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Degradation of Diethyl Phthalate Ester by Peroxymonosulfate Activated by Al/Fe-pillared

Clays
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(1 Key Laboratory of Soil Environment and Pollution Remediation, Institute of Soil Science, Chinese Academy of Sciences,
Nanjing 210008, China; 2 University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Diethyl phthalate ester (DEP) is a widely distributed organic contaminant in surface waters and soils, and its removal
is important to human health and environmental safety. Montmorillonite is a cheap and abundant clay mineral. The Al/Fe pillared
clays (Al/Fe-PILC) is an environmentally friendly catalytic material, which are synthesized by incorporating the hydroxyl
polycations of Al and Fe into montmorillonite interlayers to increase surface and reactivity. In this study, the catalyst was
characterized by XRD, BET, FTIR and HRTEM, and DEP degradation was studied by peroxymonosulfate (PMS) activated by
Al/Fe-pillared clays. The results showed that DEP degradation rate after 24 h was about 92% and the ions of Fe were not detected
in aqueous solution. DEP degradation was mainly attributed to the formed -OH radicals. Further study found that common anions
(CI', NO; and CO?) could not totally inhibit DEP degradation in the reaction system. Therefore, Al/Fe-PILCs is a promising
catalyst in activating PMS for the remediation of organic contaminated water and soils.

Key words: Al/Fe-pillared clays; Peroxymonosulfate; Diethyl phthalate ester (DEP); Radical reaction
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JUTEYIH PAEs, UWl: O;%fk. Fenton M2 Fenton
b el R E R . AR AR AR SR
O3 LUK P HER 2 38 I iAs S fEXE B, PRI,
Fenton F12& Fenton A #2857 4 UL —FP AL BE T2
FESLBR T, T H0, 5 Forff, SBZTAW
W v HE B HL0, AW A B 13 RIK AR 3RS A g2
PR IR % T 2AGE FH IR A, fi
LW 22 B0 TR A BR 1 o Bt 65 R £ (PMS) /& HLO,
B — A A W) (HL,0, 254 Fh i — A8 —SO5 B,
B HIFRIE AR FHLAL(By = 1.82 V) T Hy04(E, =
1.78 W)W, EARRHE S IZ & R F T R KR - &
2

H AT, 1k PMS S R b R i fh )l
R — M &8, AN =i A B
Mo PRI BN T, fERIpR T, &R
R EILMAL TR B A 1 PMS IR PERE, W
Fe;04/p-FeOOH., CuFeO,. Fe,05 U416 SR, 7
HEAL I RE R T IR RS T R L A AR
AR AL BRIR & W) 1Y A 45 25 L (Al/Fe-pillared clays,
Al/Fe-PILCs){F Fenton #1235 Fenton J v H E A B U1
fEALTE R T2, RO S Ik PMSS (RE
R i, ASCHESE T AUVFe-PILCs i1k PMS
X DEP WREMRRCR, FEHT T SO HLH B A S B
B RN R T .

1 #MR57E%

1.1 X7

FAALHI(NaCl, 99%), BRIEZHI(Nay,COs, 99%), fil§
251 (NaNOs, 99%), ZAALE(AICL, 97%), F bk
(FeCly, 99%), A AALHI(NaOH, 97%), 4FH —HIR
— Z [ (DEP , 99.9%) , it B B2 £ (Oxone®,
2KHSO5-KHSO04K,S04), 5,5- - F 5E-1 kg bk-N &1k
YI(DMPO, 97%), FMit(FZ-10).

