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Abstract: [Objective] The degradation of organic pollutants in soil by activated persulfate (PS) with nanoscale
zero-valent iron (nZV1) or sulfidized nanoscale zero-valent iron (S-nZV1) is currently one of the research hotspots
in in-situ chemical oxidation remediation technologies. Benzene, toluene, ethylbenzene, and xylene (BTEX) are
typical odorous pollutants in petrochemical-contaminated sites. Thus, the discovery of remediation technologies
aimed to achieve efficient removal of BTEX and the elucidation of the degradation mechanism is of great
environmental significance. [ Method ] The study established a persulfate oxidation system using biochar-supported
sulfidized nano zero-valent iron (S-nZVI@BC) as the activator, explored the degradation of BTEX under different
conditions, and compared its effectiveness with other materials for PS degradation. Moreover, based on chemical
probe experiments, electron paramagnetic resonance (EPR) experiments, and purge-and-trap-gas
chromatography-mass spectrometry (PT-GC-MS), the degradation pathways of BTEX were indicated.l Result]The
results showed that S-nZVI@BC/PS system had the best degradation efficiency on BTEX in the soil at pH = 3,
S/Fe = 1/4, Fe/lC = 1/2, S-nZVI@BC dosage of 0.01g-g™soil, and PS concentration of 30 mmol-L?. The
degradation rates of benzene, toluene, ethylbenzene, and ortho-xylene in the S-nZVI@BC/PS system reached
96.7%, 98.5%, 96.9%, and 98.4% within 2 h, respectively. The S-nZVI@BC catalytic system showed the best
performance among the five different catalytic systems studied in the order of PS < nZVI/PS < nZVI@BC/PS <
S-nZVI/PS < S-nZVI@BC/PS. Also, S-nZVI@BC maintained good reaction activity in a wide range of pH 2-9.
There were three active free radicals in the system: SO, * -, HO * , and O, * °, among which SO, * ~was confirmed
as the main active substance in the reaction process. Based on main free radicals and intermediates, it is indicated
that BTEX may have two degradation pathways: Free radical addition and free radical hydrogen extraction
reaction. [ Conclusion 1 Sulfur modification and biochar loading effectively improved the stability of nZVI catalytic
performance, and S-nZVI@BC/PS can efficiently degrade BTEX. This study provides theoretical support for the
establishment of efficient degradation technology for odorous pollutants in soils.

Key words: Benzene, toluene, ethylbenzene, and xylene (BTEX); Persulfate; Sulfidized nanoscale zero-valent

iron (S-nZVI); Biochar; Free radical; Degradation mechanism
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NaOH. H0, PA K il S 540 7 i N 32 & SR 1T 3k 4k 75 sUAR SR A7 761 22 i AL, 914

AR SRS S5 7 £ 1 R R A K R BPY, NaOH 5k ik 2% pH KT 10
P B e 25 P 7 75 22 URIE S AR AR R pH SR R BRI, HL0, 3% 4 10 K 1) L 3L 1 B AR
SEPEM, SR EBUN RS E AN A . BRI, BER B REMEAL PS AR A K. % pH
SO /N FEa ey (0 5 (SRR AT AL O T B . BRI R T e R . B3RS
R PR 5, IR SRR LR i G B A RSE AL, T2 BT & Fhys ez s iR 322, 40
WEREE M BTG P th M R, BRI TE Y. TR . KREMEE (nZVD) | Bkl
KEMB (SnzVD) BIFHFEE, kSO BIERR MK A e R TSRS, ok A
HA R RO AR L R KR, BRT, BRALGKR AN R A 4 PERE RS R A TR

R AURFE T nZVI s Rt i3 5 R DA R 57K AT A R R, T FLE s
HARF ke v AR I T — Tk LR i e B At 1 v 2 2o 2,

R, AM5R (BC) HNEAmILRER. 8 0B A A [ hEPE2, HiEn
WARBEE R S-nZVI [ BRI RS e v, S5 il TR R, IR S-nZVI BT 1
Xu 2B 7 7 R AL SRR FUBURFEXT S-nZVI IR FRPE AT S & PRSI, R B AR A R
AR SNZVI B R AT, B R, AarE K Jiang S AR BUAE T R SR
YK ZEM L (S-nZVI@BC) A #E 1k PS, KNI BI4FFH 100%H) M2, H 2 IRIGHE
FH G AT AR 5 s A 15 7 Gao 25BN I S-nZVI@BC/PS 14 2 1] AE AL B 1 pH 8 Bl P 22 B4R
VPR, JFHIE T MR R fe b EE R M. FREEFEERY S-nZVI@BC &k PS [
AHLAG AT AT R R A . AR, AR R X B RIS YY) BTEX HIFRARRUR LR
s, RAETE S-nZVI@BC ik PS M4/ BTEX IR . MEFIHLHLE A — & F g fplise

