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PAHs and heavy—metal polluted aquaculture sediment remediation using different—aged Enteromorpha

biochar

ZHAO Han-yin, ZHANG Li, YU Wen—jian, CHEN Yi—qin, YU Yan—lu, LI Juan—ying"

(College of Marine Ecology and Environment, Shanghai Ocean University, Shanghai 201306, China)

Abstract: To control the migration of heavy metals and polycyclic aromatic hydrocarbons (PAHs) in the aquaculture sediment reduce their
bioaccumulation, and ensure the quality and safety of aquatic products, this study investigated the effects of different aging methods on the
immobilization of combined pollution in sediments based on the effects of pyrolysis on the content of PAHs in Enteromorpha biochar. The
pyrolysis of the produced Enteromorpha biochar was followed by spontaneous aging and freeze —thaw cycle aging. A total of 3% of the
biochar was added to the contaminated aquaculture sediment. The remediation effect of biochar was evaluated using clams (R.
philippinarum ) as biological indicators. The results showed that after pyrolysis, the content of PAHs in Enteromorpha biochar decreased by
86%, which reached the European Biochar Certificate standard. After adding 3%—aged biochar, the bioaccumulation concentration of heavy
metals and PAHs decreased and the immobilization effect of spontaneous aging was significantly better than that of freeze—thaw cycle
aging. The concentrations of heavy metals(Cu, Pb, Cd, and Cr) and PAHs in the R.philippinarum decreased by 30%, 41%, 53%, 43%, and
28%, respectively. The non—carcinogenic and carcinogenic risks of R.philippinarum decreased by 42% and 35%, respectively. Therefore,
the addition of Enteromorpha biochar after spontaneous aging not only had an acceptable stabilizing effect on the composite pollutants in
the sediment but also improved the quality of aquatic products, thus protecting the health of consumers.

Keywords: biochar; aging; aquaculture sediment; PAHs; heavy metals

WA :2020-06-09 R HEI:2020-08-24

{EE BT R DURL(1995—) , 5 VLR 0 M B LBFgR A, RN IRGER I T R S 15 I R AALE 5 . E—mail : 604379932@qq.com
HEEEE . IEYE E-mail : jyli@shou.edu.cn

BE&TE : bR Z R a0 H (18050502100)

Project supported : The Shanghai Committee of Science and Technology, China(18050502100)



BUURL, % R A7 2O 25 2 PSR R IR S 4 05 e s SR 5

2861

VERT5 G IR A I SRR R 5 e K 2
B, HFRFE e 5 Y 5 R K™ i T RS
AHSEP T 2 A6 SR 2 5 7K = i v 4 T TS
PR DL B AVEIEAT 50 BT, KB As .Cd T Hg oo R &
R =G b HL T BB 252 Wi K A= A= 0 ) f 5 5 11
SO SES B 5T 26 B BR VT = DI 3R Al A I Ve b
) 1 AR A KUR S 90 R T A5 1 I 32 b DX 4 R Y
SRR S AR RS E . AL AR X
e = M X T A b 8 TS R R ™ i RS Y ) ) TR A
R BT, i Ml X R B K T b A R
ML % B8 D03 3k A7 7E , 0 DUSR 4 Ja Fl 2 38 05 2
(PAHs) (AR H AR A w8 o BRI, X SR 3 st 30 I 8 1)
A5 (4 )@ A PAHs ) A 78 52 s il A i A =
TIT TN p i | A

ZU5 YRR B T vk B YR ALk &
AP A g RBEK, B2 i E R
A 55 S5 A R ST , B A AE AL B BLAR 157 R AT 2R
ARG, AL P W BRSO
R SR Z o IR AE N — R UK
SRR, RIERIE T2 M 5 B R s AR, ©
B 2 10 FH 3] 52 15 G B AR BRI IC Tl A6 5 25 400k
KEWFREN , YR EEEE S 2 FH 4 8" ) PAHs
Y L R R E AR UIEER S S
A1 T T E 1 FF D 2 B 2 ) e R R 43 5 i
Vb, e SRR AN TR X A 400 o 1 W o 12 B B A 2
JIRsEI B 3 H ELA R K B R ) A W e
G B BT B R [ R RE T o S R — R IR KR
Vg3, LA v [ 43 g Sl i RS2 R ™ SR IR T i
HAS ARG, BN R iR rY & J , iR A
5l A ) e ELAT B8 v B IR A3 B e L R B
H A4 JE M PAHs A RAFHY LBRECR, 20 A B
AR AT ARG 2 AL U Hh 975 G, TR) -t mT S B
W AL , D 25 2 K il R B85 [

AHIFTE LAFRFE K 72 i FIUES Y8 Fh R H A9 R A i 1Y)
H4:J8 Cu.Pb.Cd.Cr I PAHs J 58X 4, i A1
FEWEAT (R.philippinarum) VE R 5Z 8 E W), 46 5256 = T
RSB 0 IR B AR B B R I Az

