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- HE T bR K O RS L R S R S 5 ) R ATE S B AR X g AT AR 5 I 2 Fenton S L
RAG S 75 e +HE, A AL T (H,0, Al Ca0,). A ALFI B I& . Fe(l) K by iR vk i Xt 5
Yol K BRACRI M, Gl R CaO,/Fe(TN/FP R & 22 Fil H,O,/Fe( I )/47 15 R AR & 18 52 i 5 1 i
FE Y A A KA DL AE AL, AL 2 R Fenton $5 AR BT P2 AR 19 A S TR ERUN

1 MR57F%

1.1 TR S5NE

Scue kL TOEARRR (CCL, £LAMRAL L ). i H AL A (H,0,, 30%). BiREk (Fe(SO,)). #7
Bk (CH0, H,0)., % W% (CH,CL). Z B (C,H,OH). WA (CH,COCH,) F/r#ral, ¥y A E
LSRRG R Al 5 3 EALES (Ca0,, 75%) W B LB R T A b B B A PR A F .

P 5 HCH T AR AR R A A VIR XA el el (] % 10~15 em ¥R H38, AT, Kia
EE . A, BARSERYE, OFEEIFLE 20 B . DL oM Sy AR B, HRGE Sy T A e
J&, AR Mg, RGESE, BTEAEAN, ffFod R RERTEEE, EER25C
T, ZHRIAH, WSEEA MG, AP E R 13.2 gkg ' 320K 4 g8 A0 BT 4n
T BPRL (>20 um)14% . Ky hi (2~20 um)57.2% . Zh KL (<2 um)28.8%, pH=7.54. /K3 1.44%. HHL
FE i 3.22%.,

SEE AR . OLB3000B £L 4073 Sy A R4 DURBHE A FRA F]); FALI4A L+ K7 (15
BREALER A R A HY-5A [FHENIR T 2% (M BB 28 ) i A BR A &) FE28 pH i (Mg 4% 1 -3E
FlZ AR LA BRA ), SRG-800C 18 i 3% 7= F (Mo M AR AN 25 4 BR A 7).

1.2 LWHE

FEAETE T I S g Zik 138, KK A 25 mL 228 7K . FrEERRIER . Fe(lll) %1
A AL H,0, 3L CaO,, Bl J& K HE JE M0 E 78 MUBE 4R 7 #5 K, 3R 170 rmin', TR A S0 I 8] Sy
24 h, HUREIU 2 A A v ) A S i B oo B AP R HON O 166.67 mmol L', G R Wk BE
27.78 mmol-L™", Fe(lll) #¢J& Jy 27.78 mmol-L™", AbFH JC AN S 175 Y4 A + AL 5, % %% CaO,/Fe(l)/
Fr A TR AR 2 F1 H,O,/Fe( 1N/ 4 1R 4K Z X - B8 I 2 A W g i o IO F A B S I AE AL, B0,
BUNZ AR ATCR B 0E T, E-80 C 554 MR TR T 57 BUM [F AL 21+ JERE 5
1625 C IR TR 48 h 5, 4% LR EAES T mE iy s P GE A S 1Y R e KR &
YIRS, AR R, EATHER TR & R E LR, B0 AR BT 60 M B 5 R
T, FfFAERK 7dE, MDEMERMA RSN R, R THE, e, MR EE). B4A%R
W2 AFATHE, G5 RBCFIME.

1.3 SAEE

QS e ) 1T = NI DN 8 = STl 7 3 - N 1 R 1L - /ol T R S 71
B, BURTRIRYE, B TR, e T, koL x e (EiR T ERB Ry 1d A
A1), Al PO A AR OT DA T R A SR B, R ORI R RS A AR SR
FE o %7 A ST BT R 90%~110%, P LRTIEARE Sl I A A0 248 T R 32 2 40 Do - 398 ) S P S S e B