AT TR — B MR SRR & B S-nZVI@BCRY, 744 T S/Fe BE/REL. Fe/C & L. PS K
& WI4h pH KAPRHE RS BTEX BEMFERCR IR, AR R FE PSR B s Bk R AR
AR S a3, S Ak 2E PR S8 S B T IRG SR (EPR) %5 EESMEH %, JR45a0 Lk
SR 45 R SAH S RSO AL (GC-MS) Kl 2 (¥ (8] =44 . BTEX WJ REfI FREARER 1S . 1%
W7 R T G B A B AR S RS Yedzy 3R 3t T R 8
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1.1 ZEMESIRF

BURHHER AR R RB X L 0~20 cm [R)Z 3. HEILAM R R HEEHUR 10.32
g-kg™, pH6.8. FLHI(>0.05 mm). #Hi(0.05~0.002 mm)FHZEHL(<0.002 mm) IR FT 25 & 23l
23.22%. 53.72%71 24.06%. L+ IEAE T @ XALEDEXT, 60 BRI, FiRRAEEH. HT
BTEX #7745k, RITE B LR N LRI N BTEX il 4%, BIFREX 1 g 3T 20 mL Tzl
tf, BN 40 pl [¥5 4Lk 400 B BTEX SIKIE 41N 210 pg-g

APIFTR (BC) KA T KFEFANERL, 7R b ih R %, FAEIR A 600°C, H4Hl 11
AP IFOR S IS 100 H i 5 H 2B Tk 2 g ve, JEE TR TE, BAAHSICREH.

STARRIZR, WK, 2K, ZHIRIIWE LR P AR AR, KEmRITL. &
TEEREREN I REREN . BARERERENYS A al, W E B2 E R R A R, 5,5- I
-1-MEE IR-N-4464) (DMPO) T8 [ [ Ak, HERE. JoK OBE. BUT B o0 rat, T E e
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AT A RAE, KRB OriraD 6 R o AR R B BR A =], LSy (o dr
ai) WH Figusii i =R E R A F .
1.2 PS SRR AO I

S-nZVI@BC Z% R NBF 7Y, SR — AR S5 & B 1 4%, BB R « BAREEME T,
FEZ LR, K —E R & FeS0, 7H,0 ¥ T 200mL 25 87K, 1 Ja AREL— 5 & i A4 5 i
BT=0800F, 5 BB TEHRS 1h 5, BIERIE — URERMY ORERIEITT
MOEMR R BE /R LU B D AN MR LR AR R, W R4 s: M 1h, SR)EF]
FABEIIE S B RL, 38 IS, FJOK CRER L B F/KIEBe R 2-3 Uk, WEERITRE 73 5 A4
Bl BN ESAEHE TN HAT R, TEREMEBIE ST . £ LR&AFT, il
SR AR 4 R R TR R FH 2, i) ) 4 AN R e LE (171 172 13D MR DA B AN Al B 2k b (172,
14, 1/6) Fkl. T S-nzZVI@BC [l 5, TEANTN N A= 40 J5 e FH3%E — S0 B J B4 1 47 250, R FH AR
FHIE JF VL £ nZVIE, AR IAED R 15 DL T 45 S-nZVIL, AN INE AR BB 1% L T il &
nZVI@BC.

1.3 FERELEEIT

Ry HR, LR, HEREH 140 ub, AP EREEMG, T 100 ML FERPER, B
4 BTEX i &, % B T UKF 4R A7

FETC B 15 e L TR N — € &1 S-nZVI@BC Fd BRERANIA TR, [N A4 2 (1 L 7K 5
®IAN 15, YUl ir s, B KEER, EEWEN25C JREGMZE N 200 r-mint,
23 9F 10, 20, 30. 40. 50. 60. 90 A1 120 min FEATHLIRIERCEE, RIS PEdEREA 1A TH A5
SONARZ N 2 mL AR QB BR AN 7 v T BT UK R LA Lk B, SR R TS -SOH

(HS-GC) BRI TSPl BTEX WREEZATIE, RIS A a6 B0 e vk R i id i
ARk B S sk it IR A B R R L BREREE () 2.2.1)  IERERERIIE (10,
30. 50 mmol-L™Y) . #EHEIN&E (0.005 . 0.010 . 0.015 g-g™) Mz Nifk Z¥JHE pH (2. 3. 5.
7.9, L HySO, fl NaOH e T5) Xt BTEX MRV, R AM BB AR G Sk AF A4
(B R, T BB =AEE . =T HE.

