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A, T AR A R LA R S B A A 2§ LR L 30 T 6 SORN R e R T M

W R R NB B EZ W AN, A REA EY T, B, xS P A,
G A AR TE T DLSE T AN B = RO B A 0 s s R ER (PS) HA SR ) B AL RE 1, IR P AR
EMERT, HiE . Bk, SRS e I A e B AR O S A, AT DU AR AR AR R ) B R T A R AR
3 (SO, ) A3k A & (OH-), XT3 HLT5 Y i ELA B 1 R i AN AL Ri SR e

FEF BRI, A SOR AR BRI 15 ] 45 T N B R 0 B K (BMP),  J-7%5 48 BMP S 4k B 1
5 PSHK A AL BEXT /K H NB Fl AN (19 K BRFEPE; R TEM. XRD. FT-IR, XPS 45X} BMP A& H 2 )i
Ja BRI SEATRAE , AT RV B EE BT, B BMP/PS X NB MBS REARALE . )5, R
FHmR N AT 22 R 2R SC 00 TR RO 5514, B7E R T NB K AR E Y 7K NB 15 B2 SR HbHr vk .
1 SSWMRSEE
1.1 SRR E5NE

IR KRBT, W TLHERGESWMARA A mRsh . B . IKEER . 4B
MED W . SRR RNE . BRPRR Wk . . LW, Hh AR A abral, T E 2k
WA BR A ] 5 S8 2 F K s aligk o

SEEAN RS RORAH (A5 (HPLC, 126011, [ Agilent); X 5 24T 5% (XRD, DMAX2500,
H 7 JEOL); 15 4% P35 it i 7 B i 8% (TEM, JEM-2100F, H7< JEOL); X 4§74 %H T fEii% (XPS,
Axis Ultra DLD, €[ Thermo); & A FLIK/EE 2 Hr 1 (TOC, multi n/c 2100, fE[E Analytik Jena); 7.
KATE KRB (XQM-4, ZR LB HER); (R IAS R LM E %A (FT-IR, Nicolet iS50, 3¢ [E#E 8 €
HIR); mRE AT (ICS-600, FEFEEK); SEHM-AT WG/ OGEEAL (Te Fritad, ALt L),
1.2 BMP #|&5FRE

K 7 AT AL BRI 45 T4 9 BMP RS R o BRES A 8RB 1L, B 13 FES BR Y R R 45
BRI . BRIE S IE R RAR B, N TR E3mm A4, EREAFERNTME2h, LW
ZAFEERE: 15,0 8. 3mm YREK ¢ ek . /NEK, DB 1404, BEBRSHES B Loy 10:1, i
A—ER B, BRI E 400 rmin', T6 4L 24 h, 7B HEACTEE 30 min, B IEFER, R
A B TR T, AT RS IRERM.

K 1 TEM 23 B B BT SRR SE R/ s SR XPS I RE S 9 e R A8 k5 2R XRD i RE i
49 B 43 0 it A 65 K A8 A (RS, 3 AR 20°~90°,  F1 O 2 (°)-minY); SR FT-IR IR 5
NHTIE B REH . fh2eg5 i A 4E .
1.3 PERRLI

£ BMP Sl Ab B IG h, 25 48 BMP #0015t Fll pH % NB R F# 09520 . Z0R T, K 100 mL ik B
100 mg-L " i NB /K% W8 A, $#m 0.5~10 g' L' ) BMP, ®H 5, AEERRZGH T,
L 200 r-min”" {4 5% 4R 3% 2 180 min, (8] B HUEE L 0.45 pum BF2CUE R, SR i ROBORE €63 4SS T
NB Fl ANFHR B o [8]F BMP % na, o895 % W pH oh 3~11, FEMEIRIRG A H IR I b, 43 3 78
0. 15. 30, 60 I 180 min BUAE, #—LKuill NB Fl AN ¥

