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Removal of phenanthrene by coal gasification slag
activated persulfate system
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Abstract: Coal gasification slag (CGS), akind of solid waste generated during the coal gasification process,
was used as persulfate (PS) activator. And the removal performance of CGS/PS for phenanthrene was
evaluated, while the microstructure and elemental composition of CGS were characterized by SEM-EDS
and XPS. Moreover, the species of free radicals were determined by free radical masking experiment and
electron paramagnetic resonance (EPR) experiment. The effects of CGS mass concentration, PS initial
concentration, initial pH and co-existing ions on the removal rate of phenanthrene in CGS/PS system were
further investigated. The reaction mechanism and degradation path were discussed, and the toxicity of
phenanthrene as well as its products were evaluated by ECOSAR software. The results showed that Fe
element with amass fraction of 11.9% was identified in CGS, indicating CGS an effective PS activator. The
removal rate of phenanthrene reached 95.34% and the utilization rate of PS reached 29.18% after 60 min of
reaction under the conditions of mass concentration 1 mg/L phenanthrene, pH=3, mass concentration 0.7
g/L CGS and 1 mmol/L PS initial concentration. The degradation process of phenanthrene conformed to
pseudo first-order reaction kinetics, with CGS/PS producing SOzs and *OH, and SO,¢ playing a dominant
role during the oxidation. The coexisting ions of HCO3; and NOj3 exhibited significant inhibitory effect on
the reaction. Phenanthrene was decomposed into long-chain acids and esters through decarbonylation,
hydroxylation and decarbonization, and ultimately converted into CO, and H,O. Meanwhile, the ECOSAR
model evaluation indicated that the toxicity of intermediate products from phenanthrene decomposition was
generally lower than that of phenanthrene.
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K XPS 43t CGS [ N Hi G T EA AL : 4214
i AE N 150.0 eV, 5K 1.000 eV; 751514 i hE
4 50.0eV, #+ 0.100eV.
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Fig.1 SEM-EDS images of CGS
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Fig. 2 Removal rate of phenanthrene in CGS, PS and
CGS/PS systems
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Fig. 3 Effect of CGS mass concentration on removal rate
of phenanthrene

ANIF] CGS JFfa vk B~ A S 80 1 2 S 5L 3%
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N, RNAF A — B )2 i,

# 1 AN[F CGS Bt ikJE T Msh 1455k

Table 1 Kinetic parameters under different CGS mass
concentration
pl(g/L) k/min™ R2
0.1 0.0034 0.9820
0.3 0.0209 0.9795
0.5 0.0250 0.9564
0.7 0.0512 0.9871
0.9 0.0631 0.9602
CGS ik BEXT PS FIFHA M 45 R K 4

frn. HIE 4 7TH, X4 CGS Jﬁizﬁﬁe&ﬁa‘ﬁnﬁa‘, PS
BRI FH 2R B 2 380, X R 2 PS NG Ak A g

PEA W3, 25 T XEER RBRR . 2 CGS it ik
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—a—09gL
L300
HF
i
= 20f
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Fig. 4 Effect of CGS mass concentration on PS using rate
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Fig. 5 Effect of PSinitial concentration on removal rate of
phenanthrene
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Table 2 Kinetic parameters under different PS initial
concentrations
co/(mmol/L) k/min™ R2
0.2 0.0116 0.9898
0.4 0.0196 0.9975
0.6 0.0316 0.9910
0.8 0.0372 0.9954
1.0 0.0512 0.9871
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Fig. 6 Effect of PSinitial concentration on PS using rate
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Fig. 7 Effect of different initial pH on removal rate of
phenanthrene
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Fig. 8 Change of Fe** mass concentration with time
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80 r 1202 :‘:’: ST
KX KN <Y
hoss S5 833
X 1009 XA
KA RS X
X KA 339 (5
S 60+ KX 395 0%
M KR 35 [
15938 (%2 KXA
2 <] %% K
&K 0%y 008 Dol
<] 1009 KX
030 R4 <<
X< (SR A
40 + 030 RS X<
Y e KX
KX RS <X
KX R (]
£ e 9854
XX (R KXH
<A RS X<
X KSR KX
3 RS <<
20 + (o3 KL R
030 R X<
KA R3S %0
<] 1009 K<
Ko RS XX
KA KRS 0%
0 R fe%2 X1