TS YR VE R, I il 1 R W) RS A Z A R 1
SR . BAERIT - (1) B B X W 5 A2 W o [
A PAHs % BB 5 (2) B AL HF & LR W) 5 i U8 g
ReALR A6 4% P4 B 4 J A1 PAHs 19 SRR ; (3) &4k
F T A2 D AN X 7K £ P B RS A 52, LS
oy SR BRSPS 18 5 AR 7™ it o ) 4 v 42 At S 5
WA FIFLE AR T

1 #MEETE

1.1 ZAmEifH

B — G H o L TR R A 8 e 358 BILVS 71 34 R
{4l (Sigma—Aldrich ) ; £ M A5k aE GRPLRF] ,
) s AL A (30%) (iR TC/K R aN A AbAD (i
Jie A 2 HELRE - R B A R A pr g, 0 25 1A
TCKBRER SN b 2 BLak £ JZ AT RE S AR AL AR o B TE
g 450,650,650 CH1400 C R 4B 6 h, B H 5
BT R A8 Cu Pb Cd Hl Criw
HE W A E R AR UE 9 5 58 o0 (GSBO4-1767-
2004) ; PAHs #5 #fE ) i 1 H Sigma — Aldrich 2 F]
(NIST1647F) ,4 CUKH H-AFFREH
1.2 ¥R &R EN

il & : W 5 (Enteromorpha) % A TLH U RV 2, FH
FRIBK Pk, 72 85 CHEAR TP LT, il 100 H i,
T 450 CI 5 3 b (KSL-1200X-H) Hr 84k 2 h, B ik
W2 AR S AR UE PR AR i S5 R A R
T IA BTG Y 25 B 2 AR B R A 4

IS < W TS B WE 5 AR W B T T 200 CCHEA
A 24 h, ARBH B2 E TG R T TR

ZAb  ERE A SR AL YR G R AL PR T
H AR AL RGBS W B AR W RN B A2 N, B
T4 CokF, ROE AL 28 d; TRREE R AL, 5 R
Je B & R I B A A e TR IR S KDL 1S L
B A, 7E-20 CHI VKA CE 24 h, SRS 7E 20 CIHY
PKAEHOCE 24 h IEIR 28 A, W BAL IS OTF S AR
Yrmc  FiEad 100 B ffiEF rE— R AR (R 1) AL,
1.3 MRYHNRESES

IR AT 2% R U a4 R 4R b AR g 0 3 R 2 IR

x1 AMEYROBERBUMER

Table 1 Physical-chemical properties of two biochars

JUE T 4 A Element composition/%

JEF- I Atomic ratio

W% Biochars pH

C H 0 N S K5y H/C o/C C/IN
[ 8% Ak Spontaneous aging 9.65 55.43 3.89 30.14 6.17 4.38 15.07 0.84 0.41 10.48
YR AAE IR Freeze—thaw cycles aging 9.07 49.77 4.02 36.26 5.40 4.55 9.82 0.97 0.55 10.75
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Ve, BT A vKAS B PR AR s 1 5286 = FREUIR
e 2 kg (BT B ) A 5 LGRS HE P . HRPEAS IR
FILLH 22 A A BHE 9 245 R0 432 3% B T R A 1k
PP AL S B & A o IR R34 5T, 4 Cal IR
fE28 d e T A 2RSS . L dt 34, A
SREALAL RGN AL 4L DL S 2s (A RE AL, B 5
EHWAEAT
1.4 £ RRLIE

SEH6 T A FE A =G AT I [T K
FET g, BEECAS Sk R/ S AT [ 1 (3242) mm,
5e 1 (1222) mmliz IS % J5 |, 7248 (25+2) FiK
R (20+1) CHIELBEIMAM TSR3 HLL . Y
FErd AR 16 h, BBRE 8 h, 5 K E e i =
W HEBEMETR . TEUIFRAE A BRI, AR
WA AT PN B 4 i il PAHs 35 S (ELUEA T M, &5 SR e
RPN SE A NACREE ) . Y BB S
A EPA J57 1% (EPA 600/R-99/064) , FREUCEAL 5 R e
22 kg (VR BT 8 ) A 30 emX20 em*20 em B FSHLH
AR Je R M 55 6 LA A BN T K (32 B/ 1SO-
10253 g K R A ZE KB ) . §E 24 he, T4
ABEEEHL AR DN TR 5 A A7 30 H, dE 7 RE2E 28 d
1.5 ESREMAERNE

0.1 g B VR TR AT LA , 22 50 H M 1 5
F 50 mL B AR, A LI 2K IE W, B2 mL il
%, 55 F R B A F A E Sk . BUR B
PRANA 0.5 mLid LR (30%) , 55 b LS k2
20 min, FRAMIN T mL 3 SR S0 BAGE R 2 0 W
A1 mlLo AREEABEFR AN 1 mLASER AN 1.5 mLad A Ak
A A ZE B R4 0.5 mL, AR A 10 mL HL2E
L5 T N 2K 2 75 2 20 BT Cu . Ph A Cd (3
FE AR CrigiE T 0.2 g % TR IS AFILIA,
TH AR R ARSI 20 min J5 75 M 1.5 mL
AR, EEREALEE ZET N1 mLyUIR I
PRI R B2 L, 4 0.22 wm BE LR 2 i
UEJE EALIE o i ARV TRORE S TAS990 J5i 7
WA BTN -
1.6 PAHs 438 K E