7£ BMP/PS BX A AL FESZ 5 o, BMP # it 5 gL', % %% PS £ 0 & XF 2% [ NB A1 AN 4 %
Mo % 100 mL ¥ BE R 100 mg L™ /) NB /K IE B AHEIE R, %0 5 gL' 9 BMP, %, BAfERE
WA, L 200 rrmin™' A% 3 473 0 60 min, Bl B S7 20800 1~20 g L7 (9 PS, #H, ATEE
WA, LA 200 r-min™' B 5 4k 22 3R 7% [ NV 60 min, 8] B A EVEBORE , 0 0.22 um £ CUERE, SR
5 S0V AH 15 SRS T B I S R R NB AT AN R R B, 38 S A LA S U R )OI A TOC 1% i
AT SR AN ARSI Fe( 1) F1 Fe(T) A9 & i, M2t B T @k (UK SO 1Y & i .
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HR G B R 3R SL g 45 R, R JH Box-Behnken *1 WREASELRRIT
B BE o0 41 A S2 8, YEEL BMP £ & Table 1 Experiment design with response surface method
Wb SRS [RL RN PS i . A AR 4 R R - W
LA NB 2 B 3R ANV B A g WA R A, BEAT p  BMPRUMAY GRS PSHEUMEY ALY
A F 3 AP, RAS KRR 1 PR, €L mn /&L / A
-1 2.5 15 2.5 5
Q:I: E \\ N
2 EmREWR 0 5 30 5 17.5
2.1 BMP &1E 1 7.5 45 75 30

1 & BMP ) TEM ¥, Kifek 89~714 nm,
BIE Ry 217 nm, 36 B 15 19 BMP £F & 40 K
PR . FEA BB, U A,
XA g2l B RIZIE L T — 2.
FE i B RORCRGF, G5 oA 5], R A SS
g 5e B AFR e,

K H XPS X} BMP 853 #ATER A53#Hr, BMP
BE 5 B XPS % & LA 2. 8] 2(a) i BMP ) XPS
BEE, BMP L RE 4L 046 C. O, Fe Al
So & 2(b) WY Fe2p XM 7 Hr &b SR al 1, 4% 1 BMP Hi% 5t i S
BrREH T11.29 eV F1 725.03 eV Ab 43 5% 137 Fe( 1) Fig. 1 TEM image of BMP
Al Fe(T) A9 A7 506, &5 840 51 29.1% F 22.41%., Fe’ 47 /D HAFAED; S2p K IR ik H b, 45
B HEN 161.98 eV 1 163.73 eV XTI S*FISI AT 0, & 5430 14.73% 1 8.32%", S° Iy & i Ky
4.96%, HRHE XPS FALLE R AT LIHENT, BMP EZI0E N Fe fil S, s, BMP 3K [ if £ 7F > it Fe’
S Ak AE AL

Fe(OH), g
Fe(Ill)-0

Fe(I1)-O

N
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4ty 2 H eV
() XPS i (b) Fe2pi i (c) S2pFCH,

2 BMP i) XPS & E
Fig.2 XPS spectra of BMP

2.2 BMP/PS X} NB P& %2 14 gE

K WARFLR 100 mL, NB ¥ JE 8 100 mg- L™, i WF0 45 pH=7. BMP £ ity 0.5~10 g'L™',
P& 7 B2 I 6] 24 180 min B, By i BMP X NB Fl AN ¥ B B 52 Wi 25 SR 40 18 3 frzs o f1 K 3(a) AT
M1, NB ¥ ¥ Bt BMP $h0 A 34 00 mi T B, NB 3k 7E BT 30 min PYGE R, S 2218 T FE
2 BMP s KT S g L' B, NBWETE 15 min R ZE 0.1 mg- L' LIF, NB#E PR TR
ST BMP & 3, A5 B N 1 A S 0, DT A R A% NB. 2§ BMP ¢ infE ol S g L
i, NB7E 60 min P4 #B 2Bk, B, 4k2238in BMP 8o ol ik NB £ i, (AN E NB (1 22
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PR . 7E NB FFR A A B, 38 PEREE AN MR A T s 8 i, /18] 3(b) vl 0L, 24 BMP # e KT
Sg LB, ANVREERUETE S5mg L™ 247, X R W] BMP Xf NB HA @208 I AR - F2 7Y
i ANP
6Fe (11 )+ C¢HsNO, + 6H* — C4H;N + 6Fe (1) +2H,0 (1)
B BMP B, W46 pH X NB R 09 52 W Q1 4 BT o Y00 AR pH b R PE & R A RE, X
BMP [ % NB K 52 AR /N, NB 2B 9 B #OR AL, NB 2 BR A 95% LU L, kI NB
R FIRF 100%, S22 A A AN HREETE 30 mg L' e f7 . 7ESRBEREE R, NB AL R RN 60%,
AN MR 20 mg L', R R TESRINIAEE T, BMP BYTRPEFEAK, BI NB AR M SOV IS PE T RE, AR
A AN M BE L TR T d(c) IR TRTE IR it AR R pH AR AR AE B BEE RO B BEA T, AEAS TR
G pH MR P, 78K AT pH 7E 15 min PR EAR (b, SR AR FE A AR 8 OB 3y, pH %L 6, KW
BMP 2 W 4 22 HLAG B0 I TR BB 2% vf M o 3X 2 th T 78 K% W0 FeS, Ml FeS 25 5K M g /U v, 7=
A H OH, A 5 AR R AR FE— A A R e R PR, O™ =X (2) A=t 3) From .
2FeS, + 70, + 2H,0 — 2Fe*" +4S0; +4H* ®))

