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Abstract: Fe@zeolite materials are widely applied in the production of -OH by catalyzing Fenton-like reactions for
degradation of recalcitrant organic pollutants due to their comprehensive sources, simple preparation and low
environmental impact. However, the high cost of Fe@zeolite synthesis and the lack of Fe*" regeneration strategy are
serious issues that limit the application of Fe@zeolite as a Fenton-like catalyst in industrial-scale systems. In this study,
the ash generated from activated sludge incineration treatment was utilized as raw material to selective recover Si, Al

and Fe, preparing Fe*'-sodalite (FSD) material. Consequently, it was used as a Fenton-like catalyst to activate
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peroxyacetic acid (PAA) for the degradation of methylene blue (MB) in wastewater. Results indicated that FSD was

capable of effectively catalyzing PAA to generate various active oxygen species such as -OH, 'O, and R-O- in a wide

pH range, thereby degrading MB through hydroxylation and sulfonation pathways. MB can be completely removed

during 20 min under optimized conditions of 0.3 mmol/L PAA and 0.3 g/L FSD prepared with 0.5 mol/L Fe*". In

addition, the reductive S species in FSD can maintain its catalytical activity by enhancing Fe*" regeneration, and the

FSD/PAA system has been proven to be effective in the degradation of various organic pollutants under practical and

complex environmental conditions.

Key words: activated sludge; sodalite; Fenton-like degradation; peroxyacetic acid; methylene blue
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TEARALTY FSD/PAA R &R 40 A 0.005.
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(TC)FI G ¥} 2 F+ 8] B(RHB) AW, R FMALI
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I X AT L (XRD, D-max-2500/PC,
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)& I R4k S S T J& FSD 5 RESD H e 6 & 1)
U e
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KB E AR G B AR R R o SR FH AR R ALE PR At
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58.5°, 62.4°, 64.4°. 69.9°. 75.3°H1 77.9°%) % B
JFANAEI(110)s (211). (310)~ (222). (321). (400).
(431). (521). (440). (442). (532). (622). (550)H!
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B RS AE AT S 0 ok 55 BT 2% . FSD F AR RFAIE U 4y
SR T BN I(110) . (211). (222). (400). (431)
H1(440)d T, RESD o R R5AE & 3 Jnll % 82 77 4447 ()
(110). (211). (222)H1(400) 5k TH, iF B Fe® ih 4
% SD MR}

K 2 R 7 Ek Fe™ il & SD AHRHKI R T K3 -
W 2(a, b) TR, 125 Fe* AT SD NERFE 1 77 4H
TS, 1235 Fe” WWUE (B 2(c, d)), FSD fIR R &
A B AR, R E S, S T
Fe™ BIh 13k 78 SD #HRL K 1 »
2.2 FSD/PAA FZ&Xt MB RIF&fRI4E S =200
FSES
221 AEMEZRIT MB FEERIS NG

AHEFIRTIT T PAAL RESD. FSD. RFSD/PAA.
FSD/PAA A R 1E 20 min X MB [ FEfFEPERE, 4553

, 11 RFSD; |
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20/(°)
K1 SD. FSD 1 RFSD f XRD Kt

Fig. 1 XRD patterns of SD, FSD and RFSD
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K2 Fe* 51315 (a, b) SD H(c, d) FSD [¥] SEM HE A
Fig. 2 SEM images of (a, b) SD and (c, d) FSD before and
after loading Fe*

DK 3. R4 PAA i EALR, HHXT MB 15
fERAUN 14.3%. AN, HHF RFSD 8¢ FSD #4
R B 22 BR 10.5%8% 8.1% MB. 1fiA]H RFSD
8¢ FSD fiE L iE 1k PAA ] 100%F% /% MB. X Uit
BRI FH SIA il % 1) FSD 52 15 ] % ) RFSD
BAHMLR MG, Wl ETEL PAA A ROS,
3k MB = 2% % ik«
2.2.2 FSD/PAA R EBIEIL

AL 77 F T Fe® 1580 FSD L #I g 5 &
TR, & 4(a) R FIRE Fe® 1 8k 4 (1
FSD A R#ARMEALTRI, MB ¥R 2 B IS 8] (94814 fh 28 . B
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Fig. 3 MB degradation performances in different systems

FEAABI T FeX WBEH K, FSD #4624 Fenton
AL PEBEIZ W IR TE . 24 Fe” WM 0.1 mol/L 1K 5|
0.5 mol/L, 20 min i MB P& f#EZR H 81.2% K F
100%. kSR Fe™ W, MB (1B 25T ) AR
f, XK B SD KM 1 v] F kA s L A IAN, g — 2
P FUERIR FE S VA IS I FSD R T A 2L 7 3K
Fe**, PRIk, FSD il % i f2 i Fe® 7 a8 I S A Ik S
N 0.5 mol/L.