= Cl- SOF NO; HCO;

K9 IAFE X HE R BR AR B
Fig. 9 Effect of coexigting ions on removal rate of phenanthrene
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HAMERE & 10, 50 mmol/L i ¥4 7] 3 %W 1 pH>9,
MTERRPE 451 F CGSIPS 1A & LG IEMIRUR 2%
NOZHEJE /%4 10, 50 mmol/L i}, JERYEER R
% 77.37%. 39.83%, XK N, NOzAlLI5 SOge.
cOH KA BN 77 e — B3 PR Y 1 e 20, R
A (8), (9) fizn. SOFWE N 10, 50 mmol/L
i, JERIEBRR N 82.4%F 61.4%, X2 N,
SO MAFAEII S T izt (4) F1 (5) MEAT, Ik
/BT SOps. *OH =4,

CITWE LB F MmN, 2 CIR L4358 10,
50 mmol/L B, FEREBRZ AR IIA CITA 4351 FEAIR
0.71%. 1.72%. /L E[#) SOz, *OH &5 Cl k4%
o7 A S P AR B [ R Y, sk (10). (11) Br
7N o

SO, -+NO; — SOZ +-NO, (8)
«OH+NO; — OH™ +:NO, (9)
ClI"+HO® — CIOH™ (10)
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ool . M 12 771, DMPO-SOzeFil DMPO-OH i
L P . WERYEACTEN] T CGSIPS 5 X1 F et i 7 o =

- % MY I 5 SOge. *OH.

3 60

& © DMPO-+OH

Haof A DMPO-S0;+
20 -

0 mg/L 1 mg/L 2 mg/L 5 mg/L

P10 HA J7i e B X HE L BR A 52 0
Fig. 10 Effect of HA mass concentration on removal rate
of phenanthrene

MIE 10 AT L, HA %F CGS/IPS 14 & R fitJEA4 1
HilAE T o S HA U B2 43502 0.1, 2.5 mg/L
F, JERY LR BB WAL, 7510 95.34%. 92.11%.
88.55%. 81.27%, X &Kk, —JiH, HA ZiHFE
CGSIPS R & Hiy PS, ki il 35 (4 B A S g 5 o
—J5 T, HA 5360 A A AN, T
Fe—ERAVIEE A 2P A, HA BfEfER ]
Phmte Fe* IFe iy iE 3R
2.3 CGS/ PSR EBRIER R M HLH
231 BawAbik i

& 11 4 ] A SR . e 1PA (1200 mmol/L )
fER SOze. *OH [9##IGT], TBA (100 mmol/L ) 1EH
«OH i, LI CGSIPS 14 % vt = 24k I Y
WA B, E 11 0L, RPN IPA RN
TBA J&i, CGSIPS &R XTAEM L FRFP IS . S5
IOAFEKFIA . (AR ), 1PA itk % 60 min i, 3
W) 2M% R T 81.53%; TBA ffi{KZ 60 min Hf,
FEM LR T T 32.06%; A WAE CGSIPS 1A £ &
b EGIER SR P24 T SOge. *OH, SOpfEIERY
LBt Bl F 2EH

100
L
80 T
2
= 60 L
> o T
g - —=—PA
1+ 40 - T —e— TBA
d —a— iR
20
£

0 1I0 2I0 3I0 4I0 Sb 6I0
it [&]/min
Bl 11 B B GAIR E 22 BR A 1 52 el
Fig. 11 Effect of quencher on removal rate of phenanthrene

FT e CGSIPDS (K AT =AY A
I T T EPR 2R, 45BN 12 R

3460 3480 3500 3520 3540 3560
HERRI R BE/(10%T)