HL0.3 g R R TERIGAF LA, 12 50 B M 5 & T
o ZEBCE I A 12 mL 50 H e, 2B 2 b, g 26
IO W B 10 mL LB B0 N, FE S mL 50
P T TR DR VAR A U PR, [R)AE I BRI 10 mL 33 B0

BN BMIK 10 mLIFW AW S I 2L T /54 mL
NG A I ERE 76 R AL (RE10-50, b3 73 B S 55
A BRA D W IR 1 min, T FRER P INA 4 mL
G BE] 26 < A0k (V/V) =1: 5], ff F i
SR ZR AR AR 1 min, 7E 3 000 r-min™ B4 T &
£330 min J& , Z5Bk F)Z AR, A3 T 35 FH A WA R =
B N2 mL S SE . TG ARSI AN Florisil A1
b B, 9 10 mL — & B BE eI , B e f e i
WHARAREIE T, HOEEZR 2 0.5 mL, 1§ ALY
JE o T PAHs # i A0 638 - T35 75 (GC-MS,
Agilent 7890B/5975C) M %E .
1.7 e AREITE
1.7.1 E&JE Binfals 2E0TH

T4 1 (e LR - >R T H b A B 2R k!
(THQ) , T8 F

4 | KU A

EF X ED X IR X C

THO = = o x BW x AT (D)
ZREL EE A AR ITHEA:
THQs = Y THQ. (2)

K EF NSRRI, 365 d-a' s ED /&5 15
IR, 30 as IR 4 AR MG (T4 48.9 g-d ™75 C SRk
PP E AR SR, pge g dws RD & T IRS H F A,
Cu.Pb.Cd,Cr43 5 /& 4x102 4x107°  1x107 1.5 pg-
g d T BW RIRT &, 70 kg AT Y4ER , 70 ao
1.7.2 PAHs [ 08 KBS T4

PAHs 1Y 398 XU BS ] TLCR (Incremental lifetime
cancer risk ) #Ef 7 .

BaP.,= Y (C:x TEF;) (3)

A BaP., 5 PAHs [1) BaP T 1 24 Sk JF , C 2 B
095 PAHSs PRAK [ ¥k BE 5 TEF, 215 FP 808 PAHs B4k
X T BaP g E R+ (£ 2) o

BaP.; X CSFyesim X IR X EF X ED
BW X AT

K CSFABURRPER F,7.3 mg-d-kg '
1.8 BREEHSRIE

S PRAE 256 25 B R M AR, T A S
FE WASTATRE 15 YL Wi I o 45 5 728 (8 e o
T 25 27, WA A1 P4 4 A PAHs I 9 HE PR 2
ISR W22 3 TR 4, A SCIEIFMIE S B o B4R
JH Prism 8.0 52 Ji%io

ILCR =

(4)
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®2 BUHEET(TEFS)
Table 2 BaP toxicity equivalent factor(TEFs)
PAHs NAP ANY FLU ACE PHE ANT FLA PYR CHR BaA BbF BkF BaP DBA IPY  BghiP
TEFs 0.001 0.001 0.001 0.001 0.001 0.01 0.001 0.001 0.01 0.1 0.1 0.1 1 5 0.1 0.01

2 ZREW®R

2.1 YRR

A WEFE R BT, AW ok AE ) A& ok B rh 2 AR
PAHs", [a] i & Hite fin 2B 4 s v] R 23 5 U T
PAHs & & B84, 7= A= U 520 . 1 Koktowski"” 55
KB 38 3 X 8t A ) v RS T R I L rh
PAHs [ 5t o AWEE R B R WF & LR i rh
PAHs &5 %) T 3 865 ng-g ' dw(F5) , HiP R 3R
PAHs (2 FRHI3 3R ) (i SPAHs &9 92%., A=) R AE
il % 2o A R T A N, DS B R AR FE IR A T

R3 BRFENESENENS RS @R
Table 3 Detection limits and recoveries of the heavy metals in

R. philippinarum

HE)E A6 R mivEs
Heavy metals Detection limits/(pg- g™ dw) Recovery/%
Cu 0.001 0 99.5
Pb 0.0010 100
Cd 0.0010 104
Cr 0.001 0 101

F4 BR1FA R PAHs JURE 77 % B4 HY PR 5 Bl =
Table 4 Detection limits and recoveries of PAHs in