R BT AW Y i Millipore Synergy® 2 4t (2%
T, fEE)(18.2 MQ/em, 25°C)Hl £ 8 4l K e i
TR T AR B o b4l R R A (B s 4l
1.2 EXFINE&EHE
1.2.1 FHEESEH + (Na-FZ-10)f0 & B 10 g Zh
HREFIIA 1 mol/L NaCl I, #FE 8 h JF#rE, 7
X WL EHE 3R G LB L 37.5 g #5.0 10 min
PABRZ=>2 pm B ZE 0k, BRIAE<2 pm AYZS 1
aikpek 3 WERZRNET. BB HRRE
O, WURTHE, BHES)S A Na® F5EM + (Na-FZ-
10), JF7E TR R R AR

122 MRS+ (AVUFe-PILC)RYTHI S Al/Fe-
PILCs 74442 B8 Catrinescu 25" 1715, %4 0.1 mol/L
f) AI(NO3); F1 0.2 mol/L ¥ Fe(NOs);, #EE/RE 1 : 9
() LA BB W AE7KVR TRl 60 CII R, I
U PE IS8 N 0.4 mol/L NaOH YA ; 4[OH 5
BHE FIAP" + Fe IR EE/REL Ry 2 B, 5 1k m
NaOH, 4k&:fiffl 2 h JF =R EMk 24 h, 155 Al/Fe
FEALH; #eMR 52 L7 2 10 mmol [AI'+Fe* 1)
Fefil, A4S0 EE AR b, S 24 h;
FRE 12 h BV RS, R LIEUE AR S
DREZRIE T BTG, 78 450°CH 5
Hikbe 4 h 155 Al/Fe-PILCs, fB7AAE THREs 4,
1.3 fELFIERNRE

i#1d Rigakus Ultima IV X STERATHMU (2%, H
ANVRAS R ZE + Na-FZ-10 1 Al/Fe-PILCs k£ 5 X 5
LATHT(XRD)IE R ARG Cu-Ka S48, HH#4E
il 2° ~ 60°, 3373 E% 4 0.02°/min. i@ 1 Thermo
150 ZEAMGRHNFEER QIR BHEABRA A, 2E)S
FIFE 5 0 (8 B AR e 2T ARG TS (FTIR),, H R ECH
64, PR 4 em™ il it ASAP 2460 FLAESHHTAN (F2
TAXES AR, FEEYE ~196°CFIE N, W B
W 40 2 k1195 Na-FZ-10 Fll AUFe-PILCs F£5hHY
BET H. 218 B (Sper) A AL I B (Smicropore) WA BB FL
TR (Vrotat pore) FITLFLARFR(Vinicropore)» i3 FEI Tecnai
G2F20 =/ HER i 4 L T A BE (HRTEM, FEI A #]
I [ ) T SRR i IOV T S AN 2544

B i Ak T AR I T K RV T
(10% H,SO,, 48% HF Fl 10% ABIEL MkAIAFI L Hy
12 1 1 : 2)5FMIEAETE 100°CKREG Th 1T IE b
M, BEEINA 10% $HhEREEH A 50 mmol/L BEFRZE v
B, FIAOEETH(RE: UV-2700, HA)TE 1 =
510 nm A0 22 5 T P R R VR B
1.4 N RAIRE

HEALNTE 20 ml ABEHSE PR EIET T, VIR
AR 4 ml, BR%%E PMS ¥ M AUFe-PILCs FHHE X
DEP [¥fgrsgmasl, OwikZH Al/Fe- PILCs. DEP
F1 PMS #FE 43514 3 g/L.0.09 mmol/L £ 2 mmol/L,
With pH 207 3.5, EARMIEAELTRINT . EoeiE
2.25 mmol/L ) DEP £ A1 10 mmol/L () PMS HHf,
B FREL 12 mg AlV/Fe-PILCs B TRESHA, HIaHK
FNA 3.04 ml #B4ti7K, 0.16 ml DEP £} 1 0.80 ml PMS
RERTFUR N . BT ONE47E 25°C fER IR G A hatk
15, ANEROVETEI R 0, 3, 6. 12 Fl124 h BSR4
HURE A 2 ml HESEA R S i F PR IR HE 0 2 he
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FH 0.22 pm A HLIERSE L B R 2 BEARURL , 18 R TR
TR Z AR DEP ¥R