F 12 CGS/IPDS{k% EPR#%F
Fig. 12 EPR spectrum of CGS/PDS system
2.3.2 XPS 4-#1
& 13 & CGS 1Yy XPS %A,

a Ols B
Fe2p Cls
Ca2p Si Al
Ols SRR
Fe2p Cls
"/\"/N\%\‘ Ca 2P Si Al

1200 1000 800 600 400 200 0

ZEERE eV
b G
— Fe 74.65% \\ix
— Fe?* 25.35% N et
SRR
— Fe* 64.92%
Fe?* 35.08% Mt e
740 735 730 725 720 715 710 705 700
ZEEfeeV
[ 13 CGS Y XPS Hitk& (a) & H: Fe 2p B4 HE% XPS
i
Te Fé—] ( b )

Fig. 13 XPS survey spectra of CGS (a), and high-resolution
XPS spectra of Fe 2p (b)

& 13a W] #1, CGS H&F Al, Si. O, C,
Fe. CaJtZx, X5 SEM-EDS 45—, Al G
FIOCEMAE AL, Ui CGS Rty . b T
PS IGfLIALEE, XTI NVATIE Fe JU% it /517
M, Fe 2p 19 XPSOGiGanE 13b frs. &l 13b
AN, CGS 1Y Fe 2pg JEHEFESS A fig 710.67, 712.15
eV AbSrfi AN, S IR e, Fe R
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Ji , Fe™* R 20 KU S 0 i 114 35.08% | [ %] 25.35%,
M Fe™ it 43 B S R 1T Y 64.929% 1 5 51) 74.65%,
W, 7F CGSIPS AR P e b £/ G, Fe™ i1k
N Fe, S,05 kit AL E R (—O—0—) Wl
Fe”EE%iﬁ%ﬁ“ 7£ CGSIPS {Ak ik i Fe®, If:
P2 SOge, «OHPY,
2.4 SEMIMEMRIRE

T N ) i Hp R
# 3.

1T GC-MS 43#fr, 4550

# 3 AERER P GC-MS 43 HT 4
Table 3 GC-MS anaysis results of phenanthrene degradation

products
RS/ EA fh K R0 14 84 Bsf 8] /min
2\ (E) CuoHuN (LN 14422
(o]
] ZE (F)  CoHiO \©* 6.293
T IEMAE (G)  CuoHhe (J 3.852

i 3 nf 0L, FEREMBREEY A 2-E 5
(E), MFRELZE (F), BSFHNERE (G), &
W, FEMFRAR AR FEE 2 45, WK 14 FiR

3

)@} )
R 1'1%%1

>
PR
)

/Q*w

Kl 14 HE7E CGSIPS 1A Z r i1 R fift i 2k
Fig. 14 Degradation routes of phenanthrene in the CGS/PS
system
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(C)HP RREFE— LB 25 COp A A 9-%45 (D) %9,
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Table5 Toxicity prediction results of PHE and its products
S K& E$2

LCso(96h) ChV LCs(48h) ChV  ECso(96h) ChV

PHE 1.15 0.145 0.81 0.144 1.47 0.63

A 6.84 0.792 4.48 0.652 6.05 2.18

B 10.60 1.200 6.82 0.940 8.49 2.93

C 4.16 0.497 2.80 0.437 4.20 1.60
D 5.99 0.694 3.93 0.570 5.29 1.90
E
F
G

3.75 0.024 0.98 0.013 212 0.34
15.60 1.710 9.78 1.240 10.80 3.50
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MatEBErm s, TR RZEE T A
S, S EBEREEMLE, X 3 FoK YR
AT MERCAN, AT, BR 9,20 B R A ] H
%ZHE?“%%”%%,ﬂm%ﬁﬂE$“ﬁ
TG XKE R, BRAEM 2-F AL R T TR
TN, HABI TR T AT N XTaRE
T, BREIRER WG T “AE” 2800, HAihy