R. philippinarum

PAHs K Hi BR Detection limits/(ng-g™ dw)  [ICK Recovery/%
NAP 1.9 65.8
ANY 2.1 68.1
FLU 1.4 82.7
ANA 1.3 83.2
PHE 0.63 87.3
ANT 1.6 95.1
FLA 2.7 88.9
PYR 0.85 92.5
CHR 3.8 88.8
BaA 2.6 94.2
BbF 2.2 80.1
BkF 1.7 80.1
BaP 1.7 111.0
DBA 0.37 68.0
IPY 0.51 69.0
BPF 1.4 76.2

il 28 B A ) ik 32 5 AR A S AR BRI 2R PAHSPY, ik
b R, X 5 2 REEP IR A — B, AT
05 B FH 3R 5E W 8 RS U8 1 X PAHs %5 1 400 ng- ¢ dw
(F5) , #7FF AR IR (1 WF & A )k BTt ARG TR ) 25
JNE e PAHs (75 54 . 142 200 CHE 24 h )5 B
At ivF 5 AR W) ¢, PAHS 52 BB, L SPAHS (97 4t
E R 560 ng- o dw, ZEBRE K 86%., EA BN
T Y Y PAHs BB S AW Ik B A A, HAE
Wy ) T AR, H AR 9% (European Biochar Certifi-
cate) (EBC) W RLE , 05T A= ¢ Hh 16 Bl PAHSs 1 5L
AN L 4 mg- kg™ dw, SCAS SCRRAE ) & AR
2 iR 5 T LATE SR A it 8 e Hh e el
22 AEZUERBMKEERESTEYENERDY
A
22.1 EEJRNAYRA

Y B A SRR R AW, ©

RS B EEYRF PAHsHEE(ng ¢ dw)
Table 5 Contents of PAHs in Enteromorpha biochar before and
after pyrolysis(ng- g™ dw)

. 200 °C%?!Efﬁ§ 24h  FREHMHEICUE
PAHs Before pyrolysis Biochar drlet] at Aqua(",ulture
200 °C for 24 h sediment
NAP 1674.40+141.36  527.91+159.29 Nd
ANY Nd Nd Nd
FLU 1297.42+633.77 Nd 45.93+8.00
ANA 176.99+45 .81 Nd 234.51+23.25
PHE 191.24+43.66 13.93+1.33 2.63+0.24
ANT 74.28+15.60 1.370.24 14.50+4.15
FLT 152.96+19.25 Nd 41.27+5.87
PYR 37.9124.02 Nd 3.70£0.56
CHR 20.12+2.01 Nd 4.86%2.19
BaA 150.45+13.92 1.29+0.33 13.07+3.54
BbF 8.41£1.77 Nd 7.23%2.22
BKF 45.98+16.28 6.23%0.50 16.03+2.39
BaP 10.96+4.00 Nd 5.97+0.25
DBA 5.22+0.47 Nd Nd
1PY 13.81+2.00 Nd Nd
BPF 5.61+0.70 5.89+1.00 10.67+2.61
SPAHs  3865.76+655.18  556.63+153.37  400.37+18.23

T Nd R AR . T

Note: Nd means not detected. The same below.
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H IR R, B Ak 5 A P 22 ) U RE A 2 0
Z T3 U E BB T AT LAk 2 4 I 1 R SR B (A A 255 i
Bif s, HAE YR A 2 S EOLR A 0T A
BLYI R, B m LW B 1™, A, B i B A
B ICHATIE B TG B — 5l PR i, JE
& AT AT FAE PEAS IS U TS Gtk L i F8 /R A= 2. IRk
A G 3 b X AT A N 4 VR I A B R AN A
Wy 5% T VR B R

A BRI RS, H AR S LA AR G A 4
WA ATV P Y 4 FiEE 45 Jm SRR B 204 A [ R 1
R . SXTRAAMEE, AR AR Cult)
ERASE N 25.96 pg- g dw FFEE 18.17 pg- g dw,
Pb.Cd Fl Cr A 55 Bt M 6.05.1.78 .6.27 pg- g dw 4
ST % 3.57.0.84.3.57 pg-g ' dwo SR, AR
LA A AR N 428 Cu Pb.Cd A Cr Y B AR iF
S T 30% 41% . 53% F143% , 43K B W i & 2%
5K (P<0.01) o VRFE AR AL G AR Cu . Ph . Cd.,
Cr U JE 43 3 R % 22.4.6.1.3.5.0 pg-g dw, 535
TRET 16%.24% .27% 21%, [%: Cr b , AR R3] T
i 22 UK (P<0.05) o SURBLIE I ZALIS W&
AYIRMI L, A SR AL RO X T RE R T
VR A R 22 A AR PR B AR AE , 2 BUE W e R 1H M T
KA T RIS ERAR | 2 1T FLBR 25 FA PHER S S00% B A5 A6
BB H R G P12 A AA 1T BE 2 80 1 ok 1) K
Gy I (3 DR 43 1) FE 484 Na™ (KT
Ca” Mg S0 P2 4y AW e i IX S e ] H 4
JEIEA T B A LA 3 [ 4 TR RO . I W
R PR A5 A ) e 5 T 4 1) S T S H R DU, 3L
o LA W B T 2 PS8 P 4 I B F AR B AR B R
W BRI 2%

307 [ 25 X B4 Control
L « O ASRE/LA Spontaneous aging
s % ZRIAG IR Freeze—thaw cycles aging

200 [T

(pgeg dw)