HERIFRHL 0.5 ¢ L AEAE T 25 mL Fh 045, A 20 mL U4 Atk T L B4 v, #E 35°C 451
T, #8745 min, ABREERASH, B mAEBUR T 10 mL W, BB 2 21 a] R i vk B
LIS, R ZEAN 53 6D S o 35 5700 o ST A v B oL 3 R v S ok B2 1 0 e 2% Sk v ) ik,

T HER A 16S rRNA 5 B 57 M0 1 2 % T 528402 fOI o it s B G Mtk & ZE% . +
# . PRSI E 275 SERA S8 UBIFSE 5 i a0 E S B TEHE AN S5 R vk
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¥ i Fe(Mh) ¥ & 4 27.78 mmol-L™" ., #7 1 i& ¥& J& by 27.78 mmol-L™", & N A [A] ¥k & Y CaO,
8 H,0,(55.56, 111.11, 166.67. 222.22 mmol-L™"), 4£5% % 1b 77 Flr 2 K 5 fin 2 X 5 Y 4 e fit 55 2R B 52
M. WK 1 pr7s, CaO, 2 Fenton 72 Ht H,0,2% Fenton 72 X £ 338 o S5 9l i) L BRACR B 4 . 4584057 ¢
Tt A 166.67 mmol-L™' B, H,0, 2% Fenton 1 X} 44 i (1 2 BR AU N 17.65%, i CaO,2S Fenton 7 X 44
W EBR RN 44.14%, X FEIEH T CaO, TE AR R h, 2218 K5 22 b B ik H,0,, {15k & h
H,0, [ ¥ 3 K B 1] 2 15 78 AR K 7, a5 T 48 B 8] Y i & 1 1,0, BUR 3 Al 1,0, & 4 4 f#
(2H,0,—0,+2H,0) 1fi & A LBE 1 . T 7E H,0, 26 Fenton fR & v, — IR H,0, 7] & 4 A 4 it
SIS AR & H-OH 935 B I R (H,0,+OH—HO,+H,0), & G815 YW i LRk RAE 2.
== SEBVAE R k0P Fenton R A v V5 4y 3BT A 3L, FF 900 mmol- L™ 9 H,0, 43 4 IR x§ TPH iy
R fife 26 L — U PE I 900 mmol-L'H,0, 1) TPH B R, 485 T 2.2 % (F1 22% #2555 49%). Ik,
FIH CaO, 1E A EALFCE H,0,, A4 F T 5 S83h 5 Y 1) 5Bk .

WE 1R, 4 Cao, &t 03 fin
% 166.67 mmol-L™" A, 38 rfr 583k () [ i =% thy i
4.33% $2 5 3] 44.14% ., XEH A CaO, & n 40r
WL, B A B0, & -OH B ¥ J¥ 25 7
5 (Ca0,+2H,0—H,0,+Ca(OH),; H,0,+Fe(Il)—
‘OH+Fe(T)+HO-), M2 #F T 45 3 19 & Ak %
fift o 24 CaO, BN & H 166.67 mmol-L™" 14 Ji
% 222.22 mmol-L™" B, = 38 o 5 31l 119 [ fi % iy
44.14% T B & 35.62%. X J& N b o & 8o
Ca0, £ 7 it it i H,0,, 4 L0, Wk ¥ 3 # ey
W, &4 A SR RE Q0 -04210), JF I M Ca0, B H,0, BME T LR
H Z 41 H,0, i& 23 14 #6 -OH 55 1 1 4 H iy A& TR AR R
(H,0,+*OH—HO,*+H,0), Mififli H b4y 2 5% Fig. 1 Degradation efficiency of diesel oil in soil by Fenton-
TR like treatments at different CaO, or H,0, dosages
2.2 Fe(I) iRE ST LIEPLEHITERYERNEN

il CaO, We i h 166.67 mmol- L', #7512
e B A 83.33 mmol-L', B AF Fe(ll) ¥ £ (0.,
13.89. 27.78. 41.67. 55.56 mmol-L™"), % 5T
Fe(1ll) ¥ & X+ Ca0, 25 Fenton K 18 & 1 15 Y4
T HERFZ R, I 2 ATAL, A v e v Y R A
KB Fe(ll) W 34N, 2 ISR ws A
TRER S 24 Fe(I) M 0 38)n%] 27.78 mmol- L™
F, 5 A R AR RN 14.24% 35 0 3] 35.92%,
b 5 Fe(l) We B 9 F+ &5, R #F T Fe(l) 5
H,0, i & W (H,0,+Fe(ll)—Fe( Il )+HO,*+H"),
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(=}

