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Enhanced Bioremediation on Polycyclic Aromatic Hydrocarbon-contaminated Soil Using

Paper Waste

LI Qigang'?, WU Ruini, WU Yucheng?, LIN Xiangui*, YE Xuhong'", ZENG Jun*’

(1 College of Land and Environment, Shenyang Agricultural University, Shenyang 110866, China; 2 State Key Laboratory of
Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 211135, China)

Abstract: This study explored the potential application effect of office paper waste in the bioremediation of soil contaminated
with polycyclic aromatic hydrocarbons (PAHs) through greenhouse experiments. High-throughput sequencing was used to
analyze the response of soil microbial communities, while '*C isotope tracing used to elucidate bioremediation mechanisms.
Results demonstrated that significant removal of PAHs observed in control under greenhouse conditions, with a 44.8% reduction
in total PAHs concentration after three months incubation (P<0.05). Although ryegrass planting alone did not enhance total PAHs
removal, it significantly removed 4-ring PAHs compared to natural attenuation (P<0.05). When combined with paper waste
amendments, planting led to significant increase in PAHs removal (68.1%, P<0.05), primarily due to the degradation of 4-ring and
5-ring PAHs. Paper waste amendments significantly increased total potassium and phosphorus contents in the soil, and altered the
composition of soil bacterial and fungal communities. The phyla Bacteroidetes and Firmicutes in bacteria, along with Ascomycota
in fungi, closely associated to the changes in soil nutrients and PAHs degradation, suggesting their potential roles in the
remediation process. '*C-benz[a]anthracene-amended soil microcosms showed that paper waste did not significantly influence
PAH fate, suggesting its role in enhancing plant-microbe synergistic remediation.

Key words: PAHs; Paper waste; Fungal community; Bacterial community; Isotope tracing
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FUH bR B3 PAHSY!, AN E B S HIIAR R4
WA o O SRR TR SR I PAHs AYRE
fifele, bR B E A SRS B EIER, HY
R Z AT ARG 0l B, th AR R PR b R
SRAGARIX. PAHs BT VIR A Y B 2
A LG G I E ALK ARG B TR
LBz E PARS™, AN, KIREMA4EER
ARk I T R M A JOT 2R I e il 45 A 1 o AR s
Wi fil PAHsY!,

3 4% [T AT ) P T LA A 0 IR AR AP B8 PR 4%
S — T LAY 1) B 7 2R ) A R TR AR 1 K BT £ 4
ML, S —EENAPUE ., A B ST
U0 AT AR ISR Oy 3 3 A PR A A
BERE LA KA AR Ry 32, i ARAT TR AR s R
PAHs 15 HIEAEYME R IR . AR BERRIA
FIRAHERINT PAHSs 5 4 TR0 ), i Ak
RIS VA HAE 58 5 b iy HRCR | 7 e 2 i 72
T - S5 4 TR R L DRV 1 e 1 AR A, SR TS [
P Z TR ER R ARAR TG AR WL, DFF0KE iR 40
AT PAHs 75 2 TS 5 SRR KA .

1 #MREIE

1.1 REH RSN ER

PR AR I L B 0 2 2 R AR AL RS AR A T B I 4K
(2 mm x12 mm), HA(TC)&E N 354 gkg, &R
(TN) & &M 0.6 g/kg, 1B i CNS JTER M1 (elementar
A RAA, mEHWK; 28PN
446.3 mg/kg, M (TK)& N 63.77 mg/kg, T4
HNAT DGR TH(WEZ UV-2005 JEJEAT( i AS AT
FRAE, HEDHMIIECETTHBWB XP; BWB FH
AIRAT, JEEHME . ZIF[a] B (BaA, 2R 98%)
W4 F Sigma-Aldrich 73 & (315 Wt , %95 HUMN |, SE D),

“C-BaA(ZliE N 99%) M E U PERR DAL AF i 2 7]
(CEHES W, B EMN, EEHWL, Bk, EC
Bt OB, CIESFH R s s E s gon, WA
Tedia 24 A (PR/RAE/RTE, Moz o, L),
1.2 TE&ES