WEREE
Concentrations of heavy metals/

%
Kk EE
7 *
7 77 Hk
7 A =7

Cu Ph Cd Cr
#F NI 25 (P<0.05) 5 #+ 3R 25 Fk 3% (P<0.01)

*indicates statistical significance at P<0.05,**indicates statistical

0

significance at P<0.01
Bl FREERFENESENRE

Figure 1 Concentrations of heavy metals in R.philippinarum

R b A R A I+ 8 5 A E e
REXTH &R A GEML B E RS 6, HAY
DR TRIAFAT 10 W 5 555457 BB 8 1R BFF (2 JFS e v 1) 2 4
J&o BEAN, T AEY RN, b S S EA R A
ILPTVEAE R, fR Ve P 9 B 4 s w e e AR W ok |
WD T I S A AR N IERS , R SE g6 40 s 41 4 )8
SRR O R BH S T R, 10 BH VS i 5 2E o e
A B I B R e AR A A sk

5 Pb.Cd.Cr A H, Cu 9 B S AH XA AIR, 31X ]
B2 T CusB4E R AR W IR I 8 A= G s b AN ] 2
JCER Z—, LAY B s inod s i &8/ Wang
SEPTIRIF Tt & B, 1) - 43 RS I A 1 6 BEAIR B AT
HE 25 Cu B RBUREIEA B ILAh, ikded
HEEWAAEIES NS mES BN TR, B A
Yy TS I al AR Ve b 3 45 R i RS o, 3 i
FaE Pk, (AR B 4 Ji AT R R B I I AR — 20
2.2.2 PAHs B4 4) 21

AW BT fe W BT [ E EE 4 s, X PAHs &5 B
KAWL Rt A RIS SR, Y R
LB AE S X B G AR N X PAHSs (19 RN
371 ng-g dw(F6) , R Es- i L 3~4 (K 2),5~6
Wk Z , FE KI5 YY) PHE BKF \BPF, £ [ IEJE
BIMAYI G , A SR EAL AL RIZR B AE PR 2L P A A TR
> PAHs A9 702000 N % % 267 ng-g ' dw 1337 ng-g™!
dw, BTG LA 3~4 500 {0 2R T5 YL ) PHE |
BkF .BPF A iIf FR#E(36), Hp 3~4 3 PAHs T %
B IR (P<0.05) , 1M1 5 B (5~6 B ) PAHs [ F F 3 A
B2 —WIAN Y AR5 T PAHSs (W B fig

500 [0 334 3-ring
[0 43F 4-ring
— 400 a S%S—I'ing
2 RS 6 6-ring :
D ANARRRRN
203001 NN b
50
-
Z 200}
<
~
“oot
0 N
X} RR A Ak VRRER AL
Control Spontaneous aging  Freeze—thaw

cycles aging

ANTF) RN AR B R] ) 22 57 2 (P<0.05) ¢

The letters indicate significant differences between treatments (P<0.05).
2 EYRMTWERFEMEN PAHs WIRE 7
Figure 2 Distribution of PAHs in organisms after the

bioaccumulation experiment
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xo EMRMIBWERFENMENPAHsHIZE (ng- g dw)
Table 6 Total PAHs in the organism after bioaccumulation

experiment(ng-g™ dw)

R BEAREFFERRFHESEBEREERY
Table 7 Target hazard quotient of heavy metals of

R. philippinarum in different groups of sediments

e g AAERAL Rl
Rings PAHs Control Sponla‘neous Freeze—th.aw
aging cycles aging
2 NAP Nd Nd Nd
ANY Nd Nd Nd
FLU Nd Nd Nd
ANA Nd Nd Nd
3 PHE 89.73+24.16 74.54+20.35 83.00+1.63
ANT 13.00+2.99 9.90+1.43 13.49+0.25
FLT 24.30+10.61 15.65+2.34 20.94+2.64
4 PYR 28.14+7.05 18.94+0.43 21.58+0.52
CHR Nd Nd Nd
BaA 9.88+5.12 6.54+1.63 7.06+0.39
BbF 21.91+2.08 16.50+2.28 24.97+2.12
BkF 52.16+3.62 18.94+3.45 48.95+28.84
5 BaP 40.64+2.88 27.59+3.92 33.87+10.53
DBA Nd Nd Nd
IPY Nd Nd Nd
6 BPF 91.43+31.94 78.05+20.74 83.51+18.51
> PAHs 371.20+31.67  266.60+51.17  337.36+18.11

I R UL RE R RC Ue H IR A 1 PAHs R4 A3 2850
[ 2, 177 S R 6 25 PAHs S IR UR A9 45 4 B8 ) 400, I
TEE o HAB S AR P AL 55

SURRIEA LA B, AR BRI RN 3R
FUR) Y PAHs & B i 4 B 8, 5 mT BB il T R A
WG S AR R B O F RN C R BRAIR (R
D) &Y B O/C 1, BIAR 1 38 | 2% Big P ok
55 , 5 VR A FR 5 0 £ AR W 5k PAHs 1 B [
FERE I35 , DRI 3 B Rl 3 A R W & A 0 e Xof
FEARAA AT AR N A SPAHS SR AN .50,
2.3 ANE:EL S E W AR Inxd ba 5 & XU B9 200
2.3.1 ELJEP HIRGE: 2%k