FeS + 0, + 3H,0 — Fe** +S8* + H" + 50H" 3)

MK WARF R 100 mL, NB VK EE R 100 mg L', ¥ AT 4G pH=7. BMP Nt [E & R 5 gL',

i JEU B R 60 min, S 60 min J5 43 B0 1~20 g L7 () PS, 4 AL [E] 24 60 min, 7E 0. 15, 30,
60, 65, 75. 90 F 120 min BUEEI E . AS[E] PS £ % AN He BE pg 2 ma 25 R id 5 fis . 1K 5(a)

100 60
30 50
~ o I —=—05g-L"
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0 g 20 —v—5g-L' —e—10g-L"
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Fig. 3 Effects of BMP dosages on NB degradation
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B 4 #1% pH I NB f&REE R0
Fig. 4 Effects of initial pH on NB degradation
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AL, NB A RBR RN PS BT A5 100%, %0 PSJ5, NB ABRFEMRIFFAL, ULHH NB 5¢ 4%
fi#, PS AR AN B0 NB L BR R A2 ML, XU EBCA AL B, NB 3 ZKH BMP /Y8 R AE
FH o B 5(b) S AN ¥ B Bl S Ry ) (8] 9 A8 46 . 7E PSEEINRT, AN VB AW 1 F-, X2 T BMP 5
NB 774 T AN, ANWREEIAH] 55 mg L', #INPSJ5, ANWREMRHE T, HEE PSA MR
o, TR A, PSTMEKRT 2.5¢ L B, AN # 58 2FEfE .

100 - 60 -
I ) r .
80 $ehmps 501 A e L .
~ 1 hPS 258l
S L 40 5g-L
el - : L —v— 10g-L"!
frit 60 i o g
&® e b £ 30 F ——20g-L"
1« ——25g-L"! @
% 40 - —A— 5g. L 2 |
1 —~v—10g-L" z 20 -
L ——20g-L"!
20 g 10H
1
0 L 1 L 1 L 1 L 1 L 1 L ) 0 s 1 L 1 L 1 A ; 3
0 20 40 60 80 100 120 0 20 40 60 80 100 120
J W B} ] /min J2 ) i} [A] /min
(a) BMP/PSHEA AL HHNINB 2 R 5201 (b) BMP/PSI & 4k FIAT AN I (5% 1)

& 5 BMP/PS Bx&4bIES NB P& R A R0
Fig. 5 Effects of BMP/PS joint treatment on NB degradation
M BMP#E e R S gL, £d 60 min 5, NBSEEMEM, ANWEANK EH, &EikE
55mgL, MAARFEE ISR PS J5 &I, AN(ZE SRR RE, REIERE PS B f 3G i 24
PS#hns KT 25g L i, AN REAE. K& H T BMP H iy Fe(Il) 161k PS A= i B A 5 A b1k
fSO; Fl HO-, SEELXF AN Y 2 R ok fe 2420,
Fe(1I1)+$,02 = Fe(Ill)+SO; + SO 4)
SO, +H,0 — SO, +HO - +H* 5)
JI T TOC B AL A 18] 6 fir7s o £ BMP/PS A AL HE R, KW 120 min Ji5 BUREAS:
TOC &, MK 6 AJHl, TOC LR E PS BN i3 iz i &, Y pS#m=zhy 1. 2.5
5. 10 f120 gL i},  TOC B2 343 50 29.5% . 61.6%. 71.6% . 80.6% il 86.1%. ixX 3 WA 4 4b
HEXT NB 98 fL 8 5 4, NBRE s R, 98 Ly=9 £ 58 CO,. H,0 LUK TCHLER ",
R Fe(T). Fe(I) LA & SO & &+