1.4 DWHE

RO TSR K F 4 - Bl 45 & e = ( BOE T4 (SEM-EDS) (ZEISS Sigma 300,
R FoE i SR (TEM)  (FEI Tecnai F20, 25[E) MEL, BOEMKIWD T 25 W R AR 4L
K X SHERATEX (XRD) (Bruker D2 Phaser, &) 4347, #l¥E AR (3K N 0.154 nm) ,
T3 Ff1 BESE LA 10~90 °, A FE N 2 " mins I BLH 20 AR R4 (FTIRD (Thermo Scientifc
Nicolet iS20, ) Wi A= 45 ¢ SOV i J5 3R T B B R A5 B MR G R MBS A5 B
FH X SO T AE: (XPS)  (Thermo Scientific K-Alpha, Z£[E) 7347 .

BTEX [ B R A AR (il - K s Al 2% (GC-FID) (22416 7890B, £[E) s,
ZEREICE T2 H SRR C23EE 7697A, E£ED , HP-5 (il (30 mx320 umx0.25 pym) ,
BANEAES, RN 1001, EEERFETHE N : Y1 40 'C, f£FF 6 min, LL5 ‘Cmin )
TR 110 °C, R 1 min, FHLL6 Cmint (K ETFE 200 C, f£FF 1 min, AAKERRE
43594 45 mL-min™ F1 450 mL-min?, SR AN E .

P RET SEIG T T IR SR R b 25 iR 2 e, o A BRARER R A T B X KRR AR
N SO, HO Je Oy [V KFHET H H3EE R LI (AKX A AR =LA 1010 , 78
SSETF R T4 B ) 5B AA 22 R INAE L) R ZEAEK ), T 2 h JE TR RCRE, SR A HS-
GC 2 T2 i B R G bl BTEX W&, AAkZI 1.3,
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TR T A R R R L IE YR (Bruker E500-9.5/12, f[E) %5, L DMPO
N EEREA, Je 2 mL BB EERSR A I — 2 & 2 mol-L™ () DMPO ¥, RGN —
SEEM S-nZVI@BC AL HER AW (AR S-nzVI #EZ N 0.002 g-mL™, PS WKEN 5
mmol-L™) , fEB4iKIE R TN SO, HO', £k R T 0,7,

DURhZE 2P0 10 B = R SRR A (GC-MS) e, B4 FL & Il 421X . DB-624 {4
WAE (60 mx250 umx1.4 pm) , WIEAHLAIRE BEE N 38 °C, F74E 1.8 min, BtJE L 10 ‘Cmin™ )
HEEFHE 120 °C, FLA 15 Cmin™ F+ % 240°C, FHARFFIEE 4 min, SRA B F&T (ED BRI,
WANEA A (He), HEEEHEAN I mL-min?, #EFEEJ 1 ul, 2Rk 3071,

2 #iR5ie

2.1 MHRIBIRAE

P (SEM) Mg ER, W 1d, PrRENSIMEERR BR KNS, Bl T3
TR % T BRI RAAR FLWR 5| 7 R B IR G M ekt s, BT S B4, f S-nzvi (B 1e)
RFRTF nzvl, HEREHEE. 0 1a~K 1c. B 1f, S-nZVI@BC i) SEM El& Brfifb gk E
MR ST o BUE AR BUR R T, A RS R T H LR AR K R RE AL A Wl 19
1h, EDS Je& AT Kon Rk KSR, AWM E 32 H C. Fe. S. O UMITERA M, HIUFITE
I AN ST

s S-nZVI@BC AR G BB AAKZMER, nZVI RGCKREME, SnZVI NERALAKEN P, FF. Note: S-nZVI@BC
is Sulfidized Nano-zero-valent Iron Loaded on Biochar, nZVI is Nano-zero-valent Iron, S-nZV1 is Sulfidized Nano-zero-valent Iron. The

same as below.