AW S I IS FE R RIS AR N 4R 0 B A
fa 5 REC(THQ) TR EE R AR 7 Frm o X MR oG
PR 4R E 48 2 & Bisfak & E0(THQs) KT
1, R BRI B FH R K ™ i S A AR I HE B0 K
B o 17T 24 ) JES U H oS I A AN [R) S Ak S i & AR
Y5, 4 e 4 & 1Y STHOQs {5 4 51 F [ 22 0.70 il
091, F & T 42% 1 24%, ik %] i & 1 5 K F (P<
0.05) . Nisar S BT 45 AR, ) 3275 e i+
S ImA /N R PR AR R L A 4R
i B KBS B e 2L aE By . Hdr Ph AT Cd iy

INY TH
ﬁi.l Q STHQs
Grouping Cu Pb cd Cr
X B3 2H Control 0.19 045 053 000130 120
SRARY
Q““%Mﬂ. 0.16 023 031 0.00070 0.70
Spontaneous aging
LY
VR SRAL 0.19 030 043 0.00100 091

Freeze—thaw cycles aging

THQ XF XTHQs %) 53 fik ik 2] 80% , Ay 3= £ XU B3 #ik ot
RX ST AR —E0, s, e R R
A= W e ml i R e v B A JE AE AR IR N 1 R
b 2 R ™ i 1A B FH XU <
2.3.2 PAHs B 80 XU

T 7E 1Y 20 7 PAHs (BaA . BbF . BKF . BaP . DBA
FIPY ) 7EXF BR A TP () SR FE Ol 124 ng- o7 dw (3£ 8),
MAENE e Es AR R 24 X & A=Yk
A= AR TN BUE P PAHs 1R B2 20 0l R R 2 69 ng - !
dw I 115 ng- ¢ dwo AR#EA K (4) 715 BT 45
5 WA AT N PAHSs (19 808 XS ILCRs A1 AT, B8 %
A IR Rl 2 2 6 23 ) RTE PAHs 1) 35008 AU T e
35% Fl 15% , i5 B i 2 22 7K F- (P<0.05) . X 5 Ali
SERIG B S5 e AR L, A TR AR Bk 18 5 2 0CP
5 Y I B S R L EE 1 1 35 S0 KU
2 REAR

3 #ie

(1)7E 450 CRRAE %Ak 2 h il 45 0 T 25 A 1 e 4
S AT I /L 86% [ 5% Y PAHS , 31K 3| EBC brift
()Y BRI 25 ] R B, IRV i s i A 2R
AR A ) He G AR N 42 )8 Cu P Cd . Cr
1 PAHs 73 5 T B 30% . 41% .53% .43% F128% , H:5%

8 PAHs BB XK (ILCR)
Table 8 Incremental lifetime cancer risk (ILCR)of PAHs

h| SpAHy  CUBEESPAHS o
. o Carcinogenic " ILCR
Grouping (ng-g" dw) SPAHS/(ng-g' dw) (ng-g™' dw)
X HEZH Control 371 124 51 1.11E-07
SRZARY
. A ,.,21&5 267 69 33 7.24E-08
Spontaneous aging
VRAAFR AL
Freeze—thaw 337 115 43 9.44E-08

cycles aging




2866

VRIEIN ity F3965 12

R E T RBIRINEL I & AP, 2 A
AFEAL T A A R B SR AR TR
(3) B R EACFI R BRI E AL RO 5 A e Xyl
X 52 5 4 JA M PAHS 15 e ) SR B IR R b AT I8 2, (1
SEPRRCR T L Wk A AR BT & AR L

SE k-

(1] XU, Ji 2 2, RIS . Ab R 57T 3 4 Tl £ 20 AR oA o s 5 e )
AE[J]. FETRE, 2011, 32(7) :2062-2068.

LIU Ping, ZHOU Yi-qi, ZANG Li~-jie. Investigation of heavy metal
contamination in four kinds of fishes from the different farmer markets
in Beijing[J]. Environmental Science, 2011, 32(7) :2062-2068.

[2] S SCF, AHF, FROCHL, 55 ) AR B A R XOR K K AR rh 2 56

05 Jk 1 A (R R XU ()], Al BREE R A 24 4, 2014, 33(12) ¢
2450-2456.
XIE Wen—ping, ZHU Xin-ping, ZHENG Guang-ming, et al. Health
risk assessment of polycyclic aromatic hydrocarbons in water and fish
from Tilapia pond of Guangdong|J|. Journal of Agro—Environment Sci-
ence, 2014, 33(12) :2450-2456.

[3]1 Yi Y, Yang Z, Zhang S. Ecological risk assessment of heavy metals in
sediment and human health risk assessment of heavy metals in fishes
in the middle and lower reaches of the Yangtze River basin[]]. Environ-
mental Pollution, 2011, 159(10) :2575-2585.