100

B AR AL UL L7, B () B, 24 PS BEhn AR s ¥
F 5 gL, KEEIOTTEAE Fe(Tl), FLBER PS or
B O TR 46 590 T BMP e S wl ¥

Fe(Il) B it 4 PSS K F 5 gl Jm, R 40‘_/

K Fe(TT) B9 & B WAL, A Fe(I) i & g |d

WAL A7) T, BEE DS BN B 0 20/

B, SOT AR ESEE . Bk, A PS fE R

#F BMP 7= 4 Fe(I1), {H PS & &AL A F T AN 0 s 10 15 2
BB ff, BEH PSS miem, ¥PSE = KT PSHEIHE (g - L)

5g- L' i}, BMP H Fe(Il) % Hif#4k PS F=A4:S0; | £ 6 PS3RMNE T TOC & HIS 0T

SO; Fil Fe(Il). I, #PS & mE, B Fig. 6 Effects of PS dosage on TOC removal
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PSR /(g - L) PSHELANIR /(g - L)
(a) AIFPSEIHEX KW Fe( 1) Fe(Tlie B2 ¥ #2m (b) AN[ PS BT X /K I SO, 5 Hk (¥ )

7 AE PS HEIMNE X KART Fe(ll), Fe(ll) F1SO; & EHIF M
Fig. 7 Effects of different dosage of PS on Fe(1I), Fe (Ill') and SOZ' contents in aqueous solution

9 Fe( 1) e B R [, Fe(TlT) FlISOZ ¥ i i ik n .
2.3 BMP/PS X} NB H P& fZ 41 18

& 8 N AR AL FE 254 BMP ) XRD [F35% R AESEF . B8 0T 1, AR ALFEAY BMP A & 3 2k
434 FeS fl FeS,, S5AbFEwTAH L, BMP HplZb ¥ 5 () XRD &35 AR L5 /N, FeS W IEEIE A TR
BMP/PS k& Ab B 5 (%) XRD EE AR 5K, T EMG BT S, [FIEf 4k T 45 Fe,0,. Fe,0; il
Fe(OH),, iX /& Hi T BMP 1 FeS #% PS % fk A= i 52 51 S F1 Fe(1ll), Fe(Il) 1 Fe(Ill) 5 7K H i) OH 5
O, I, Ak MUk S AL 5

K9 A AN 4L FE R BMP () FT-IR E4% . i 8 9 nf 1, 3 436 cm™ &b A ¥ 3k (—OH) /38 7 ff 9%
S, 2920 cm™ Al 2 854 em ™ &b Ol C~H B A9 PR 3 Mg, 1 630 om ™ Ab R A 0 AR 3% R 3
(—COOH) By HEXF BRBLAATE 5 TT7E+5 S AT 590 em™' Ab BY W I 6 Sy Fe( T1)—S> By 1 45 3% 54 B3
5 NAT &, BMP B4l A5 FT-IR EiE A8 L4 /)y, BMP/PS BX A A0 H 5 3 436 em™ Wi 0
PRl E R, X EH T4 T Fe(OH)y, &AM RMPLTEDT; 1055 cm™ &b 1 3H AW I, 7T HE
JE T SOy I P R T B

Kl 10 A A A AL #EF BMP (1 XPS 3% K1 . BMP Sl ab P 5 A9 FE i (] 10(a) FTIET 10(b)), Fe2p X
BN Fe(1)-S BIATHTIGETE IS s S2p XIS As 1) SO ity 2, RIS, 7EJ6H F45AREN 166.48 eV
Ab 7= A T SOY AT S o 32 T S I | BMP FE i HE 5 A K i FeS Ml FeS,, XV J& BMP £ if 5

