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Remediation effects of 3—ring PAH-contaminated soil by immobilized Bacillus sp. M1 with tomato straw in
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Abstract: Tomato stalks were used as carrier materials to prepare immobilized Bacillus sp. M1 microspheres by an adsorption-embedded—
cross—linking method in this study. The remediation effects of 3—ring Polycyclic aromatic hydrocarbons (PAHs)—contaminated soil on these
microspheres in a coal mining area were evaluated through soil incubation experiments. The results indicated that the removal of 3-ring

PAHs(Flu, Phe, and Anth) by free M1 first increased and then decreased as the bacteria levels increased in PAH-contaminated soil in the
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coal mining area. Treatment with 10%(B2M1) showed the highest removal rate of Phe, which was 21.35%, among 1%, 10%, and 20% (vol-

ume by mass) treatment with free M1. The removal rate of the three types of PAHs by the immobilized M1 microspheres was significantly

higher than that by the microsphere matrix. In the tomato stalk—immobilized M1 microspheres with 20% inoculation treatment (X3M1), the
removal rates of Flu were higher for all three factors than with the tomato straw microsphere matrix (X3) without M1, with the removal rate
increase of 12.03%. In contrast, for immobilized M1 following the subtraction of microsphere matrix with free M1, except for the 10% and
20% Phe inoculation treatment, immobilized M1 significantly promoted the removal of 3-ring PAHs. The removal rates of Flu and Anth af-
ter different inoculation treatments were 72.17%~75.52% and 8.97%~28.88%, respectively, over that of free M1, showing increases of
64.10%~72.31% and 8.13%~15.24%. Phe was higher of 5.07% at the 1% inoculation level as compared with free M1. The catalase activity
of immobilized M1 was significantly higher than that of the microsphere matrix and free M1 at different doses as bacteria levels increased.
Values were 1.16—, 1.23—, and 1.20-fold higher than those of free M1 and 1.28—, 1.19- and 1.16—fold higher than those of the microsphere
matrix. The change in catalase activity was consistent with the removal rate of 3-ring PAHs. Compared with free bacteria, the polyphenol
oxidase, peroxidase, and cellulase enzyme activities of immobilized M1 were reduced to varying degrees. In summary, immobilized Bacillus

sp. M1 significantly affected the removal of soil 3—ring PAHs. The results of the present study provide important technical parameters for

and support the application of in situ remediation of PAH~-contaminated aging soil in coal mining areas.

Keywords : tomato straw; free bacteria; immobilized bacteria; Bacillus sp.; 3—ring PAHs; soil enzyme activity
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Table 1 Basic chemical properties of the tested soil

AL MR AR AL
Available Available Available Organic
. . pH
potassium/ phosphorus/ nitrogen/ matter/
mg kg™ mg kg™ mg kg™ g kg
75.27 43.93 71.41 26.67 7.85

105.52 pg-kg™, BT Acy I Ace 75 5K, SlcAS B 5
X% [& Flu .Phe #l Anth =7 3 3£ PAHs.
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B .

1.2 iREAR
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Table 2 Soil culture test plan for immobilized M1 to repair contaminated soil

AL S AbH Bk it Bacteri%ﬂi‘(f;ﬁza?dosage Amounjil?ﬁrlw%éulation/
Treatment Number Treatments Microsphere addition(W/W)/% (Vim)i% cfu-kg”
CK 25 R R 0 0 0
X1 1% MR FFROR AL B0 AR 1 0 0
BIMI 1% Ve 85 F AP IR 0 1 3.75%10°
X1M1 1% T A FF [ 2 b 2E AT T 1 — 3.75x10°
X2 10% T AR AT GOR Ak o0 1 10 0 0
B2M1 10% 7 25 25 A kT 1 0 10 3.75%10"
X2M1 10% T AnAEFF 1 5 1k ZEF AT 10 — 3.75%10"
X3 209% 7 3R AT GOk 6 Jo % L 20 0 0
B3M1 20% % 5 2E AT 1A 0 20 7.5%10"
X3M1 20% F AR AT [ 2 Ak 2 AT i 20 — 7.5%10"°
A A AN 1Y) 22 BT (mg) KR! 301 a O BIMI
1.4 BB O el O B2ml
13 PAHs 2R (R)=(C, - €)/Cx100% “ 20( . 2 B3MI .
A s ooy % HE A HE PAHs 3 6t 5 0 1 PAHS 5k P : i) . b
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AR/ NE TR R AL B A] 22 5 1 2 (P<0.05) . T IH]
The different lowercase letters indicate significant differences among
treatments at <0.05. The same below
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Figure 1 Effect of inoculum of free bacteria M1 on monomer

removal rate of 3—ring PAHs in contaminated aged soil
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BRI F M