SRR %

0 13.8 27.78 41.6 55.5
Fe(1N)#k J& /(mmol - L")

PERZ A Fe(Tl), L if fi 2t T2 9 -OH % i 2 RERE Fe(ll) X+ M2 75 RIERE

P A LA 2R R (H0,+Fe( 1) —-OH+Fe(TH+ Fig. 2 Degradation efficiency of diesel oil in soil by CaO,

HO), M S AR T . dE—E8m Fenton-like treatment at different Fe(1ll) concentrations
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Fe(I) ¥ & %] 55.56 mmol-L™", 45 7H A B Af R T K& T 3.34%. X ] B2 K A 3 & 9 Fe(T) 1] 5 CaO,
VS 77 1 Ca(OH), [ i, Al Fe(OH), BEAR SR UTIEY), W+ 38Ok R 1L 28, AR T W B 7 1 18
S 2800 5 AR Bl Sy, DT R AIG T 2%k 9 L B &, (H i T Bk Fe(Ill) % H,0, i J5 K
Fe( 1) (9 5 7 3 FARAIK (29 0.001 L-(mol-s)™"), WAz i) Fe( ) ol BPEY 5 H,0, e b % iH #E, UL,
axb 5 (19 Fe(TIT) A< X 5 vl B4 At 7= A= W 3 g 410 i 46 (H,0,+Fe(Tll)—Fe( 11)+HO, +H")™,
2.3 ATARBR IR B 3T 1B S RIS R R RS

¥ i CaO, ¥ & 4 166.67 mmol-L™", Fe(Ill) 50 -
e FE R 27.78 mmol-L', B A8 7 4 R M (0.
13.89, 27.78. 55.56. 83.33 mmol-L™"), #R5TFF 40 £
15 TR ¥k JE X Ca0, 2% Fenton 1K R & & A1 il 15 Y
THER R, G 3 TR, SRR RE AR R b A
Py B vie B2 1) TH v RIS T G B ke 5, 2y
TR Mk B2 N 0 B4 i &) 27.78 mmol- L™ B, 4E 3
(1) R i 2%t 22.19% 34 i £ 42.03%. 3% 52 K 4 10}
PR S Fe(I) PR BUEE S W), (0 W rh Vs A i
A Fe(l) my e B G hn, DA A2 32 48 Ak 5 0z 7Y 0 T 389 2778 5556 8333
AT MR 2 83.33 mmol L™, FirkgRYe i (mmol - L)
M FEIR R T IE T 16.67%, 3% 42 Pkt B oA 3 FPREER TN B EE X IR AL S RS MR B2
BERVE A NLY . 458 is ey s ik & Fig. 3 Degradation efficiency of diesel oil in soil by CaO,

Fenton-like treatment at different citric acid concentrations

EORErR S IEc o 2 | I N5 = [ S e 5
U g ik, R Ca0, 2§ Fenton 1A & M fif 41 I 75 Y A & fI &1 A« CaO, 166.67 mmol-L™,
Fe(Ill) 27.78 mmol-L™", #7#EM& 27.78 mmol-L™' . FEULAME T /N 24 h, 583 A A 2R 0T 3K 44.14%,
2.4 HHEYEE Alpha SRS