3% B & B el E



95 51 =,

R A

BT “HE B, ERvEREE T, B 9,10-E —
Tl 1 () PR SR 2L A1, At 4 o3 £ 2R e “EIJ
B A, BLAh, BRI SRR WAL, oAl
KEHET R 250,

LTI XoF S K e (R Wy i g e A — S AR
TR, BRRUL, EAEMBER TR, MR
S RS i, BB CGSIPS R & X HE
Ak R — A R
26 CGSHIFMESEAN

A% CGS Wy nT sl M, #H1T 3 Ik ces
AL PS S2Hy, JIE CGSIPS 1A & X IERY 5%
WG WAETI A CGS, T LREERFE, 45
RNE 15 froR

100
80 |
S 60+
¥
&
40t
—=— 1R
20 f —e— 2%
—A— 5K
0 i 1 1 1 1 1 1

0 10 20 30 40 50 60
fif[E]/min

Kl 15 CGS BIEIFFI T
Fig. 15 Cyclic utilization of CGS

& 15 AT 0L, BEEPEFR KA, CGS i
1k PS B RE 132 ik 55 , SR PR A B U ER 04 388 in 7
KT CGS AL PSIIZH . 55 1 IRIEHRT, 60
min I SEAY EZBRRCR  95.34%; 55 2 PG, JE
B Z=BRRCR T3 71.06%; 55 3 IRAGFRE, 60 min
IFER L RRCR ly 46.18%., 1 WL, CGS HA —EH
Al E R R

3 Fie

(1) CGSIPS 1A R AT A8k PS, K 60 min
Ja XHHERY L BRR AT 35 95. 34%; M@ MAFA P —
AR E—E BN, PR CGsﬁizM“
wIhH PS ‘%ﬁﬁfﬂﬁaﬁﬁ%iﬁﬁ@ﬂ%&

(2) L7 B T H CGSIPS 4 R X JE I £ 14
IR K 2N HCO3>NO3>S0;>Cl ™,

( 3)7E CGSIPS R &, FE L ) i j& CGS
H Fe Tk PS PRI H 3L (SOge. *OH), [
fif L FE i SOzt FEAEH .

(4) CGSIPS {1k R A LBrIERT, @ &
BREE . I MR S SRR SE i N K BERR | R,
Al 22 5540k CO, Fl HL0,

ORI EIN L R PN U . 1115 -
SE
[1] KEX, WEIT, WEI GR, et al. Integrated process for zero discharge

(2

(4

(9]

(6]

8

(10

[11]

[12]

(13]

(14]

(19]

[16]

(18]

of coking wastewater: A hierarchical cycle-based innovation[J].
Chemical Engineering Journal, 2023, 457: 141257.

CUI B, FU S Z, HAO X, et al. Synergistic effects of simultaneous
coupling ozonation and biodegradation for coking wastewater treatment:
Advances in COD removal, toxic eimination, and microbial
regulation[J]. Chemosphere, 2023, 318: 137956.

HUANG Q, ZHOU M Z, ZHOU J J, et al. Roles of oxidant, activator,
and surfactant on enhanced electrokinetic remediation of PAHs
historically contaminated soil[J]. Environmental Science and
Pollution Research, 2022, 29: 88989-89001.

SARANYA K, PALANISAMI T, KADIYALA V, et al. Remediation
approaches for polycyclic aromatic hydrocarbons (PAHSs) contaminated
soils: Technologica congtraints, emerging trends and future directiondJ].
Chemosphere, 2017, 168: 944-968.

WANG J, XIA K, MICHAEL G W, et al. Application of biochar to
soils may result in plant contamination and human cancer risk due to
exposure of polycyclic aromatic hydrocarbons[J]. Environment
International, 2018, 121: 169-177

WANG L (F#:), CHENG X X (J5EHE), LIAN JF (£ %4), et al.

Degradation of azo dye by catalyzed persulfate with spinel
¢c-CuFe,04[J]. Fine Chemicals (}§ 411k T-), 2021, 38(10): 2117-2124.
CHEN M D, SHAN C C, ZHANG W J, et al. Efficient removal of
Phaeocystis globosa from seawater with the persulfate activation by
arbutin-modified cellulose nanocrystalgJ]. Chemosphere, 2023, 313:
137647.