[4] 3G AL, BUARLL, Jic . A BE 7K™ 5 B 4 ) ' AR i BAR 5 eke

SRR SHRL R, 2019, 47(2) 1 127-130.
CAO Ju—hua, HUANG Chun-hong, SU Xin. Current status, pollution
source and countermeasures of heavy metal enrichment in aquatic prod-
ucts from Dongting Lake[]]. Guizhou Agricultural Sciences, 2019, 47
(2):127-130.

[5]33CF, R, AW, 4 BRIT = MNFRa ik ik b & & )m T

REEAIPEAR[T). A ASIRBEAR, 2014, 23(4) :636-641.
XIE Wen-ping, YU De~-guang, ZHENG Guang—ming, et al. Residues
and potential ecological risk assessment of metal in water and sedi-
ments from freshwater fish pond of Pearl River Delta[l]]. Ecology and
Environmental Sciences, 2014, 23(4) :636-641.

[6] #RAEH, 32 H AR, R, 55 K =Mt DX IR FRIE K 7= dh Pk A A 245258

TR LR )]. AR BE A, 2017, 12(3) :485-495.
XU Jia—yan, PENG Zi-ran, HE Qing, et al. Assessing pesticide resi-
dues in pond aquaculture products in Yangtze River Delta and the
health hazard for human consumption[J]. Asian Journal of Ecotoxicolo-
2y,2017, 12(3) :485-495.

(7] FIPE, 32 A AR, SR, 55 L & = Al DX S SR A /K ™ i T 3 ) 1 it %
HARHE B PEAT (). A FRETRF2240, 2017, 36(6) : 1070-1077.
HE Qing, PENG Zi-ran, ZHANG Chen, et al. Heavy metals content of
pond aquaculture products in Yangtze River Delta and the health risk
associated with human consumption[J]. Journal of Agro— Environment
Science, 2017, 36(6) : 1070-1077.

[8] Puga A P, Abreu C A, Melo L. C A, et al. Biochar application to a con-
taminated soil reduces the availability and plant uptake of zinc, lead

and cadmium[]J]. Journal of Environmental Management, 2015, 159:

86-93.

[9] Beesley L, Moreno—Jiménez E, Gomez—Eyles ] L. Effects of biochar
and greenwaste compost amendments on mobility, bioavailability and
toxicity of inorganic and organic contaminants in a multi—element pol-
luted soil[J]. Environmental Pollution, 2010, 158(6) :2282-2287.

[10] EZE W, FERILE, JL2EMG, 55 AR hedB 5 i 4x a5 gt R P Tt e

[J]. TR 38, 2018, 26(4) : 1064-1077.

WANG Hong-sheng, TANG Chao—-sheng, GONG Xue—-peng, et al.
Research progress in remediation of heavy metal contaminated soils
with biochar[J]. Journal of Engineering Geology, 2018, 26(4) : 1064
1077.

[ BiRAct, BRELHE, p 98, 55 W8 A= e BRI 22 HoxE Cr (VD) B

FRPRS o AN BREL D). PRI, 2017, 38(9) :3953-3961.
CHEN You-yuan, HUI Hong~-xia, LU Shuang, et al. Characteristics
of Enteromorpha prolifera biochars and their adsorption performance
and mechanisms for Cr( VI )[J] Environmental Science, 2017, 38(9) :
3953-3961.

[12] Qiao K, Tian W, Bai J, et al. Preparation of biochar from Enteromor-
pha prolifera and its use for the removal of polycyclic aromatic hydro-
carbons (PAHs) from aqueous solution[]]. Ecotoxicology & Environ-
mental Safety, 2018, 149:80-87.

[13] BREL, 20, A E B, 45 . 2 AL XK RERS AT A= Py 5 e s Cd CI1)
REJIIS2 AL $REEAL, 2016, 35(11):2337-2343.

CHEN Yu, LIANG Yuan, ZHENG Zhang—qi, et al. Effect of aging on
Cd adsorption ability by rice—straw derived biochar[J]. Environmental
Chemistry, 2016, 35(11) :2337-2343.

[14] Oleszczuk P, Koltowski M. Changes of total and freely dissolved poly-
cyclic aromatic hydrocarbons and toxicity of biochars treated with var-
ious aging processes|J]. Environmental Pollution, 2018, 237 :65-73.

[15] A7 SCFE . A5 HURR XSS FR B TS U Hh 38 A A 245 A= W) A5 501 ) o 52
[D]. it EIERERFER A, 2017:29-30.

SHI Wen—xuan. Research on the effect of carbonous materials on the
bioavailability of sediment — associated pyrethroids[D]. Shanghai :
Shanghai Ocean University, 2017 :29-30.

[16] Aendo P, Thongyuan S, Songserm T, et al. Carcinogenic and non—car-
cinogenic risk assessment of heavy metals contamination in duck eggs
and meat as a warning scenario in Thailand[J]. Science of the Total
Environment, 2019, 689:215-222.

[17] Zhang B, Zhai F 'Y, Du S F, et al. The China health and nutrition sur-
vey, 1989—2011[J]. Obesity Reviews, 2014, 15(Suppl1) :2-7.