FAHIHEXT MB [ 2550 . & 4(b)
NANE PAA FHEIIZAETT, MB ¥R Bl i 8] 1) 25 4k
A28 . 24 PAA ¥ Z HH 0.1 mmol/L ¥ K] 0.3 mmol/L,
MB 7E 20 min B[] B A# 2 M 86.1%H4 K 2 100% . 28
i, HE—D4Em PAA WKEE, Toik RS MB Ik
fRMERE SR . X ATREZ BT FSD Al L) PAA
ZHHESEAEE SRS, RN, &SRR
PAA £V KAk Zh 2 A2 i ROSHL, (R, PAA WK
N 0.3 mmol/L #21%35 Fenton L 44 R &R MB ) f
AT

B8 K A L4 7] P R T 0 o e AR R 1 kRS
A5, BRI X PAA BITEALCR . B 4(c)AARTH
FSD H &2, MB i B2 B (8] (AR AL il 25 . 2
&% FSD A& M 0.1 g/L 38 m3 0.3 g/L, MB 7E
5 min I (R R 2 61.2%3E T+ E 94.9%, FREHA K
(11 ROS 3531 % . SR, HE— 538 hn i A6 750 F &t
A R TE 20 min N AL ERERS WA R . KUk, 763
JEffE MB BEfESCRIAETHE T, FSD HIs AR &N
0.3 g/L. Ib4h, FSD/PAA & R AT TE pH 3~9 %8 (176
P i R B MBI S1). 23 E FiTik, FSD/PAA 14 &
A & A AR 0.5 mol/L Fe™ 7 #i i i %,
FSD 4L & 0.3 g/L, 4L & 0.3 mmol/L.
R TE H, 5 LRSI e A A A N AT
2.3 FSD/PAA K Z X} MB HIPEfEHLIE
2.3.1 FSD/PAA k%R ROS iR F]

AHFFEE R I MeOH. TBA J L-His V% K
A/ ROS, PLIRBIILTE FSD/PAA 1k & IAFAE T

1.0

(@) —o—[Fe*]=0.1 mol/L | 10 —e—[PAA]=0.l mmol/L| 1.0F (¢ _
[R5 ol | T [PAAJ=0.3 mmolL © S lRRl o
0.8 —+—[Fe*]=0.5 mol/L | 08 [PAA],=0.5 mmol/L| 0.8 i [FSD],=0.5 g/L
—v—[Fe*];=0.7 mol/L [PAA]=1.0 mmol/L FSD1=0.7

< 0.6 20.6r% —o— [PAA]=2.0 mmol/L| o 0.6 v [FSD1=0.7 g/L

N S S o [FSD]=1.0 /L
3 0.4 304 304
02 02 02
0 0 0

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

¢t/ min

¢t/ min

Bl 4 (AT G Fe® WRIE . (b)SUTI A& K (o) AL T B0 FSD/PAA 1 R IEAE MB (1511
Fig. 4 Effects of (a) concentration of Fe** loading solution, (b) oxidant dosage and (c) catalyst
dosage on degradation of MB by FSD/PAA system
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Wl Hr, TBA Al L-His 43 %% -OH F1 'O, (1% K71,
M MeOH 7] LA K-OH. 'O, fl R-O-25% Fh
ROS!Y, w1f&l 5 Fizs, I\ TBA J&, MB i M
100%F% 2] 29.0%, XK B-OH 7 MB & f@it #2 4 &
EEEBEMEM. M L-His J5, MB FEARZEAUT %
1.9%, XEHIERHIEAE '0,, (HIEXF MB (1 B fif 51
BRA R . N MeOH J&, MB [ R [FE 8.1%, 5
FSD W ff B il MB (1) 38R S A — 2, 1B FSD/PAA
KR HAZAE R-O-o Rk, 5 TP FR i K 52 50 0E B
FSD/PAA 1A & f77E-OH. R-O-f1 '0,, Ht-OH
R EEREE R, S MB MR R TTER
~T1%. Z4 RS CHRE MR & 8T L PAA A
R gs f =", MET R-0-F1'0,, -OH %
P B = AL BE J1(E=2.80 V), AT i Ak B B L
B L G e, BT 'O, Fl R-O-7E FF il 2
R AR B AR R R A, BRI O RS e
[Kltk, FSD/PAA & #7=4 LA-OH N E [ ROS, fET5
L) Boe A AN R B AL 4 T LA URE AL
2.3.2 FSD HyE{LHLIE