7 DEP #¢J# 4 0.09 mmol/L , PMS ¥ % 2 mmol/L
i, il i BAE Al/Fe-PILCs 8N (2. 4. 12, 20 mg)
M ZAALFIAIE (0.5, 1. 3. 5 g/L)% DEP [#ftRY
N 7E DEP ¥J¥ 4 0.09 mmol/L, Al/Fe-PILCs ¢
JER 3 g/L IREAME T, il PMS B &
(0.20, 0.40, 0.80, 2.00 ml)KAF5FT PMS ¥ 0.5, 1,
2. 5 mmol/L)X} DEP [F&f# 540 . 7E Al/Fe-PILCs ., DEP
F1 PMS e JE53 510 3 /L. 0.09 mmol/L F1 2 mmol/L i
FUEF, Lk RV ARRPINA—E /A NaCl,
NaNO; Fl Na,COs % A 5T AN R 4 BE 1) B 5 (C1
10. 50 mmol/L; NO;: 10, 50 mmol/L; 1 CO3: 1,
10 mmol/L)X} DEP [&fi#t i) 5% il

DEP Y EFi@ it Agilent 1260 5%k A 415 4%
(HPLO)(ZHEMRBHEAT IR, EE) M, /38
FEoM LC-18 1 (25 cm x 4.6 mm x 5 um), il g§h —
WA FEFIRMER (DAD), KK R 224 nm, Kl
JrikdE: TE30°CAMT, H 65% HELF 35% Ui
aliKAE A sh A, WEEN 1 ml/min, PERER 20 ul.

Wi ER - C/C i DEP iy EBR%, H ¢
SERAI A ] AR R AR B ) DEP WRIE, Co 1A R
FFHI 4R ) DEP ¥
1.5 HBHHELNMERLE

i 5 L T B AR (EPR)KEI . Al/Fe-PILCs {51k
PMS R R =4 H i 5L, FrAAES N EMX 10712
(Bruker A ], fE[E), KM %0 78 Al/Fe-PILCs
FIPMS RZ i A DMPO IR A 0.1 mol/L),
PR DB A BN T, B TR FoREEEIE .
MRRZSHOH « IERIIZ 9.77 GHz, TN 19.92 mW,
PAHIEEE 1.0 G, FHHTEEEN 200 G, HHHEEHY
83.89 s,

J T HRRZ DA At SEX DEP R 1) 5T
ik, 1 EE(MeOH) FIEL T BE(TBA)E Ky A iy %
KAV TR A SCHRRIE ), B23E [ 25 (-OH)

5 MeOH MY BIHERHEHN 9.7<10° mol/(L-s), 5
TBA SR 3R H BN (3.8 ~ 7.6)x10° mol/(L-s); i
FRAR 1 3E(SO; )5 MeOH By SR R HBH 3.2x
10° mol/(L-s), 5 TBA HY SN i R A2 N (4.9 ~
9.1)x10° mol/(L-s), | FHIX—H§ 50T LLFI Wi DEP %
ff g R BEEME A B SR R RE R R ERK
FIHeBE (1 mmol/L F1 100 mmol/L), 785 Bk K
TR 22 rp AW ZEH KT DEP [ fife 1 5200

2 ZR5FE

2.1 fENFIMSFE

h TR AR R )2 B AR,
XRD *f Na-FZ-10 il Al/Fe-PILCs #EfTAE, 45F 40
Kl 1 s o WKL T Haf LUE Y, Na-FZ-10 7F 26=7.14°
A A B I, B Na-FZ-10 19 dopi=12.37 A; T
Al/Fe-PILCs 1 doo; WEMAIKAA BE(20 = 4.92°)4bF5 3],
LT Al/Fe HEAL 38 5o 857 3c 4tk A B+ 00 2 () 3
H BB A RS 76 3 1 2 0 14 s Ak A
AT B0k 4 2 (A1 5 25 1 K (dpoi=17.59 A). ILAh,
M 1 hETLIE Y, AlVFe-PILCs B LR mAL, LIk
FALL K Fe &&3m T Na-FZ-10, 454 XRD iK%
W 8 2RI FE A3, iR Al/Fe-PILCs HAFAEFE
PR

Aoy =17.59

Al/Fe-PILCs

R (au.)