Alpha 22 V£ 38 128 53 B BB ok S R B A= W) A 7 20 Y 2 R R 2 BE AR 1T, Alpha Z2 4
WEZA MR, 530 A B R R AR B AR M 2 A A R B2 . Hiodb . Shannon Al
Simpson F& BUH # K SO R ZHEVERR B, B KNS SRR R IEADC, FENSZ 2R
FH5&; Sobs. Chaol Fil ACE 45 803 ¥k Fl >k Ml i A= W Ah £ R/, HEEM w , WA iy F B
R s PR B HR BOH T8 i A FEA SCPE M A a2 6, LRI sy, DUDREAS rp 3 i gl ) o 7 B 36
o 4SBT 2K Fenton Z0 BT 5 IR E AW B E N FE S EMEZHEZMER . W& 47]
A, RPN TR S 7E 98% L b, U BN e 25 SR sl T S AR AR E M B L. S R AL B
By 3EAH ., H,0, 2% Fenton 4b ¥ J5 %) + 3% 49 Shannon $8%% F % T 21.77%, 1M CaO, 2% Fenton Ab ¥ j5
A4 1+ 3 %) Shannon 8 £ I F+ T 2.8%; H,0, 25 Fenton 4k ¥ J5 Y £ 3 1) Simpson 4840 [ F+ T 350%,
1M CaO, 25 Fenton At PR J5 A4 13 ) Simpson F8 5L N T 25%., XM, H,0, 35 Fenton Ab P X 1 HEfif
He W REVR B Rl AR A B B A RIVE RS, T CaO, 36 Fenton &b BRXT + 3430 A W) BE V% 0 4 Fh 2 AL 1
ARIAE- . o, EYFFEEREO I, SARAHE AL, H,0, 28 Fenton 4b 35 ) + 5819
Sobs. Chaol Fll ACE 5434 if F %, 1 CaO, 2 Fenton 4b ¥ J5 (1Y 4 ) Sobs. Chaol 11 ACE 15 %%
W53 38T 14.78% . 22.39% . 21.32%. X F B, H,0, 2% Fenton 4b B X + 8 il A= 4 1 7 ALk ) =
& EEAAMEIME, 1M CaO, 28 Fenton &b X -+ 383 A= Wy HF v 2H L ) = B2 A W e R AR sE VR o

S FEATE Ab B 5 4k 22 1E R 3 57 48 h (9 SEI 45 R AN ] 4(c) AL 4(d) Bron . ATRAE Y, H,0, 28
Fenton &b #4711 G A= W) =F FE F 22 FEMEIKOPFE S8 W N Y 48 h 5 A B % . DAL= BE 48 4 Sobs F1 £
F 1 45 % Shannon 2y 5], 2 i 48 £ 0 1% 1R 43 0 H B B0 15 97 1Y) 18.32% M 21.77% 3 15 5% 48 h ity
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Fig. 4 Comparison of microbial richness and diversity indexes among control, H,0,-based and CaO,-based treatments

49.36% M1 31.61%., SEAIEFRILE I, CaO, 2 Fenton 4bFHZH 55 37 48 h i Alpha ZEEVEFE RS
X IR LA A — 5 IR T . X B H,0, 2 Fenton Ab H X} + 3300 A= W vl i s il — & A % 19 e ik
YEH .

LA g5 R L R . H,0, 3% Fenton 148 5 RN R, RN FEEE M 2L, 7ERIES IR DY,
KIEHET T RV AR R B SR SR AL, T T RHUZE W A5 Tl CaO, 28 Fenton 1K 22 AH X i Al
(9 5 o LT AR T X AR e . S5 ARSI 3R B, CaO, AT LU o 7 i b4 R A
Yy Wi P SR AR L BRI Qe W SE 2 O OR SR BRUE M B B RCR . I, CaO, 3¢
Fenton Zb A £5 T8 & TSI AE W BEVR (0 0 Fh Z 60k SR 2
2.5 WEMEFEMMEAR DT