TR BT RHEERAL T PAHS 15 44k,
FE ARG SRR R PRS2, 3 2 mm W)
RS M., THRER+, pH Ny 7.75, R pH it
(310P-49; SEEFEIR )M ; 3 TC i 45.7 glkg,
TN 4 1.0 g/lkg, TP & 566 mg/kg, TK A 2.16 mg/kg.
+3Eh 12 Fl EPA {5 PAHs Y RHE R 738 mg/kg
(12 Ff EPA-PAHs: 3E(Phe). B (Ant), % E(Flu), ££
(Pyr). ZH-[a]B(BaA). Ji(ChR), #KF[b]7¢ & (BbF) .,
R[] B(BKF) . I [a]tE(BaP). — K H[a,h]
(DahA) . # I [g,h,i] ¥ (BghiP) . B 3 [1,2,3-cd] tE
(ledP), M TFIERERL, PAHs S AEE
16 F# ¥ EPA-PAHs HYZE(Nap). JEMi(Ace). J&
(Acy) 125 (Flu)).
1.3 #iFw

R E 3 AR 1), BA3IAEE,
FF R | kA, HARAIINA 20 g #k;
FRAEAE Y N B ZE B (Lolium multiflorum Lam.), Fh¥
i Z AT 0.05% YCEHRENIZ 10 min, FHICH 7
TRk 8 Yk, TRKIR M RS, AR AR 10
WA F (2 1 g); WRAREERHS RO IR & TR i R
5%(F i  BEAR=4 1 6). wARIATAE H IR = ik
11, RAIEH 288 AU oK 3, 1l A
Wi 3 A A RIS RS, R AR A
Yk REAENE 3 Oy RHERA MK LR, BEGH
fief + T SR RUE MR o, B LTS
ik PAHs & .

x1 REKE
Table 1 Experimental setup

Ab R TR AR R} 1*C-BaA GIVE
PCK - - - 3
PL + - - 3
PLP + + - 3
MCK - - + 3
MP - + + 3

@ : PCK. PL. PLP NAARIKXL; MCK Fl MP h sk

14 TERISIXE
B RO IR W ST IO 25 1 T AR R
xF 13 “C-PAHs LAEIHBMEIGEE 1), RN
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5% W 4% IR R 1 b B (MP) 5 AN Jin A4 BE B 25 1 ) AR
(MCK). A 1 mL NEi#5EIR G JEARIC BaA HI
“C-BaA, RWHS 1 g HEIHTRIMRAHISE AT
5 Y% B R N T Y A S XU Je A fel P R 4
Ko FFREHERE, ¥ 1 g NIRRT 4 g 56T
Pe+7E 60 mL 7L MRS . W5 A
BaA 2 JE 20 mg/kg, “C-BaA 4 3.33x10° Bg/4 .
WAL R IR R B, RENBEHE -G
1 mol/L NaOH ¥ W ) /N5 AR 3% 73 2 rh Bk 1Y)
“C-CO,. TN FKE IR KK 60%, B
T 28 C IGFAATT A TIE WA, AT
B NaOH WA 45 s Wi 8% 7% o 2 rp 3Rk
1C-Co,.
1.5 +iEd PAHs 12EX

TINTE, PRHC0.5 g BAEAT 60 mL 5 Hik
TR ICHEEL(24 h), $RBURZ 30 C ik )5 H
2 mL BB, B 0.5 mL 3O eia it C18 [E4H
AEE P T RALFE, ] 5 mL Ve (QEC 48 © &
Fe=1 : DIATHRMANEE . Ve AR E 5T+,
FHH 5 mL ONEE, SJaH 1 mL Y5 0.22 um
A OHLUE B S, SR A M A0 A 8 5% (HPLC) 43 At
(Prominence UFLC XR; & As/Aw], HA)MIK +
e PAHs. XFFF “C-PAHs MHFE, 2 Bk
A R WU $2 U R TR TN R 43 A AL (LSC, LS
6500, D1 5e & FE /R R ) i AT i RO 00 O 1
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MM 454 2455% B (Non-extractable residues, NER)
PR T S P 3 A Bl v R ERCES A ' C-C O, Y Tl S
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1.6 DNA RREFSEENF
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ffi[f] 60 uL DES %f## DNA, {#7FT —20 C %/,
DNA FEfhiEEFEFH AR (LI, P E), 7F Ilumina
MiSeq il 7 5 58 B = HE A Wil e 1A o 40 P Al
B 3853 5 2R FH 2 5-bp 2RIEFRIC A 515£/907r Al
ITSIF/ITS2R 54X AT E oAt o R FHERIAS 50
QIIME2 Jit X} iy 3d f B #6147 43#Hr, f# A UCLUST
FTF 97% JFF R — 1 i B 2 B 45 VR o 2 B q
(OTU), i /3258 PLIVA-132 5 16S rRNA HI ITS
rRNA F0H e 47 F XTI 2
1.7 HiELE