Na-FZ-10

1 1 1 1

1
10 20 30 40 50 60
20(%)

E 1 Na-FZ-10 0 Al/Fe-PILCs ] XRD
Fig. 1 XRD spectra of Na-FZ-10 and Al/Fe-PILCs

%1 Na-FZ-10 0 AV/Fe-PILCs 9% /R
Table 1 Properties of Na-FZ-10 and Al/Fe-PILCs

Ffi ‘:l'_ll" SBET(mZ/g) Smicmpore(mz/g) VTolal pore(cmS/g) lecropore(cms/g) Fe é’\%(g/kg)
Na-FZ-10 88.12 51.08 0.13 0.03 18.3
Al/Fe-PILCs 215.54 121.35 0.27 0.06 31.0

HE: R Sper 78 BET R Snicropore TN HALR I Vrotal pore T8 AL Vinicropore Z R AL .

& 2 }y Na-FZ-10 I Al/Fe-PILCs [ FTIR &, #¢
Na-FZ-10 /% FTIR ElH 1 038 cm ™' AbfyIg 2 Si-O-Si
ARSI ;917 om™' ALKy AL-O-Al 4 diR 206 ;

468 cm™ ALK K Si-O 25 Hh PR BhIEFI M-O 45 4R 5
281, 7E Al/Fe-PILCs () FTIR &, [iRix sl [
EUEBOER, IR E 1 053, 933 f1474 ecm™', T
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H 796, 621 Al 522 cm ' AbKY Si-O MH4ER A1 M-O
PR S Ao 7 28 /N T Na-FZ-10 B9 FTIR [,
PTG 26+ Si-O WIS 1 457 % ik JiE A% 1k 7T
JESE MR Y SRR IAE A S5 R, X RN TR
Pl B b A AL AR 5 52 U R 2 S8 R

i

1053

522

621

Al/Fe-PILCs 933 796

WS

1038

1
1
1
1
1
1
1
1
1
1
1
'
I

1 1 1 1 1
1400 1200 1 000 800 600 400
W (em™)

& 2 Na-FZ-10 0 Al/Fe-PILCs B FTIR &
Fig.2 FTIR spectra of Na-FZ-10 and Al/Fe-PILCs

Na-FZ-10

50 nm

3t HRTEM %} Na-FZ-10 Fl Al/Fe-PILCs F4{i
SREEF FTESUAEATRAE (K 3), M%EF] Na-FZ-10 Al
Al/Fe-PILCs ¥ 900 2R 454239 ) {H 5 Na-FZ-10
LG, AlFe-PILCs HY/rZM LT W . Ak,
Al/Fe-PILCs H il iif 4t be P 1 1 4 )& S Ak ) /N ok
(<50 nm)H T35+ 2 sk A2 7 T30+ 2%
2.2 Al/Fe-PILCs i&{L PMS F&f% DEP
2.2.1 Al/Fe-PILCs %1k PMS [4f# DEP ()30 11240k
% fE 25°C4AMFF, Al/Fe-PILCs 51k PMS [fit
DEP R0 sh 124 h e an & 4 ik, A 4 rha] Ll
FH, Al/Fe-PILCs i%ift PMS 1A Z ] LIA %5 At
DEP, S/ 24 h Ji DEP MYFEMRLZIN 92%; (HEH
M PMS 8{# Al/Fe-PILCs i}, DEP A& A= [ it .
IEAh, SN 24 h S Fe 851 (11 B % 460 R
(0.2 mg/L), X3 H] Al/Fe-PILCs P48 fbWiH: 555+ F
JEADE At e s B A RS e v, R iZ 4 R R D]
DEP f{[% % £ B 28T Al/Fe-PILCs [E{AX PMS HY
AR TR £ 8 2 7 S AL E R o