AL

S
2854
= o 2920 1630 590
0, MI Fe® FeS, Fe(OH BMP/PSI 4 4b 3430
'I e, (OH), WRE AL BMPH Ji i3
Fe(‘hhl) Fwesz .MMMBMPI&ZE%EE Ww»\/\

FeS,
Fe’ )
ARAb 3 1055
L 1 1 1 1 1 1 1 ] L 1 1 |
10 20 30 40 50 60 70 80 90 4000 2800 1600 400
20/(°) PeH/em™!
8 REALIZT BMP & XRD [t B9 AELLET BMP & FT-IR &K

Fig. 8 XRD spectra of BMP under different treatments Fig. 9 FT-IR spectra of BMP under different treatments
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YEFTEFE T Fe(I) A1SZ, Az i Ay Fe(M) &5 & i 22.419% 34 i 2 34.38%, A1 5¢ & h B 4n =k (6)~2X (8)
Jims .

FeS, — Fe (1) +S3" (6)
FeS+H* — Fe(Il)+HS™ (7)
2Fe(11)+S2 — 2Fe (1) +28> (8)

BMP/PS Bt 4 Ak B J5 B9 & (1 10(c) F1 18] 10(d)), Fe2p IX 18 P Fe® £ 5t 15314 25 , Fe(OH), il
Fe,0, i 117 5 W W {8 A% K, X 3R W] Fe® 5 PS 4% fil % 4 b iU Fe(11), Fe(Il) 4t 42 5 PS [z b A= 1%
Fe(ll). Fe(Il) X Fe(ll) 4 543 91 i1 J5 K 69 29.1% F1 22.41% 754 25.56% F128.2%, AN, i
W) A BTN, 5o BMP AR B A R B, BR A AL B Fe(OH), il Fe,O, i 1% 1t 43 il
Hi 7.86% Fl1 5.17% F% % 6.61% Fl 4.48%, X 3 WIE G A $AT &50R H 7 ARG A W, IF 4 H % kR
A A% Fe(). S2p XK P07 T 166.58 eV 11 SO fir 5 I =8 H B, RIS A2 Y i F 245 5 BB 170.13 eV
Ah7E AT SOF AT BT, X & B T BMP 5 4k PS 724 1 SO, AL HO-, Hil5 AN 2 3 J A= 5 SO Al H
T SR, W A3 R 1.56% F12.08%

ZEA DL L BMP M S EfL S B R RAEZE AL, VAT 41 FeS. FeS,. Fe’ FIHLTIHEAF . FeS,
BB IR AR SE, ST & Wikt M Fe( 1) 3R 15 Hi 7 % A2 € 1) S*F1 Fe(1l); FeS 7 7K ¥ Wi i
HA4: %, Fe(1), S*Zad i JF W J5 7= 42 17 S0, 1HAE T Fe(ll)-S, #t—E A PSRN JEr=HET
SO; ., SOF, [FIAFHAE T AL ki Fe®, Fe(lll) & & ik— 215 £, BMP [%f# NB i ##, BMP

Fe(Ill)-O

745 740 735 730" 725 720 715 710 705 700 176 174 172 170 168 166 164 162 160 158 156
iRV LifrkleV
(a) BMPHI AL (1) Fe2p X I (b) BMP b B Y S2p X 5K

Fe(Il)-O

Fe(I)-O

745 735 725 715 705 695 176 172 168 164 160 156
4itReeV HiGReleV
(c) BMP/PSI A A Fll 5 ) Fe2p X Ik (d) BMP/PSIR &AL T IS 2p X I3

B 10 FELLET BMP # &8 XPS B
Fig. 10 XPS spectra of BMP under different treatments
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FM A, NBAEZH PR ABFECT R, NB b A Y R ) S A A R R
RN, RPN FEE N AN, fEABFSEH, NB# BMP if Jf 4 il K& AN, HIA PS5, BMP
o% Fe(1l) i 1L PS ;4= SO, Ml HO- M AN i i B 8 3k AL B fif AN 19 vp (] 7= ) 2 A 2R Wy, %)
AW 4= B . HoRIRAE, Bk CO, A H,0P,
2.4 o2 5 #r

BB KERARFRL N 100 mL. NB ¥ B 100 mg-L™', BMP (K 25~7.5 gL', if8 JE i} [H]
4 15~45 min, PS KNk 2.5~7.5 gL' % AL ] & 5~30 min. fi 4] Design Expert 8.05 71 /) Box-
Behnken Design Bt 3050 7 58, EARSCIG 193 11 S 52 96 508 W3k 2.