&5 S 1 4% 52 3 2H A M RE VR S SR T K B 22 k. nTRVE 1, REAAHN 321l +
FE 5 A= W B 95 09 00 218 11 4 BN Actinobacteria (35.21%) . Proteobacteria (28.56%) Ml Acidobacteria
(15.09%). % H,0,2K Fenton 4b )5 , 13 3 A0 6 1 BT o FL0 2 B 8 N B, 0 53l BB T 24.63% .
25.39% F1 14.02%; i A b BT (5 4% /1N H B (0.95%) 1 Firmicutes 164315 34 N # 79.4%, 1A %
PERAEE T H b e @& T HAE AR 1T, MM S, CaO, 28 Fenton 4b PR 5 ) Firmicutes & M [RIFEA
—ERERT, I 16.22%, iTE AT R EZIL IR T Actinobacteria . Proteobacteria
H1 Acidobacteria Y14 T T W, 5 FHET 2.37%. 12.64% 1 4.25%. DL E45 R %M, Ca0, K& H,0,
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2% Fenton Ab SN 1 -+ MU A W 06 34 B 1) B 41 ggm% @%m’;bfnd
A%, 2% Fenton AbFHEH W 3G J- AL 3 T Firmicutes éi’)‘i‘;ﬁ?;iﬁff‘” [ others
AR, FIEHIE T R E R R R AR 1oor

3R U AT 1T A AS 8 L 18] 2 Ak FT RE 23 52 ) g0 |

HEA PR AR, AR EY 2B, Proteobacteria s

B AT HE 55 AT BLR A B2 8 3 T =

b B M FE 7 H T A 5 M LR B

SRR A K Firmicutes W 5240 i j 41 20

fit, fRAEALF YR | L 2 R R A R A Ni = . .
K, AF RIS E BLRR 0 A RORT 8 A b o AR FUF  H,0KFenton CaO,%Fenton
B EEAEHR, FEI, Ca0, & H,0, 2 Fenton AT

b BT R 24 LR A LT O A A S CaOy R H,0, 3¢ Fenton SHIBRIIR LRIk M8 6
e EIKFELEEEMRRBTEENLLR

Fig. 5 Composition of microbial communities and their

2.6 CaO, & H,0, 3 Fenton & B X £ K relative abundance on phylum level in control, CaO, and H,0,
oA Fenton-like treated soil
K 6 Je ikt T CaO, & H,0, 2§ Fenton Ab #f X

TP AR R R A RRRAR . TR SR SRR . I 6 Al R, AR TR AL FAY
T4, H,0, 2 Fenton At BRJ5 1 EB & OB G 2F 3 | AEARBR S . T BT AN A% R S 5 R AL BEAH
Fb o 5 R BT 72.73%. 93.22%. 97.3% F1 98.59%; i CaO, 25 Fenton 4b ¥l j5 + & & B B & & 4
AOMBRMRE . TR R SR T T 545%. 5.39%. 10.02% 1 15.14%. DL L4550 %K
W], CaO, K H,0, Z& Fenton b X} 8 &7 ) AE KA — @ i HI/EH . MM F . CaO, 2§ Fenton 4t
BT 9 2 A K B2 H,0, 2 Fenton Ab B (14 52 0 51 /1N, 3 32 202 A 2 CaO, 2K Fenton 1A 5 A T i
A AL o 28 2 F 2K Fenton b # J5 , 25 H 4l . H,0, & Ca0, 2& Fenton 4t ¥ 21 ) Eh 43 51| A
(116+4.2), (557+11.3) FIl (297£18.2) mV, H,0, 2 Fenton 4k B 4] ) Eh 24 Ca0, 2% Fenton &b FH 41 AH 1
HA 1845, M ULHEDN , H,0,3 Fenton b i f5 , & & o1 5% B A9 76 1 & (ROS) ¥ JiE £ Ca0, 3
Fenton 191 /&, M8 T i O AP 7B AL B R G % AL RIS ROS 19 REJT, T 52X H,0, 25 Fenton 4
Wi LY A 2F AR A 4 DR ARIE AR T ARAL L . AHJ, CaO, 2§ Fenton Ak B i T 404 70 A B i KA1 K
R, RFR P Eh 4ERFRAROK T HATRE AR K F- 19 H,0,0

16 3

' TR - ———

4 B ko {6
12t %

I : 2t =
! % g w |, 2
= st : - H
® f : IR iy 5
o6t g & H #

- : 1 [ _.:'_

4+ % 12
0 o - : T A i D k., 0
AL H,0,J¢Fenton  Ca0,¢ HRALFH H,0,%Fenton  CaO,ZFenton
IbHE IbHE
(a) K T E b (b) Tkt 0kt