E 3 Na-FZ-10 #1 Al/Fe-PILCs &7 HRTEM [
Fig.3 HRTEM images of Na-FZ-10 and Al/Fe-PILCs

1.0 ?.r:’; .l_"_fl‘}_"_f‘_‘_-_.f--_‘_-E:‘::“_-’-:;_- TR
0.8

Y

DEP (C/C,)

- - DEP v
021" @- DEP+PMS \
- A DEP+Al/Fe-PILCs Y
0.0 - —y— DEP+PMS+Al/Fe-PILCs
0 5 10 15 20 25

SRt ] (h)

Bl 4 AlFe-PILCs ;&1L PMS f&#% DEP 8931 1 %
Fig. 4 Degradation kinetics of DEP by PMS activated by
Al/Fe-PILCs

222 AlFe-PILCsi%{LPMS [4f# DEP (UHLERGGT
Bl S B, RN IR R TP AAAE Y A SR G A 5t
COH)AE ST BB R AR A (i 2E(SO, ), H SO, H
TE 10 min BPAGINE] . HED 5 A Al B Z SO, & A 7K
RV G A B-OH(A RS 3)PY, tbdh, FiFs R
PMS JK fi# 1] B 77 42 HoOo(A = 4)PH, 1E Al/Fe-PILCs
L A Pl REf=E-OH.
HSO; +=Fe'sites —» H" + SO; + =Fesites (1)
HSO; +=Fe'lsites » OH + SO, + =Fe'lsites(2)
SO, +H,0 —»SO? +-OH+H" 3)
HSO; + H,0 — HSO, + H,0, 4)
MeOH Fil TBA %} Al/Fe-PILCs {1k PMS [#fi

DEP MsZmani®l 6 Fraa. HhinAZ&ER TBA 1
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E
&
i
o

5 min

4: DMPO-OH * : DMPO-SO,
3440 3460 3480 3500 3520
Wi (G)

5 AlFe-PILCs j& L PMS K Z fh R [E] At i8]
P HY EPR ZE
Fig. 5 EPR spectra of PMS activated by Al/Fe-PILCs in
different time

MeOH(100 mmoV/L)i}, A= (1%)-OH il SO, 4> # 14
K, DEP WJREfRSESBANS ; XMMA 1 mmol/L )
MeOH #1 TBA i}, DEP fFEMERM 92% 533 FF%
F 24.3% Fl 23.5%. WA IGIXT DEP [ S AH ]
FAMEIVER , ULBH-OH J& DEP ABRMY 2 A 3,
5 EPR i s 45 R —34

223 EAEFIFERE A PMS WX DEP BEfiRs2m 7E
PMS & & 2 mmol/L, DEP ¥ & >4 0.09 mmol/L K},
4 Al/Fe-PILCs M 0.5 g/L #4403 3 g/L iF, R

DEP (C/C,)

| —w—S5¢g/L
1 1 1 1

0 5 10 15 20 25
S TE] (h)

o -
o0 ()
T T

1
,
4
2
”
3
[}
"
"
7
o &
]
/
1
1
i
1
|
]
y
o [ 4

9 06}
S
&
= 04f
—Hl— CK
0.2~ —@— TBA=100 mmol/L\
—A— MeOH=100 mmol/L %
0.0k --0O - TBA=1 mmol/L
| --&- MeOH=1 mmol/L
0 5 10 15 20 25
S (h)

6 MeOH #1 TBA ¥} Al/Fe-PILCs i&{t PMS
F&f% DEP RN
Fig. 6 Effects of MeOH and TBA on DEP degradation by
PMS activated by Al/Fe-PILCs

24 hJ5 DEP (R f# N 52.8% HEIME]91. 5%(% 7A),
VLA AR A F 545 R T DEP F#ff, XOZMH
AL RIS N RESRAETE Z R RO A s (A5 1 ~ 272k
WL H-OH!"Y; 24 Al/Fe-PILCs M 3 g/L H4/m%| 5 g/L
W, DEP RYREM#RAUM 91.5% HEANE] 96.6%, 2
PRFEWA B EZET . Fik, 7£[PMS]=2 mmol/L,
[DEP]= 0.09 mmol/L i, ¥E4% Al/Fe-PILCs HI#%N
WO 3 g/L, BERT LA 2045 1 DEP 28 SUAT L)
R R