i 1 B 2207 2240 HT(ANOVA) I Duncan 1Y%
HIEFER R BE  B 25, G PAHs FR7F

it . PAHs [HERIAEY Z A%, P<0.05 B3, i
ISTAEAS RSB EA T 5 ELAE , B S 1o BT 78 SPSS
20 L. WAEM o ZFEME(Shannnon $8%8) . i
AR SRR | BT Bray-Curtis BHES Ay i S 4
JUBE 53 #f (NMDS) FI U4 43 T (RDA)R AT R B H
(v.4.1.0)vegan W HEATIHEL , AHOCH:#AE i pheatmap
T2

2 HR5iTiE

2.1 KRERT L% PAHs BHIPERESIR

AR B FESE R A A ] LA IR, P
FRAZ R PL A BEFNFAR N A RN A R A0 BHEY) PLP
AbEE, FLRRGZ B TR OA WA 2E R AN
HEXF -3¢ PAHs WIFEfZ il 1B Fin, K56+ A
JiE PAHs 70 738 mg/kg, Hid% 3 MH G, PCK 4b
FRIY) PAHs A7 EFRKE 407 mg/kg, SAREA L,
FRAT A L E IR T 44.8%(P<0.05), AR B 2 5L
PL AbBH, PAHs 5kt — K= 376 mg/kg, A
BWTPARMETHT 49.0%, {HY5 PCK AbFEAH TG
25 MR R RO A AR PLP Kb T,
14 PAHSs 5% A7 i 1 5080 & 235 mg/kg, BAKIE
TR 68.1%, MU EE ST PL ALFHIT 20%
(P<0.05). ILAh, £AbBEXTARIRIFREL PAHS RFRAL
RGP 2 53 2). SAC(EAM L, PCK . PL 1 PLP
AL PRI BENS W E FRAIK 4 2R . 5 3R 6 2R PAHSs (5 &
(P<0.05), fE PCK. PL F1 PLP AbHiZZ 6], =& X}4)
I PAHs HYFFEMBCRIH B SRS E R, 5 PCK
AEEAAEL, PL ARFE G E PR T EE . AT [a] BRI %
4 & PAHs, PLP AbHR RS T . AT [a] B
%5 4 38 PAHs DLECORIF[PIZC B, FIH[K]7E BRI
[a]t£45 5 3£ PAHs(P<0.05).
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&8 —~
3t [ T < 800t
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ROIE -
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Fig. 1 Dry weights of ryegrass (A) and total PAH concentrations (B)
in soils under different treatments
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Table 2 PAHSs concentrations in soils under different treatments

PAH AR A PCK PL PLP
£ 22.03+6.03a 11.17+3.97b 12.88 + 6.47 ab 6.95+1.65b
3 28.18 +7.82 ab 21.22+7.61ab 32.68+17.42a 1020+2.17b
T 146.42 + 16.67 a 27.26 £2.06 b 19.53+7.13 b 15.45+2.15b
4 157.96 +4.74 a 82.07+14.73 b 40.54 + 14.49 ¢ 30.74+4.16 ¢
I [a] B 45.65+421a 2927+6.17b 17.78 £ 6.85 ¢ 15.12+1.92¢
H 60.01 +5.13 a 51.64+14.95a 3133+1271b 2743 +£6.54b
ESHII 7453+ 120 a 35.73+0.83b 27.34+10.81 be 21.22+588¢
HIF[KPETE 38.30+5.08a 35.23+0.30 ab 25.88+9.97 be 20.93+4.35¢
B[]t 59.21+6.67a 52.72+4.14a 42.12 £ 15.43 ab 33.24+2.96b
TR I [a,h]E 3532+344a 15.15+£0.77 b 1447572 b 13.59+£2.45b
# I [g,h,ildt 37.87+134a 1441+1.28b 1227+ 4.60 b 11.85+181b
Bidf[1,2,3-cd]iE 32.13+4.24 a 3132+1.62a 29.63+11.75a 27.85+5.00 a
3% 50.21+12.01a 3240+ 11.60 ab 45.60 + 23.80 ab 17.20 £3.63 b
435 410.04 £27.90 a 190.23 £36.73 b 109.17 + 40.60 ¢ 88.74 + 14.45 ¢
53 207.35+15.80 a 139.00£5.36 b 110.00 + 41.90 be 89.00 + 15.61 ¢
6 3 70.00 +4.41 a 4573+1.30b 41.90 +16.30 b 39.70+6.81 b

H: 3HONFE, B 4 O, B FRIF[al B a5 MOCRIEIR[B]DEE FEI[K) I L I [a]tE . A I [a,h) B 6 AR EET[g,h,0]
6. BIIF[1,2,3-cdltE . [Fl—11/INE TR TR 2R b B B) 22 53 i 3 (P<0.05) F % [H] .