Bl 1 S-nZVI@BC (a~c) [ EAGRE MR B F BRI (SEM) B, nZVI (d) . S-nZVI (e) . S-nZVI@BC
(f) Mmfi SEM BR, s-nzZvI@BC HIRERMHEDEE (EDS) JuEm o (g0 MtxmEE (h)
Fig. 1 Representative scanning electron microscope (SEM) images of S-nZVI@BC (a-c), high-resolution SEM images of nZVI

(d), S-nzVI (e), S-nZVI@BC (f), energy dispersive spectrometer (EDS) elemental analysis (g), and elemental mapping (h)
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W 2a FEH BB RN, GOKRENMREIR DS pEkREE M, B il T H ARV
REREERGE M, Bl 2bS-nZVI £ 7E 450, RHGOKRFNRE T It R T —
B FRG MY, M N FeS, %A A RURSE nZVI I A3 BB, 18] 2¢ R S-nZVI@BC A
BF S-nzZVI UKL 43, KB S-nZVI@BC & AEY) T R 58 UG i) S-nzVI R B K
bl 2 T AR AT 1k 2546

K 2nzVI (a) . S-nzVI (b) . S-nZVI@BC (¢) WG HETFEMEE (TEM) B
Fig. 2 Representative transmission electron microscope (TEM) images of nZVI1 (a), S-nZV!1 (b), and S-nZVI@BC (c)

W& 3a, XRD 245 ERFTEREMAE 44.6 IR Fe® SR 00, IXIFS2AE-& Rt fE
Fe? B it J5 N Fe®; 5 nZVI. nZVI@BC K S-nzVI MHELE, S-nZVI@BC K nZVI AT IE
SRPEEERN, ShAh, —ANEREHMEIE I BLE 657, IESEZA R FeS TR, nzvI Bk
AT HANEIFR AT A, 24 S/Fe MIBERLE N 14 B, Fe® Al FeS AR ARG R 32 . W]
3b, FTIRWMISE SR 3 432 cm™ P 517 76 W USC b, I 125 A0 Ue Ay A 0 J ok 36 T F) 30 5 2 i [
SRR RS T A, 1 633 om™ BT (10 MR A0 U4 Ry 26 400 R R AR 1 #8515 (19 -COOMH B i [T ik Sl XU
RSN L, 1044 cm™ FRHE IR IS IAR 3% C-O BINIREN®Y: i S-nZVI@BC TiX =AM B A4S
MEE R 58S BC MILLAFT R, F£H S-nZVI £ BC LEH#EN — & seFEEM B/ .
S-nZVI@BC F 1 400 cm™ 1 745 cm™ BHT AW S e 8 2k, 28 B el e vk 1 A 400 9 o el T 3 T
RN RI7E 5 SBUE Re A B /D, T S-nZVI@BC T 599 em™ BT HEL A T AL 5, AT RE
T 2 T AL T Tk A AR ) Fe-O BERBNIE AR, B AT B tHBR ALY I B R L 2B PR sh i ik B, B
TIE SEBRA SO 1) T R
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S/Fe 1/6 3432 2020 1633 1044 467
S/Fe 1/4 A b Lo Lot
———S8/Fe 1,2
S-nZVI
nZVI@BC
~ nZVI
;‘, Fe" 8
= E
Ei E ‘ | Lo Lo
5 ‘ FeS £ 3720 | o : § 4000
5 — - B st
iﬂg l‘ i S-nZVI@BC
A '
a) I 1 L L 1 L 1 b) E L L L i M H HIH
10 20 30 40 50 60 70 80 4000 3500 3 000 2500 2000 1500 1 000 500
20/° % Wavenumber/em'!

3 AFEMEAA R X HEATE (XRD) 3% (a) RAEVFIK (BC) 1 S-nZVI@BC MZLAMEIEE (b)
Fig. 3 X-Ray Diffraction (XRD) analysis of different catalyst materials(a), infrared spectra of biochar (BC) and S-nZVI@BC(b)