—l— 0.5 mmol/L
—@— 1 mmol/L
—4A— 2 mmol/L
—%— 5 mmol/L
0 s 10 15 20 25
SV [E] (h)

B 7 AlFe-PILCs f £(A)F PMS R E (B)*f DEP KFREISNE
Fig. 7 Effects of Al/Fe-PILC dosage (A) and PMS concentration (B) on DEP degradation

TE Al/Fe-PILCs itk 3 g/L. DEP kN
0.09 mmol/L YR T, 4 PMS ¥EEM 0.5 mmol/L
HENE] 2 mmol/L i}, S 24 h J5 DEP (R M
42.4% HEINF] 93.7%(K 7B), VEH] PMS Hk R N4
PR Z 1 -OH(AR 1 ~ 3), PMS ¥ HE 4k 22 19
#] 5 mmol/L, DEP MBEMRZEM 93.7% L& %]
95.8%, XJeHk PMS W&, SO, l-OH Z
[0 % A K (AT 5 ~ 7Y,

SO; +S0; — S,0% (5)
SO +-OH — HSO: %

224 IRIEHFXT DEP FEREFEN  TERIRIAEE
OKFI I AETEF Z TS+, W CI'. NO; #l
CO: , Ko 5701 [ th & RN, MATATRE i B2 1o A
R EBRIG YD B RORP KRR EER CL . NO; F
CO; Xf Al/Fe-PILCs i1k PMS 14 £ [4fi# DEP (1501
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M 2 s, BTS2 DEP R 0 0
N SRR BB 7455 SO, F-OH [ (A3 8 ~ 13)
AR/ CI, COL AT COy A i3k, M #p i
DEP (2B, BRI B FIAF7ED > T DEP g%
B, (HIRAA AT 50% B DEP B, 7652hr
RIREE, T B B A TG SIS, X2 B
T E A M 107 ~ 107° mol/LP® | jmim/N Tk
FIF BB R . K, Al/Fe-PILCs i1k PMS {7l )
FHF /KA 5L+ DEP 1 &

CI'+ SO, — CI'+SO; ®
CI" + -OH — HOCI" ©)
NO; + SO, — NO;+SO; (10)
NO; +-OH — NO;+ OH (11)
COY + SO, —CO; + S0 (12)
CO; +:OH —CO; +OH" (13)

3 #£ie

DIBEMN A5 S 0 R SRt o A 9 i o
9 2]8 AlUFe-PILCs A{LHAT K12 B AL
A (Sper), 10 HLBEWS A 54 fk PMS [%f# DEP.
Al/Fe- PILCs 45#4 1 i T4 LY 5 Na-FZ-10 PO
1A 7 2 1T B A2 B i HA A AR e, (o A
N R ST I SR Bl RIs g, A
Fe-PILCs ik PMS Bk ZR 1, DEP X EZIHN
T-OH M7 eAh, 3 438 Al/Fe-PILCs Fl PMS
FHE RT3 /i DEP (YR Af R . BRI Th A AE 1 B
BT %T DEP [ R = AR F R, (H R A S5
S| DEP [&ff. ik, 78 DEP V54K IRE: Z 1+
B d, Al/Fe- PILCs fE M L7054k PMS B
A —E BN

Fz 2 CI'. NO:;# CO; Xf DEP P&fig &9 5
Table 2 Effects of CI', NO; and CO; on DEP degradation

[ e e 0 mmol/L cr NO; Co:
10 mmol/L 50 mmol/L 10 mmol/L 50 mmol/L 1 mmol/L 10 mmol/L
DEP P&fif R 91.50% 77.7% 67.5% 63.0% 53.6% 53.4% 56.4%

H: 0 mmol/L AANENNBHE ¥

S 3k
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