& 6 CaO, % H,0, 2 Fenton 0 IEX +IEH T EMKEKWEY S
Fig. 6 Phytotoxicity on the growth of pea plants in soil with CaO, and H,O,-Fenton-like treatments
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W B 25 P BF o 26 I, IR B Y HL,0,(0.5~5.0 mmol-L") A 45 25 4R 75 40 ifd rb SOD il CAT i 1) 7%
P R IESEPY R 1.5 mmol- L™ H,O, Ab B N4 ¥ 12 h, 4bPHJS, SOD. CAT 55l 1) 1 4 14 5% |
6] i) 52 B AR T O, B A2 B R . GAO 25 fifi ] 0.5 mmol- L' H,0, &b ¥ A Bf 5% [R] — & F i 5
PR, ABRJG, BiCAEMRAMR ST EA RS, 456 LRI, Ca0, 2 Fenton 4bHf 24 h )5,
TR R PRV B HLO, W] REAE — i FE 36 T Wi ELRAR (P SA AL BT %, TS A% T 28 Fenton /K R X}
Hosds ry A a fE T, F 2L CaO, 2K Fenton 23 A0 A 4 e & 75 2 BIAH X 552 /0N B 300 1) 52 0

IAh, CaO, 2% Fenton {4 & 76 K2 i Bl A9 85 25 FAEAE ) A K B h Wl B 2 oG 2 EH
M (] FE A F T 31 S AE AR AR . CORPAS 28OV fiff 55 & B, 45 15 - J2: A 40 40 i 22 b A0 38 o 72 1) 5
SHEVE R -, R ) A A ) ok AR A P iR 1 0 4 i HLO, 19 HLO, B . L BERRYE IR Y £ BE R S AL T
NGRS BB S A . NIE, CaO, 2 Fenton 1 & Lt H,0, 2§ Fenton {4 R XA 4 A K )
BEPERON /N
3 g

1) CaO,/Fe( Il /7 15 2 2% Fenton 1K 5 I A % fift + b S5 4 o fEAHIE 2504 T, CaO, 26
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Abstract In this study, H,O,/Fe(Ill )/citric acid and CaO,/Fe(Ill )/citric acid Fenton-like systems were used to
degrade total petroleum hydrocarbons (TPH) in soil, and the effects of H,0, and CaO, dosages, Fe(Ill) and citric
acid concentrations on diesel oil degradation efficiency in soil were investigated. Furthermore, the
ecotoxicological effects of these two remediation modes on the variation of indigenous microbial communities
in soil and pea plant growth were compared. The results showed that under the situation of other conditions
being equal, CaO,-Fenton-like system had a better performance on diesel oil degradation than H,O,-Fenton-like
system. The diesel oil degradation efficiency increased first and then decreased with the increase of CaO,
dosage, Fe(Ill) and citric acid concentration. At CaO, dosage of 166.67 mmol-L™', Fe(Ill) concentration of 27.78
mmol-L™", and citric acid concentration of 27.78 mmol-L™', the diesel oil degradation efficiency in soil reached
44.1% at 24 h. The ecotoxicological impacts showed that CaO, -Fenton-like treatment promoted soil microbial
richness and diversity indexes, while H,0, -Fenton-like treatment reduced them. This indicated that these two
treatment modes changed the compositions of soil microbes and dominant bacterial phyla in varying degrees.
The CaO, and H,0,-Fenton-like treatments inhibited the growth of pea plants, and decreased the indexes of
germination rate, shoot length, plant dry weight and chlorophyll content, and H,O,-Fenton-like treatment had
more serious inhibition effects. In summary, the CaO, Fenton-like treatment is more suitable for TPH-
contaminated soil remediation than H,O, Fenton-like treatment.

Keywords CaO,-Fenton-like systems; Fe(Ill); citric acid; total petroleum hydrocarbons; ecotoxicological
impacts
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