S-nZVI@BC ] XPS KAF/ T4 T (AR ERE R BoR, MiGEFFTE Fe2p. Ols. Cls.
S2p PU2KIE, XIESZ T S-nZVI@BC HHAF/E Fe. O. C. S &K . MEAIERIEH, BocEu
LA =AM, B 284.8 eV 4b1) C-C 8¢ C=C Ffitl#l. 286.18 eV [J C-O. 288.9 eV [¥] C=0 &
O-C=0 [P, %W S-nzVI KB s &AM R E W, HAYIRR A S KSHENSHREFN
RN . Ols RGN T T/ ME: 529.38 eV [ Fe;0,4. 530.58 eV i Fe-O. 531.48 eV
] C-O/Fe-O-H i1 532.78 eV [f] C=0 %:[HP7, Fe2p JFtH1& 4> U, Horh 454 RE K 726.68 eV
712.78 eV W] 43Nt A Fe2p 1/2 Fl Fe2p 3/2, BRULLASL, 712.78 eV ALKyt A GEVAE T F M 2k
FIBRAL T 2 Fe(111)-S FIAEAE, T 718.5 eV xi % T Fe®®, ix 0] Fe?" O R INHIE A A 8k .
S2p 73Ul A = MERIEIE, Bl 160.68 eV ] S, 163.2 eV ) S™ & 168.1eV ) SO, S*4&
W EATTBE 7 2E SO,7, T Ti% AL PS (it FErf, S 5 2k fi 1, (i Fe(11) 1 Fe(1) XI5 46E,
2.2 RNEIZHT S-nZVI@BC/PS X BTEX HIB& R R
2.2.1 S-nZVI@BC &Sk xr BTEX FEERIFM  ARZIK LA T S-nZVI@BC &k PS Xt
BTEX HIPEfRs: KUKl 4a fior, B FelC Fimlbi 13 M 1/1 idHE, BTEX MIFEMRRY
S R RS, 2 FelC MIRELL A 1/2 I, BTEX MM R, K. B, 3.
TR T 2 h B REE] 90%. 94.2%. 93%. 95.3%. A HE K Kl & AW R AR K 1)
R F5&OBRILEER I BTEX HWRME, MM A5 EYE S-nzVI bR S A3 fd i,
HR— B BC Ik e 200 B S-nZVI Tk ZE 484k . Fe/C R LA 1/3 I, AHER
T 12 BB AR A FTREAR, X PTREE B T AE MR I & 3 E S-nZVI SN AL, S8
Bt fi 25 R PEAR IO, AN F] S/Fe JBEZR HE I S-nZVI@BC i AL el i 2 26 B il BTEX 45 S 1 &) 4b F o,
BEE AL R FE I PEAIS, BTEX (BRI RIS & J5 BRI 3s, T SIFe Jy 1/4 WA S fERE
AR, %455 XRD I Hrgs R (B 3) —5k, Bl S/Fe &y 1/4 It} Fe® Fil FeS [FIF AL 5 8,
Al LR i O R A 2 B S-nZVI@BC & Ak PS FIPERE. MISCWE AL H, & 4R
BiAL AR R TIE R 1 FeS, JLEAH Fe® Emf b i sh, mlhnR i FHAs iR, [Fnfthnl g
O nZVI IEALE) BRALRR IR, TR BRI R4 nZVI IR FIAT B s TR AL AR i v
SR KRR E SESRERE, SBOLTIERBERE, 51550807 50810 .
BRI, FE 5 8Eseie R A T 14 MmEkt.
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(a) —— Fe/C=1/3 —8—Fe/C=1/3
10 —o—FeiC=12 O
——FeiC=1/1
08+ 08+
0.6 0.6
g g
S S
04+ 04k
02 02}
00 4 Benzene 00 F 11 Toluene
L L . L L L " " L "
0 20 40 60 80 100 120
—— Fe/l /3
ok Fe/C=1/3
08
0.6
53
5]
0.4
02
A S
00 7.3 Ethylbenzene 0.0 = H% Xylene .
. L . . L . L . . . . . . .
0 20 40 60 80 100 120 0 20 40 60 &0 100 120
it 18] Time/min i (6] Time/min
(b) —=—5/Fe=112 —=—S/Fe=1/2
10 F v 1OF
08+ 08
0.6+ 0.6+
) =
=]
0.4+ 04 b
02+ 021
00T 3 Benzene 001 5% Toluene
. . . . . . L L L L . . . .
0 20 a0 60 50 100 120 0 20 an 60 50 100 120
—m—5/Fe=112 —=— S/Fe-1/2
1o —o—sFe-lig 10 —o—S/Fe=1/4
——S/Fe=1/6 —4—S/Fe=1/6
0.8+ 08
0.6 0.6
I v
o ()
04 04|
02 02
e ———— 7
L = )
0.0 7% Ethylbenzene 0.0 i Xylene
\ . . A L . . L L L L L L L
0 20 40 60 80 00 120 0 20 4n 60 80 100 120
I} ] Time/min i ] Time/min

VE: Co NS YMIINVITAIRE, CORNAREIN S etk . TIRl. Note: Co is the initial concentration of the contaminant, and

C. is the concentration of the contaminant at different times. The same as below.

K4 AFERBRTTEL () RIBAE/REE (b) XRRY (BTEX) AR

Fig. 4 The effect of different Fe/C mass ratios (a) and S/Fe mole ratios (b) on benzene congeners (BTEX) degradation
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Fig. 5 The effect of Persulfate (PS) concentrations on BTEX degradation
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Fig. 6 The effect of different catalyst dosages on BTEX degradation
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Fig. 7 The effect of different pH conditions on BTEX degradation
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Fig. 8 The effect of different catalytic systems on BTEX degradation
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Fig. 9 Free radical quenching experiments and EPR (Electron Paramagnetic Resonance) test pattern
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Fig. 10 Degradation pathway of BTEX by S-nZVI@BC/PS oxidation process
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