*2 ZERIURITEIRER

Table 2 Multi-factor experiment design and experiment results

F5 BMPENE/(gL") FEE/min PSENR/(g L")  EALE/min - NBEBFR/% AN/ (mgL™)

1 5 30 5 17.5 98.39 0.11

2 5 45 5 30 99.26 0.11

3 5 30 2.5 30 97.38 17.33
4 2.5 30 2.5 17.5 47.04 0.15
5 5 30 5 17.5 97.05 0.13
6 7.5 30 5 5 99.04 13.9
7 5 45 7.5 17.5 94.29 0.19
8 7.5 30 5 30 99.16 17.73
9 5 45 2.5 17.5 98.99 15.07
10 5 30 7.5 30 97.62 0.16
11 5 30 5 17.5 98.68 0.03
12 5 30 5 17.5 98.1 0.12
13 7.5 15 5 17.5 88.86 8.84
14 7.5 30 7.5 17.5 99.11 0.28
15 2.5 30 7.5 17.5 68.23 0.06
16 2.5 45 5 17.5 73.53 0.74
17 5 15 5 5 68.71 0.58
18 5 45 5 5 96.3 12.37
19 5 30 7.5 5 94.74 5.29
20 2.5 15 5 17.5 40.72 0.11

21 2.5 30 5 5 51.79 2.88
22 7.5 45 5 17.5 99.62 6.02
23 5 30 2.5 5 97.86 19.67
24 7.5 30 2.5 17.5 96.62 38.98
25 2.5 30 5 30 712 0.14
26 5 15 7.5 17.5 95.03 1.4

27 5 15 2.5 17.5 83.3 19.73
28 5 15 5 30 85.07 0.04

29 5 30 5 17.5 96.54 0.19
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Fig. 12 Effects of factor interaction on NB removal rate and AN concentration
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Abstract In this study, the micro-nano level pyrite powder (BMP) was prepared by wet spheroidal grinding.
Then BMP was used to degrade nitrobenzene (NB) and its reduction product of aniline (AN) in water with
combination of persulfate (PS). The effects of BMP dosage; initial pH of solution, and PS dosage on NB and AN
degradation were investigated. The TEM, XRD, FT-IR and XPS were used to characterize the properties of
BMP before and after reaction, and the changes ‘of TOC and main anions in the reaction solution were analyzed.
The response surface method was used to design multi-factor experiment, and the reaction conditions were fitted
and optimized. The results showed that the NB concentration was negatively correlated with the BMP dosage,
and the AN concentration was negatively correlated with the PS dosage. At the initial acidic and neutral pHs, the
best degradation effects of NB and AN occurred. When the BMP dosage was 5 g-L ™', the removal rate of NB
reached 99%. When the PS dosage was 2.5 g-L™', the concentration of AN was less than 1 g-L™". The joint
treatment with ball-milled BMP and PS could efficiently degrade NB and eliminate its main reduction product
AN. The relationship between NB removal rate and reaction conditions, AN concentration and reaction
conditions were fitted using the quadratic polynomial and the stepwise regression methods. The simulated values
were close to the verification experiment results, so the model accuracy was good. Characterization results
showed that Fe(Il) and S* as active substances reacted with NB to produce SO, Fe(Ill) and intermediate
product AN when BMP was used alone; in the joint treatment, Fe(Il) in BMP activated PS to form strong
oxidizing SO; and HO-, which reacted with AN to form SO;  and elemental S. In addition, Fe (Il ) and Fe (Il
reacted with- OH or O, in water to form iron oxide. The joint treatment of BMP/PS can degrade NB quickly,
efficiently and completely. It has application potential for treating wastewater containing NB or remediating
NB-contaminated groundwater.

Keywords . pyrite; persulfate; nitrobenzene; aniline; response surface optimization
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