AKDAG S, RAD T S, KEYIKOGLU R, et al. Peroxydisulfate-
assisted sonocatalytic degradation of metribuzin by La-doped ZnFe
layered double hydroxide[J]. Ultrasonics Sonochemistry, 2022, 91:
106236.

LI RC, JN X Y, MALLAVARAPU M, et al. Heterogeneous Fenton
oxidation of 2,4-dichlorophenol using iron-based nanoparticles and
persulfate system[J]. Chemical Engineering Journal, 2015, 264: 587-594.

YUAN Y F, ZHANG C G ZHAO C H, et al. One-step preparation of
anovel graphitic biochar/CuO/Fe;0, composite using CO,-ambiance
pyrolysis to activate peroxydisulfate for dye degradation[J]. Journa
of Environmental Sciences, 2023, 125: 26-36.

ZHU D D, XUE B, JANG Y S, et al. Using chemica experiments
and plant uptake to prove the feasibility and stability of coa
gasification fine slag as silicon fertilizer[J]. Environmental Science
and Pollution Research, 2019, 26: 5925-5933.

QIAO Q X, ZHOU H M, GUO F Q, et al. Facile and scaable
synthesis of mesoporous composite materials from coal gasification
fine slag for enhanced adsorption of malachite green[J]. Journa of
Cleaner Production, 2022, 379: 134739.

WANG L X (FEIRL»). Peformance and mechanism of Fe(VI)
combined technology in degradation of phenanthrene in water[D].
Jinzhong: Taiyuan University of Technology (< J5 B T-k2%), 2021.

LIANG C J HUANG C F, NIHAR M, et al. A rgpid spectrophotometric
determination of persulfate anion in ISCO[J]. Chemosphere, 2008,
73: 1540-1543.

ZHANG K, YANG Q L, JN Y W, et al. Cataytic activation of
peroxydisulfate by secondary minera derived self-modified iron-based
composite for florfenicol degradation: Performance and mechanism[J].
Chemosphere, 2023, 313: 137616.

LIANG C J, WANG Z S, BRUELL C J. Influence of pH on persulfate
oxidation of TCE at ambient temperatures[J]. Chemosphere, 2007,
66(1): 106-113.

CHEN X W, YANG B, PATRYK O, et al. Vanadium oxide activates
persulfate for degradation of polycyclic aromatic hydrocarbons in
aqueous system [J]. Chemical Engineering Journal, 2019, 364: 79-88.
GU M B, QIAN S, FAROOQ U, et al. Degradation of phenanthrene
in sulfate radical based oxidative environment by nZVI-PDA
functionalized rGO catalyst[J]. Chemical Engineering Journal, 2018,
354: 541-552.

(T4 1134 W)



© 1134 -

A% @m & T FINE CHEMICALS

541

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

XU K (f&#1), WANG L (E¥#), GUO L M (¥kmitt), et al.
Application of hydroxypropyl guar gum fracturing fluid with
super-low concentration in coalbed methane reservoir stimulation[J].
Drilling & Production Technology (%% 1.25), 2016, 39(1): 111-114, 11.
LOVELESS D, HOITSCLAW J, WEAVER J D, et al. Multifunctiona
boronic acid crosslinker for fracturing fluids[C]//International
Petroleum Technology Conference, 2014: 17404.

CUI J (#1F), ZHANG R S (3Ki&A:z), ZHAO M Y (B ), et al.
Synthesis, characterization and performance evaluation of organic
borate cross linker in the new fracturing fluid[J]. Applied Chemical
Industry (1 Fifk T), 2017, 46(6): 1055-1057, 1061.

ZHANG Z, PAN H, LIU P, et al. Boric acid incorporated on the
surface of reactive nanosilica providing a nano-crosslinker with
potentia in guar gum fracturing fluid[J]. Journa of Applied Polymer
Science, 2017, 134(27): 45037.