Pl 2 i e 7 ] A M SOBRAS ) 751 o X 45 e Ak
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Table 3 Effect of free bacteria M1 on four enzyme activities in soil

b3 U R LN ELUERld FuRCR iyl TR
Treatments Catalase activity/mL-g™' Polyphenol oxidase activity/mL-g™ Peroxidase activity/mL-g"  Cellulase activity/mg-10 g™
CK 0.28+0.01a 15.84+1.48b 0.55+0.01a 0.09+0.01b
BIM1 0.32+0.04a 17.97+1.28ab 0.54+0.02a 0.17+0.01a
B2M1 0.30+0.01a 18.68+1.63a 0.54+0.00a 0.11+0.03b
B3M1 0.30+0.00a 16.33+0.94b 0.55+0.02a 0.16+0.01a

TE R P EUE NP E AR e 22 , IR ) /NG FREROR AL R 22 53 35 (P<0.05) . FIAl.

Notes: Data in the table indicate mean of three replications +SD, the different lowercase letters in a column indicate significant differences among

treatments at P<0.05. The same below.
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Figure 2 Effect of immobilized M1 on monomer removal rate of 3—ring PAHs in contaminated aged soil

AR AL AL . Phe Y 23 B J8 Bl R 19 I Je 5 B L 78
10% [# 5 Ak M1 7] & (X2M1) B 35 5 55 (50.88%) |, T
Flu Fll Anth 9 23 B 28 50 i 550 52 (9 5 /e B 5 7, Flu 78
20% [ 2 A6 M1 54 (X3M 1) I ik 5% 55 (95.25% ) , Anth
TE 1% [ 2 Ak M1 A (XIM1) B i 55 5 (68.39%) . 48
LSD Al Duncan 4t 1145 (P<0.05) , 3 PAHs A1) 2
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X} Flu, Phe Fl Anth 1) 2% B 2 98 [l & 50.88%~
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fitgiE VS R (2 4) K L, 76 18 Ak M1 SR 1%
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Table 4 Effect of immobilized M1 on four enzyme activities in soil

Jb B SURER (=) Z AL 1 ALY Peroxidase LT YR
Treatments Catalase activity/mL-g™ Polyphenol oxidase activity/mL-g™ activity/mL-g™' Cellulase activity/mg-10 g™
CK 0.28+0.01b 15.84+1.48¢ 0.55+0.01a 0.09+0.01ab
X1 0.29+0.02b 18.00+0.64a 0.50+0.01b 0.13+0.04a
X1M1 0.37+0.02a 12.77+1.74d 0.50+0.02b 0.10+0.01ab
X2 0.31+0.02b 17.74+0.70ab 0.49+0.01bc 0.10+0.03ab
X2M1 0.37+0.01a 18.33+0.36a 0.47+0.01¢ 0.08+0.03b
X3 0.31+0.02b 17.64+0.50ab 0.47+0.01¢ 0.10+0.03ab
X3M1 0.36+0.03a 16.26+0.08b¢ 0.47+0.01¢ 0.12+0.02ab

WE S bRl UL, RN, B A 2 A
Ab B 2o A AR S B PEAR U Tk B B A PR ) 1.28
L19FEFN 11645, 01250\ - e S 1k Sl A 22 T 4
LG RES 5 T PAHSs MR B, 5 U0 25 0 0 L At
BO—3
23 EIEH M 5iFEE M1 X 18 PAHs {8 S R XF
i

