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BEFE ., REBEMCER . BAUSAT, FHUMAEE 20 °C TF2 80 C il fEh, - HEAN B
15 Y W IR N, ORI R A AR, T e 0 A R R R R R AR 60 °C TR L
PAHs KRR H 20 °C THEE T 21.01%, 75 °C T ZEME A FE 20 °C TNy 10 £551; 452 ddg
SRPE . AR B RUE T (=180 min) + HERAL B m ek MU RETR, R RRYE | XS EERRAR  JF kL
AR IR, ARE S A N AR B SR, TR AR A A AR X AR P s i

XFF I i ERH 76 18 2 Ve T Ab ¥ PAHSs 75 Yt 4 38558 R rboxst -+ 498 0 3 R0 200 8 1 5 465 4 119 52 i
R Z . ARWFIT LA PAHs B TE Y H 3N BF I X 5, SR I S2 80 % A e BB B 0 5 AR IR
ERH (80 °C) Zb 7 180 min V5 4% 11 PAHs 1Y 2 BRFFNXS - e ALk o7 - LI R A . HEVR 4510
H1 PAHs B B F B 52, WFSE 45 30T Sy 2 308 05 ka1 Y - 5 0 s BE I i S FR I B 48 5
1 MB5R*®
1.1 LIER

S HER AR LS R R 2 1 (0~50 cm) , IR (4 C) B ELKE,
EKERAH . WAEJGHS0 g 547 T A EAEN, FE R AR B - A& (CK) , 7 T-20 °C 7KA
HF WA Ie bR . BRI A KT 0, SIRRLRAT 240, 40 B 4 7 0 4 398 0 4k 1 o
(pH. BBk . BVE . AL . B4 F PAHs Fi it 040 Al H A B ARPE R Ny, pH 8.36, i
Wi 80 1.74%, BRI 8K 0.07%, A3 HLEK 36 53 40 0.86%, 4T i 1 43 41 0.06%, 4= #F it i
4340 0.80%, +3EY16 PAHSs J5i & 4341 28.3 mg-kg s
1.2 LWRAFISNEE

2-9 I R AR E i (CLHGF, 99.7%) . % = Bk R AR IE i (CgH,y, 99.6%). St AL JE A5 #E f (C LDy,
99.0%) . AR FRUE A (C gDy, 99.0%) Z5-d8 FHfE il (C, Dy, 99.9%) . - Z5 ik A -d12 R HE i (Cy Dy,
99.4%) . FE-d10 FRUES (C,4Dy, 98.6%);  AALHN (NaCl, 73 #ral) 5 IECkE (CH,,). AW & (CH,CL).
PR (CH;COCH) ¥ (36 41 .

F R BEL I AN e (B 1) B 2 BT AT R R B AA SR AR L R R L PR L AR B
£ v P ) B A A AL s R B 3 T T B A (7890-7000B, 35 [E L EEAS BH A T 5 0 A ) A
HUAY (Dionex ASE 350, ZEELQIM/REHLARAF]) 5 W UR TEAL (FD-1C-50, Jbnt e fE 52 50 {4
FHBRAF]) 5 WAIHL (SCI-FS, 2 EFEIEHE s {A8 A R F]); SR 286 11X (LightCyclerd801I, %
Rz Wi= i (L) ARRAF]) ; s 5366 E 1T (NanoDrop 2000, FEBR € /RBHE A FRAF) .

1 BEERRNMNEEE™
Fig. 1 Schematic of the lab-scale ERH equipment
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1.3 XLWFHE
SEE A 2 AN AR ER, R INFAEEE (CK) FHBH AL 3 (ERH), A E 31 EHE ERHAL

FHOMK £ 4 (800 g K+ T E 30% /KR 0.5% FE6%) BT HFI S, BFHEHN6V-em',
ﬁu?ﬂzﬁﬁ? 80 °C, A [E] 180 min (FL3E MIFAHT 10 min i % I 7H 2 80 °C I FHE Y BEAZ 7 80-°C 11
TR BB, AR B , BRI RRK

ﬂn?MLIE S, WG BCHE/E SN ERH AR 0 BERES . B S, 10 g HIETFELE T,
fEAET-20 C kKA, FHITHREEIEDNA; HHE100 g +3E, X5 HFIE I FIso g
4, AURTIRAEE 24 h G EE T 4 °C UKAE, FRil PAHS BT 5055
14 SHAEE

1) g A BT oA vk o SR A AL U 2 £ 0 pH R TR A A ik U i e g SV
SR T RE A B R R A 4306 0 B O I A LR T R A R PR B L U A
o 3 SR KR G BE RS I A B A

2) 13 PAHSs it 43 B0 50 AT o SR FH N 3 77 25 B (ASE 350) 48 5+ #F rf (9 PAHs, RS
i TSI FH A (7890-7000B) 28 f 43 # o AN #$ it % DB-5SMS A% 4E (30 mx0.25 mmx0.25 pum); {7 3%
ﬂﬁ%—%ﬁ?“"l. LI# 6 1E 80 °C A% +F 2 min, LA 20 °C min " #)E J} & 180 C 1%+ 5 min, J5 LA
20 °C-min" B JETFE 290 °C F R FF 6 min; A H4iE/R, HAWHE: 1 mL-min'; AL A
g PR 1.0 uls

3) + 3 DNA B 2lifk . FE & DNA $2 B 2l {k 4% % Omega Mag-Bind Soil DNA Kit (M5635-
02) 16 W1 5 JE 47 #: 4 . DNA 4fi & F1 3k Ji 1) F§ NanoDrop ND2000 {5 43 0% % B 46 I . i 4 1Y
DNA fif 7 720 °C vkK#, FHT SE0 & PCR Fl i 5 Y