XU K, GUAN B, XU M, et al. Study on synthesis and properties of
nano-organic boron cross-linked agent[J]. IOP Conference Series
Materials Science and Engineering, 2018, 423(1): 1397-1407.

JA W F (Bi3C0%), CHEN Z (M), YAO Y M (WkZ5H), et al.
Fabrication of nanosilica crosslinker and formation of crosslinked
hydroxypropyl — guar-based  fracturing  fluids[J].  Speciaity
Petrochemical (#4141 iH{k T.), 2015, 32(5): 15-18.

WANG Y L (£E#), WANG K (F4#11), CHEN K (L), et al. The
effect of pH on the crosslinking performance of orgonoboron-
modifeid titanium dioxide nanoparticles[J]. Science Technology and
Engineering (Bl2&4 AR 5 T#2), 2017, 17(28): 68-71.

LIUTY (x3# ), TANG W Y (FE3Ci), CHEN G J (Mot7R), et al.
Preparation and properties of nano-crosslinker BC-27[J]. Fine
Chemicals (k5411 T-), 2018, 35(4): 683-688.

XIONG J J (BEf27R), LI C (%4), YANG S W (4 30), et al.
Development and performance evaluation of a boron-modified
nanosilica crosslinking agent[J]. Drilling Fluid & Completion Fluid
(B IR S S8, 2019, 36(2): 245-249.

LEGEMAH M, GUERIN M, SUN H, et al. Novel high-efficiency
boron crosslinkers for low-polymer-loading fracturing fluids[J]. SPE
Journal, 2014, 19(4): 737-743.

BAI H T (i), ZHAO J P (B #F), TIAN PR (HIE5%%), et al.

(23]

[24]

[29]

[26]

[27]

(28]

[29]

(30]

(31]

Synthesis and application of organic amine boron crosslinker
AB-1[J]. Fine Chemicals (}§4lift. T"), 2015, 32(10): 1157-1161.

JA W F (B{3C0), JANG T X (FE2E), CHEN Z (B#1E), et al.
Synthesis of novel dendritic crosslinker for preparation of
crosslinked fracturing fluids[J]. Modern Chemical Industry (Fiftfk
1), 2016, 36(6): 117-120, 122.

LUO P D (¥#:%), SONG Z F (Ki&il), ZHANG J B (JKEE ),
et al. Preparation and property evaluation of polyamine boron
crosslinker[J]. Fine Chemicals (41t T"), 2019, 36(9): 1930-1935.
XU D (#&#%5), ZHU W P (RIF), BAI K S (H#i#), « al.
Research progress on synthesis of organic boron crosslinking agent
in guar gum fracturing fluid system[J]. Polymer Bulletin (54 Fi#
1), 2023, 36(2): 200-212.

BISHOP M, SHAHID N, YANG J, et al. Determination of the mode
and efficacy of the cross-linking of guar by borate using MAS 'B
NMR of borate cross-linked guar in combination with solution 'B
NMR of model systemq]J]. Dalton Transactions, 2004(17): 2621-2634.
WISKUR S L, LAVIGNE J J, AIT-HADDOU H, et al. pK, values
and geometries of secondary and tertiary amines complexed to
boronic acids-implications for sensor design[J]. Organic Letters,
2001, 3(9): 1311-1314.

LEI C, CLARK P E. Crosdinking of guar and guar derivatives]J].
SPE Journal, 2007, 12(3): 316-321.

ZHU LY (B4, YI Z (t51), ZHANG W L (3k3CJE), et al.
Preparation and properties of organic boron high temperature delayed
crosslinking agents[J]. Petrochemical Technology (f7iiif£T°), 2017,
46(11): 1413-1418.

LI X L (Z/h#), DING L (TH), SHI H Q (fifEiR), et al.
Development of the super-low concentration hydroxypropyl guar
gelled fracturing fluid and its application in Sulige gas field[J].
Chemical Engineering of Oil & Gas (fili5 KRS ALT), 2013,
42(3): 274-278.