&5 S W T E Ak MO A1 BR ER 3 5 X 9 3
IR PAHSs (1) 2B DL I 55 U0 5 1A 1) 22 St R 4 4R
R RWT, PR ORI B [T 4k M1 {054 Flu  Phe
T Anth ()25 55 25 Bifi 122 77t 194 i 2 22 LR S T JE B
B A AL M AL, S TE 10% I 5B R A B B , KRN
77.13% . 16.63% H128.89% , Hi | Xif BL{A flu 1) 25 BR A%
Bflf . SUFE T ML LB TR, FEE i 1%, 10%
F120% Ik, 22 15 72 AL J5 B9 M1 X £ 38 Flu A1 Anth fi8 22
BRI 38 I 2 5 T S 1R ML, Flu 22 BRR43 H38 m 1
70.91.64.1 1N 43 S A1 72.31 4N 43 45 (P<0.05) , Anth
FRR AT 4R 55 13.83.15.24 N1 43 S 8.13 N 4
S TITXT FRLA Phe (Y 25 BR HALTE 1% 5 R 153 1
W ERE G, S A B RS 5.07 AN E . AT,
ok ik TRT AR MLL 2[5 22 16 A4 B 25 B PAHSs (1 fiE 715 2]
TRMEHET .

i 2% 3 RN 4 v LUK B, 15 b M1 FIE 25 0 M1
XoF SR E PR (R S A AE — o 25 5k . [EE Ak M Ak
P S AR S PR AR AN [R50 6 2 0 o Ui e
M1, i 7] S 385 AR R R i 5 T M1 AR PR Y 116, 1.23
FEFN1.20 F5 5 2 B S0P Tt 5 14 D00 222 B0 S 5 ok S Ak Ul
AF AR, T 25 1 ML A B %) 22 Ty R AL TS 1 v T
[ A M1 AR BE, Horp  BIMI AL I 2 5 T XAM 1 4b
L AMAM AR R EES A Y EE S 2
My A AL B AR ] (R R R B W =R, W
Fofr b BT 25 2 2% W PR AEAS [R50 0 0 S B T
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RS HEEMMBREFRSEE WL M1 X L5 33K PAHs K
EBRE(%)
Table 5 Removal rate of 3—ring PAHs in soil by free M1 and

immobilized M 1with deducted tomato straw microsphere matrix(%)

pIEm W ¥ ﬁj
Treatments Flu Phe Anth

X1M1 75.52+2.96a 13.19+1.15b¢ 22.85+4.77a
BIM1 4.61+1.06¢ 8.12+0.58d 9.02+3.44bc
X2M1 77.13+1.72a 16.63+1.53b 28.89+1.76a
B2M1 13.03+3.37b 21.35+5.45a 13.65+3.66b
X3M1 72.17x4.21a -1.63+1.36¢ 8.97+4.64bc
B3M1 —-0.14+1.44¢ 9.68+0.72cd 0.84+0.60c

T M 1 A XML A L, (ELA ] 77 8 G Wl 2% 22
St ATLRUHEI, 76 [ A MLIB A IX 05 e 2 Ak
113 3 35 PAHs 1 i v, aod 40 fk U8 AT BEXT PAHs
Rt A HAT BOR e b1

3 e

AT F W Ui B 2R AT 1 ML 452 8 i 10% B
KRR X 75 Y 2 Ak 4 32 3 Fh PAHS 19 25 B R 01
13.03%~21.35% , Ui W] ZF A AT 18 M1 78 et A 7 e 1 35
ot 2 3005 e B — E BERRBE ) o 28 AU S50 B
FEALTESE , 0 2 75 21 1% L bR B R BI~B7 XF 54k )5
e+ e 2 A 05 1R BB YRR R R TE 26.1%~44.3% 2.
i), & i 28k R 5 iy, L v B2 1 B4 43 A 20 i i
FZEHIAF R & o S5 A IS I TR R Pl 28 B B A+
W m 2R TR T £ PAHs 1Y R RL
RAEEAT

AW 5T LA 7 0 A A R R A SR I i -
T — SR Iy ] 1 i1 Ak 2 AT TR M GO LG i
P MU R fif 1 e Ak T 2 IR 05 R I CRAT T R R4
o [ 5E AL M1 S R 574X 3 Rl PAHS #2578
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H AT, ASBIFFE I 2 iR A4 Sk 18 AT A= A R R
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4 #ig
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F B B, L Flu SRR Bl 2 ), 2 2 k5 1Y
M1 Ak B 25 B 2% bl 25 TE B B T 72314 A
G
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