7R FSD AL HLER, @it XPS 44T 1 4k
A TAERT G REICE M ESLH . WE 6(a, b)Y
XPS &1 K ffrr, FSD 1 RESD F1#7£7E C. O. Fe
Jt#E. K 6(c, d)y FSD Fl RESD #EAL & B |iT Jib
Fe2p XPS i/, Hr, 7132, 727.4. 710.9 fl 724.6 eV

Fe’ 2p,, Ml Fe* 2pspn. AL B, FSD H Fe*2py,
5 Fe?"2py, MUETTAR &5 LA 3l 23.3% 55 47.6%5%
% 19.9%5 33.8%, 1M Fe’ 2py 5 Fe* 2ps), (I T #1
Gy 129% 5 16.2% EFF#E] 13.5% 5
32.8%([& 6(c)). 7E RESD H, Fe* (il #E 5 Fe* 4k
J U B N B B, Fe? W T B o5 Lk AN 54.4% T [ 3
35.1%, Fe’ M\ 45.6% LT3 64.9% (K 6(d)).
A% T RFSD, FSD H ik kel 2 1 S2p 45 & fie ik
(154 eV), BLBAEET SIA 1 FSD H & Siv Al JZ Fe
FEILRIN, BEHREYE S YF. M5, FSD
S S SRR R . XL LR, ROS 1)
A SRR HEAL R T 8 Fe?', TR R S WA Bh
T Fe*'(FE. AN, FSD o S Wikhi] fE o AR

- 0.6 —a— FSD
O —~— FSD/PAA
5 0.4 —e— FSD/PAA-+L-His
’ —w— FSD/PAA+TBA

—9— FSD/PAA+MeOH

10 15 20
t/ min

5 AREVEEKFIXHEAL FSD/PAA 14 R 4R MB 15
Fig. 5 Effect of different quenchers on degradation of MB by

0 5

Ab I S5 BRI BB T Fe’2pin. Fe2psns the optimized FSD/PAA system
(a) Ols (b)
. Before reaction
—~ Before reaction -
a8 3 Cls
} S2p Cls i
g G
4
After reaction = .
. After reaction |
\V
0 200 400 600 800 1000 12000 _ 200 400 600 800 1000 1200
Binding energy / eV Binding energy / eV
©) Before reaction (d)  Before reaction
47.6% 23.3% 12.9% 38.0% 16.4% 18.6%
% 16.2% ] 27.0% ﬂ e
Fe?* 2. = e*2p3p
) Fe3+2g3,; < : m.Fe''2p,,
S [ EmFe’2p,, (& . EmFe’ 2p;,
J |After reaction = z After reaction =
2 2 0 23.6%
Z | 33.8% 0 135%  |E A13% 16.5% .
5 32.8% 1% 18.6% o
=
704 712 720 728 736 704 712 720 728 736
Binding energy / eV Binding energy / eV

B 6 AL TS (a, ¢)FSD (b, d)RESD [i(a, b)XPS it Al (c, d) Fe2p XPS [l
Fig. 6 (a, b) Total and (c, d) Fe2p XPS spectra of (a, ¢) FSD and (b, d) RFSD before and after catalytical reaction
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R-O-F1 '0,, SH-OH J A MRS i 35 H
U8 24> FSD 1§ T SIA (08 S H A H BT Fe**
6] Fe® Ak, MM AE K FSD AL 7 i o
2.3.3 MB ERIEEZENH

JEIT HPLC-MS 434/t FSD/PAA A 2 () B¢ fig v ]
PR, AR BF AT BER MB R 7): (1)
igfe; QLR IR - MB 1)
2 -OH Wik, TR EA A Y(m/z=300), FE)5
FRIEALI MB BERIR, TERON R . W AR
T RN AR S SR T R L A AT AR, T A
ROS F#fEN/INT PR . WIRALIR TR /2 MB S5/
IR A BAEH, T RO AL &9 (m/z=303), EHR
HAEH1%Z ROS B, 7r ARG 5 487K M fiT 2k

W s G HE— ST COy v HO. SO .
NO37[22-23 1
2.4 FSD/PAA K ZBYLBRA A& ik

24.1 HEBFS5INELMEXT FSD/PAA R HIRMNT
KA NO;y + SO Fl CO5> 25 [91 85 F % LA
FR(HAY AR K B WL T RE 2 5 MB 354+ ROS, M
MR RN MB IR . B, T A [F
SR NOs . SO~ COs™ . HA [MEFIHSE, ¥R T H
X FSD/PAA A& R AL FEMEPEREIRZ (& 8(a~d)). &
BEH: NOy 5 SO % MB FERTEREMISENTRLD, T
COy™ 55 HA MK MB FARF=A 1 s b fE . 24

