS. Overall, the

rate-determining step should be the adsorption of PDS onto CuO surfaces. Since adsorbed PDS is

the key in this process, the permeable reactive barrier (PRB) could be an ideal application mode for

this process for contaminated groundwater remediation due to the high solid-water ratio that allows

more effective adsorption of PDS and subsequent pollutant degradation.
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Figure 1. (a) The concentrations of PDS and 2,4-DCP as a function of time in the PDS/2,4-DCP
system. [PDS] = 8.5 uM, [2,4-DCP] = 5 uM. (b) The concentration of 2,4-DCP as a function of
time in the PDS/CuO system. [PDS] = 5 uM, CuO = 200 mg/L. (c) The concentration of 2,4-DCP
as a function of time in the 2,4-DCP/CuO system. [2,4-DCP] =5 uM, CuO = 200 mg/L. pH = 7.0,

[Borate buffer] = 10 mM, temperature = 25°C.
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Figure 2. Radical scavenging study for the degradation of 2,4-DCP by PDS/CuO system. [PDS] =5
UM, [2,4-DCP] =5 uM, CuO = 200 mg/L, pH = 7.0, [Borate buffer] = 10 mM, [ethanol] = 10 mM,

temperature = 25°C.
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Figure 3. The adsorption of PDS onto CuO (a) adsorption kinetics and the fittings using pseudo-first
order and pseudo-second order kinetics. [PDS] = 10 uM, CuO = 200 mg/L (b) adsorption isotherm

and the fittings using Langmuir adsorption model.
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Figure 4. The concentrations of 2,4-DCP and PDS as a function of time in 2,4-DCP/PDS/CuO

system at different experimental conditions: (a) and (b) CuO solid loading =100, 150, 200, 250

mg/L, (c) and (d) PDS dose= 2.5, 5, 7.5, 10 uM, and (e) and (f) 2,4-DCP concentration= 2.5, 5, 10,

20 uM. Data points represent experimental data and lines represent model simulation results.
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