FEFARRE b, 5 R AR A L, AR b3
Herh PAHs # — @ B 1REA . th Tz 5 o4
G e, AR B AT RGR 1Y PAHS 3 RET )
P WA, i PCK FIl PL AbFRAEHAK [-JF
WAHERBZRE 1B), 3 HLEWES T2
PAHs(HMW-PAHSs)7EJi 4 A I (E LA ) PCK 4b B rp
5% BE A YR 5 (6 2), 1T PL AT PLP 4038 HMW-PAHSs
FIFRAE I R TR . eI sk,
T {15 Yt - 48 v b A DA 22 AT L o AR PR
{23 3 3ALL I PAHs WREAR, IF HAEB S i rh a2z
T B 2 R ATS e ks B BRI TS Y 1)
BRI ARG S5 5 AR, PL ALBEXS 4 38 PAHS
FEEARCR B35 . 5 PCK ALFAH L, PLP AZbHEXS 4 2
M5 5 PAHs MIFEMFRCR S, X5 Haritash 451
WFFEE AL, BN A AT R W E s, 1A
JEVIEAERTESS , AT AKX 4 ALL A PAHs #17H
R HE T e
2.2 KEER T EAFERNZWE

AHEST PCK LB, PLP ACFHE & 4R T 4
TK I TP (Y& &L, 43538 0 T 1.85% F1 35%(P<0.05,
% 3) IbAh, PL A PLP AbHHL i 520 1 31 pH,
b PL AbSR S5 T 4% pH, i PLP 40 B RRAR 1T
pH(P<0.05), #Rifii, #ALFX;+4Erh TC 1l TN &
PISEMIFAS 3 AT 45 R 5 Z R ko — 3L, 1)

ey W AU Y R, e ARUR S AT AR S R T 1

SRV R, A VL T A 1Y - SR B 2 T A

PIERCH) pH BN ; B TSR R, iEate

K EA R B FIEF Y5, (8T it i 48e

Jen] LIS T s il BT , SR T ALY
3 TRLEBLBURMER

Table 3  Soil chemical properties under different treatments

Eizg ) PCK PL PLP
pH 7.75+0.10b  8.01+0.09a 7.44£0.12 ¢
TC(g/kg)  45.7+39a  44.0+04a 448+75a
TN(g/kg) 1.0+0.1a 1.1£02a 12+02a
TK(mg/kg) 2.16+0.01b 217+0.02b  220+0.02a
TP(mg/kg)  566+39b 542+ 11b 764+ 21 a

2.3 ZRFRERIMAbIEXT 5 40 R B K AR R
5 PCK AbFEAH L, PL AbHH i 3 i i 1 L e 0 v
o ZREMEFEB(P<0.05), PLP 4B 40 E £ HEME K
52 5] PCK KF-(E 2A, P<0.05), AS[EAbFENT 140
FREE LS P T @& 0 (K 2B, adonis: R*=0.52,
P<0.05; ANOSIM: R =0.65, P<0.05), %45 %5 Hou
UG 78 25 AR, R R0 A TR I T i e
P 2GR R ST 2R TO G, 8 5 R B AR L
EREE A G, L AR R A T
(Proteobacteria , 60.5% ~ 64.1%) . J 2& W& ']
(Actinobacteria , 7.1% ~ 10.5%) . M #F i ]
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(Acidobacteria, 6.7% ~7.4%). FUFFEA[ ](Bacteroidota,
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B2 T AN T TR AL A e, 55— S5 5 A
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JEBET TR RS 13 TP FI TK SR IEAHDC, 5 X PAHs
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B, HIEASERE] 1M Caulobacter. Steroidobacteraceae .
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1
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Fig. 2 Soil bacterial community compositions under different treatments
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Fig. 3 Soil fungal community compositions under different treatments
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