CO; R EEHR TG H 0.5 mmol/L i, MB A2 M 100%[%
% 14.9%, EETHEF] 10 mmol/L I, MB P& RAE
4.3%, XZHA COs> K HCO; %-OH HA MRV
KAE M (komcos=8.5%x10° L/(mol-s), k.ommco, =
3.9x10° L/(mol-s))'"*. HA %f-OH l R-O-[FI#f BA
B F MW K AF M (kowna=2.5x10"  L/(mol-s),
kr_o-ma=5.8x10* L/(mol-s)), H.T] 5 FSD & [ {13 1k
B gk, T EAL PAA 1R A A 15T, Rt
2 HA JREWREIR &S] 50 mg/L I, MB SRR % %2
40.4%, AkLETHEF] 100 mg/L I, MB FfERAE
17.0%.

T WAL JG FSD/PAA 14 R 1E S brFR 15 4%
R BN 3, AW FUAE B R K (TW)FEIK (LW)
AT T MB BB (K 8(e)). 45 R EW, L)E
FSD/PAA £ 2 1E TW H ] MB & fif R 5 1E 22 551K
(DW)F AL, BIfEZE LW 1, fE4LJ5 FSD/PAA 1k
ZXF MB HIFFRERAER] 89.9%. IL4h, RAL)E
FSD/PAA 1A Z7E TW F1 LW H1%f MB [1].54 45 ML
(TOC) & fR &4 HIIEE] T 12.5 F1 19.8 mg/L. iXsb4k
REFW, ALJ5 FSD/PAA 1k R{EF4f# MB i, 23
B R mE/N. B MB 4b, 7k &0 0] (R ER 5
HH A HLYS Gt . 24 R ] FSD/PAA 1A R ALEE 5
IKAEFE )R H AT K 60 min B (B 8(f)), H
102.4 mg/L TOC #h i, FFfiEZiEH 54.4%.
FSD/PAA 1k R 1E 2 FK i 2648 N30 IEH TAE, 1iE

----------------------------

E miz=122 CHO
No /OH ! m/z=167
N/@[ N ROS !
N S/ = _)'l
| ® II\]/ i NH, OH
m/z=300 i \Il‘l/©/ \N : oH
S | miz=136 miz=153

| ® | ! :
| HO |
miz=284 : @NHZ N/®1NH2 |
: SOH “N" > SOH !
: H :
NH, v m/z=173 m/z=218 i
\‘ﬁ’/@s/@\ﬁq/ &»i '
I : :
1303 : ©\ /@iOH :
m/z= 1 :
; SO:H \1}1 OH
: CHO :

i m/z=158 m/z=230

K7 MB f£ FSD/PAA 14 & H 1 B 5 42 K o [6] 7 )
Fig. 7 Degradation pathways and intermediates of MB in the FSD/PAA system
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Table S1 Characterizations of different water samples

Item ™ Lw Wastewater
TOC/(mg-L™) 16.7 28.8 188.1
F/(mg-L™") 0.1 0.1 0.2
Cl/(mg-L™) 232 243 51.1
K*/(mg'L™) 30.9 35.6 64.4
Mg**/(mg-L™") 16.7 21.4 96.5

BEEBRNEF ISR HPLC &4

Table S2 HPLC conditions for phase gradient elution measuring concentrations of organic contaminants

Phase mobile phase

Phase elution gradient

Ammonium acetate (A)+ acetonitrile (B)
Formic acid solution (A)+

Formic acid solution (A)+

Ultrapure water (A)+ acetonitrile (B)
Ultrapure water (A)+ acetonitrile (B)
Formic acid solution (A)+

* S2
Compound Column Flow rate/ Wavelength/
p temperature/’C  (mL-min") nm
MB 40 0.2 254
0.1%
SMX 40 0.3 275 methanol (B)
0.1%
GM 40 03 278 acetonitrile (B)
MDZ 40 0.8 318
CIP 40 0.3 278
0.1%
RHB 40 0.2 334 acetonitrile (B)
TC 40 0.3 360

Ultrapure water (A)+ acetonitrile (B)

0-1-9-14 min, 10%B-10%B-90%B-90%B
0-1-1-3.5-5 min,
20%B-20%B-51.25%B-51.25%B

0-0.5-1-4-6 min, 5%B-5%B-30%B-30%B
0-0.5-3-5 min, 6%B-5%B-20%B-90%B
0-0.5-3-5 min, 6%B-5%B-20%B-90%B
0-5-8 min, 5%B-95%B-95%B

0-0.5-3-5 min, 6%B-5%B-20%B-90%B
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Fig. S1 Effect of pH on the degradation of MB by the FSD/PAA system