[18] Hale S E, Lehmann J, Rutherford D, et al. Quantifying the total and
bioavailable polycyclic aromatic hydrocarbons and dioxins in biochars
[J]. Environmental Science & Technology, 2012, 46(5) : 2830-2838.

[19] Kottowski M, Oleszczuk P. Toxicity of biochars after polycyclic aro-
matic hydrocarbons removal by thermal treatment|]]. Ecological Engi-
neering, 2015, 75:79-85.

[20] AL . A= W B A it il mb 22 B0 55 8 1) A R AE R H R 4 AL T Y
[DL T A Tl k2, 2019:26-27.

CHEN Si. Distribution characteristics and regulation of polycyclic aro-
matic hydrocarbons in biomass pyrolysis oil[D]. Guangzhou: Guang-

dong University of Technology, 2019:26-27.



BUURL. % R BT 2 L B SRR TR A A5 A R P 2867

[21] %K, R, BRI . B o5 T ORASFF R T 5 e A= 4 e i B o
PAHs B9 75 JLBFAET]. FREERL2EAIFSE, 2016, 29(11) : 1651-1658.
LUO Fei, SONG Jing, CHEN Meng—fang. Characterization of polycy-
clic aromatic hydrocarbons during the production of biochars from
pyrolysis of corn stalk and municipal sludge[J]. Research of Environ-
mental Sciences, 2016, 29(11) :1651-1658.

[22] Hilber I, Mayer P, Gouliarmou V, et al. Bioavailability and bioaccessi-
bility of polycyclic aromatic hydrocarbons from (post—pyrolytically
treated) biochars[J]. Chemosphere, 2017, 174:700-707.

[23] Trigo C, Spokas K A, Cox L, et al. Influence of soil biochar aging on
sorption of the herbicides MCPA, nicosulfuron, terbuthylazine, indazi-
flam, and fluoroethyldiaminotriazine[J|. Journal of Agricultural &
Food Chemistry, 2014, 62(45) : 10855-10860.

[24] Schladot J D, Stoeppler M, Schwuger M J. The Jiilich environmental
specimen bank[J]. Science of the Total Environment, 1993, 139/140:
27-36.

[25] VEHE I, BNk, SRAEHE, S5 | VRRIE R X HE A4 28 A4 Wy e W B2
FSE IR [J]. Al FREE R F 2447, 2017, 36(3) : 566-573.

WANG Yan—ru, HOU Jie—fa, GUO Jian—hua, et al. Effects of freeze—
thaw cycles on ammonium —nitrogen adsorption of yak dung biochar
[1]. Journal of Agro—Environment Science, 2017, 36(3) : 566-573.

[26] F T . VR AT A 0T AR W) e B Ak 1 S e W B R 1 52 R (D). B

Bl BRI TOR S, 2016:26-27.
SU De-li. The effects of freeze—thaw cycles on physical and chemical
properties and adsorption performance of biochar[D]. Kunming: Kun-
ming University of Science and Technology, 2016:26-27.

[27] Wang Y, Zhong B, Shafi M, et al. Effects of biochar on growth, and

heavy metals accumulation of moso bamboo ( Phyllostachy pubescens),

soil physical properties, and heavy metals solubility in soil[J]. Chemo-
sphere, 2018, 219:510-516.

[28] Zhang C, Shan B Q, Zhu Y Y, et al. Remediation effectiveness of
Phyllostachys pubescens biochar in reducing the bioavailability and
bioaccumulation of metals in sediments[J]. Environmental Pollution,
2018, 242:1768-1776.

[29] Oleszczuk P, Zielinska A, Cornelissen G. Stabilization of sewage
sludge by different biochars towards reducing freely dissolved polycy-
clic aromatic hydrocarbons (PAHs) content[J]. Bioresource Technolo-
gy, 2014, 156:139-145.

[30] M 1Eh . AL W i Xt PAHs F T 43 J A 0 A 341k R B i D).
KIF PG R, 2018 14-15.

WANG Ying—di. Effect of aged biochar on the bioavailability of PAHs
and heavy metal in soils[D]. Taiyuan: Shanxi University, 2018: 14~
15.

[31] Nisar M, Mohammad N, Muhammad H K, et al. Effect of biochars on
bioaccumulation and human health risks of potentially toxic elements
in wheat ( Triticum aestivum L.) cultivated on industrially contaminat-
ed soil[J]. Environmental Pollution, 2020, 260:113887.

[32] FEGZHN, T, XIS, 45 . v [E 0016 7 it B G s 5 LR ik 1%
TR HERE PEART]. TAERFFT, 2017, 46(1) : 148-154.

CHENG Jia-1li, MA Yan-ning, LIU Ting—ting, et al. Accumulation
and health risks of heavy metals in the seafood from Chinal]]. Journal
of Hygiene Research,2017,46(1):148-154.

[33] Ali N, Khan S, Yao H, et al. Biochars reduced the bioaccessibility and
(bio) uptake of organochlorine pesticides and changed the microbial
community dynamics in agricultural soils[J]. Chemosphere, 2019, 224 :
805-815.