ZHANG C B (3Kf414), WANG Y L (£ Z#), CHEN M X (%7 2%),
et al. Research progress on high temperature resistant guar gum
fracturing fluid and its damage mechanism to reservoirg[J]. Chemical
Industry and Engineering Progress (ft T.if &), 2022, 41(11):
5912-5924.

(EH4% 1115 7))

[19]

[20]

[21]

[22]

[23]

[24]

[25]

LIANG C, SUN H W, LING C C, et al. Pyrolysis temperature
switchable Fe-N sites in pharmaceutical sludge biochar toward
peroxymonosulfate activation for efficient pollutants degradation[J].
Water Research, 2023, 228: 119328.

J Y F, DONG C G KONG D Y, et al. New insights into atrazine
degradation by cobalt catalyzed peroxymonosulfate oxidation: Kinetics,
reaction products and transformation mechanisms[J]. Journal of
Hazardous Materials, 2015, 285: 491-500.

JN Y Y, SUN SP, YANG X Y, et al. Degradation of ibuprofen in
water by Fe(I1)-NTA complex-activated persulfate with hydroxylamine
at neutral pH[J]. Chemica Engineering Journal, 2018, 337: 152-160.
LIU H X, CHEN J, WU N N, et al. Oxidative degradation of
chlorpyrifos using ferrate(Vl): Kinetics and reaction mechanism[J].
Ecotoxicologyand Environmental Safety, 2019, 170: 259-266.
OLMEZ-HANCI T, ARSLAN-ALATON |. Comparison of sulfate
and hydroxyl radical based advanced oxidation of phenol[J].
Chemical Engineering Journal, 2013, 224: 10-16.

FANG Z H, ZHOU Z L, XUE G, et al. Application of sludge biochar
combined with peroxydisulfate to degrade fluoroquinolones:
Efficiency, mechanisms and implication for 1SCO[J]. Journal of
Hazardous Materials, 2022, 426: 128081.

WU J X, WANG B, LEE B, et al. Degradation of sulfamethazine by
persulfate activated with organo-montmorillonite supported nano-
zero valent iron[J]. Chemical Engineering Journal, 2019, 361:99-108.

[26]

[27]

(28]

[29]

(30]

(31]

ZHU S J, WANG W, XU Y P, et al. Iron sludge-derived magnetic
Fe”/Fe;,C catalyst for oxidation of ciprofloxacin via peroxy-
monosulfate activation[J]. Chemical Engineering Journal, 2019, 365:
99-110.

BYUNG D L, MAMORU I, MASAAKI H. Prediction of Fenton
oxidation positions in polycyclic aromatic hydrocarbons by Frontier
electron density[J]. Chemosphere, 2001, 42: 431-435.

YU SX, GU X, LU X, et al. Degradation of phenanthrene in aqueous
solution by a persulfate/percarbonate system activated with CA
chelated-Fe( 11)[J]. Chemical Engineering Journal, 2018, 333: 122-131.

LI Y N (Z=FH), WANG L X (TiRL), YANG F (i), et al.
Degradation pathway and mechanisms of phenanthrene by a
combined system of Fe( VI) and Fenton[J. Acta Scientiae
Circumstantiae (M58} 2441), 2021, 41(8): 3175-3184.

LI HH, YAOY Z, ZHANG J, et al. Degradation of phenanthrene by
peroxymonosulfate activated with bimetdlic metal-organic frameworks:
Kinetics, mechanisms, and degradation products[J]. Chemical
Engineering Journal, 2020, 397: 125401.

LI HH, YAOY Z, CHEN JL, et al. Heterogeneous activation of
peroxymonosulfate by bimetallic MOFs for efficient degradation of
phenanthrene: Synthesis, performance, kinetics, and mechanisms[J].
Separation and Purification Technology, 2021, 259: 118217.

[32] MANY L, MARIANNE S, WU C, ¢ al. Degradation of difenoconazole

in water and soil: Kinetics, degradation pathways, transformation
products identification and ecotoxicity assessment[J]. Journal of
Hazardous Materials, 2021, 418: 126303.