4) 16S rRNA F [ 5 7 F1 25 18 T 7« 16S rRNA J [H 58 f Al V3~V4 [X 55 38 2 I 43 91 78 52 g
% It PCR X Fl NoveaSeq PE250 Wl )3 3 &5 E 17, i A 51 ¥ 338F (5°-ACTCCTACGGGAGG
CAGCAR-3") Fl1806R (5’-GGACTACHVGGGTWTCTAAT-3")%, J# 5143 ¥ fdi i QIIME 2 /3 #r
V&, i DADA2 LRI, i uE . M PR DL R Bk A R P SRATRHE T 51 ASVSP,
i J5 K H Fasttree2™ B4 A i R G A B .

5) i 7 vk o PAHs KBRRITE N (1) Fis .
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R="""%x100% (D
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K RAIGYY (PAHS) I EBRF, %; oo M55 Y) (PAHs) MIRIIG T &0 80, mgkg'; o Wik
AL BR ¢ 18] V5 %) (PAHSs) BYSR B8 & /0 %0, mgkg ',
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2.1 EMEMANZHF R ERE

IR IR AL B AT J5 £ 3 b PAHS B 0 BN & 2 s . g5 SRR, AbHLE 13 & PAHSs i iE o
B 283 mgkg ! FFE 22.1 mg-kg ' Hi, JEIA 135 b R i 40 B0 =5 A9 Benzo(k)fluoranthene (BKF) Jiit
WAL 4.46 mgkg™ BE R 279 mgkg™ . ALFRJE ORI [a] B RIF [b] PR, RIF K] KB .
RIF[a,h] B, B [1,2,3-cd] BEAZE 0 B i 20 BOAR T R ER BT a8 ) V5 e IR 85 4 o o
(R17) ) (GB 36600-2018)1 45— ] b 5 11 .

IR PLL 3R S PAHS A5 5% 8 21.8%, Flt, Pyr, BbF il BKF (2R 5, N 36%~54%, I
4% 12 Fh PAHs 25 B R4 T 18%. ERH X Flt (4 7). Pyr (4 3£). BbF (5 ¥F) Fll BKF (5 37) i L BR R
15 AT B2 B TIX 4 B PAHSs 76 7 i 3 iR 0 805 . AR R, R HET PAHs JeBRR 5 H T
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Fig. 2 PAHSs concentrations in soils before and after low-
temperature ERH treatment

AN 4~5 5 PAHs, X AT RESE HH Tt # b & A48 T PAHS 119 [ 4 R4 it AR & 0 R, 0
R [/ 38 PAHS it 43 3000 ik 2120, H 180 min AY AT [RI 0, AN JE DL 25 B 2 I A T 1 2~3 B
PAHs,
2.2 EREMERT T IRIB WM RAIS G

ERH 2 #UHT 5 H 380 pH. Sk . SV A MUK - B LA B0 BT i BB b in 3R 1 o .
i, (R BAL RS 58 pH BRI, S R T A P S R A AR 19 43 i R B P B A R | ke
(00 Ab BT R 1K B AR AR . DA MLAR T A AP RS 22 R, Bl TR
A (<100 °C) XA ALK T 5 40 B 52 ] 20 B ieAh, On ISR Fs b, B IR R4
PR TR E S, ULUIAHES INFA & ERH A0 3 2 B 15 Y 9 i [R] B AR 2568 5 0
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Table 1 Basic physical.and chemical characteristics of soil before and after ERH treatment

FE AL B 20 pH % BE% HHLR/% S5/% /%
L RHINAAL BT . 8.36+0.07 1.74+0.05 0.07+0.00 0.86+0.03 0.060.00 0.80£0.04
RN PSS 8.11£0.09 1.80+0.15 0.08+0.00 1.00+0.04 0.06+0.00 0.86+0.04

TE: AR i 2 AR B R RANOV AT 2204, bR AL BRIRITE M 22 5 (P > 0.05),

2.3 E3 PR AN 1 35 40 B S S R0 BT A R B0 S

1) EHEANE £ ER o ZFEPE . RIS A FEM o ZREMEWER 2 PR, RIEMAL B
KT AR EFE R, 16S rRNA K K # DA 0.12x10° copies'g™ 34 il & 0.25%10° copies'g s
ERH 4 #i38 5f W K 4 18 5 Yo ¥ o 1 4 SR ok A8 + g s A vk o, R R R AN B T . AR
i, AR AL B S BRG  HE D 21.8% 10 5 PAHSs 85 25 B, AR AY pH A R R R AR R R A BOR
TR R A, T e ) T 38 R A RN B 22 mT R A B 3R 5 T RE O A0 B T TR e i R R O
Ab, AT PR R R A A HILIR FAE OC - R A0 35 in oo 38 T 40 DA A9 AR K R sl BRI T A0 B AR K T
WyJs, M [R5 300 o =F T e B

ARG KW ZREEFE FR ., Chaol 8 %X Fil Observed species 18 8L E RIS FEEE, 2 8 8HEHS
BV 350 B 2 IEAHC ;. Shannon Il Simpson 48 £ A0 R B vE ZFE 1, 2 HEUE 5% 2 FE 1 2 IEAH
Ko Hrfr, Shannon #5349 aE HH T 5 42 # % , Simpson B i H T & L& ). B3 2 A4, Chaol,
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Table 2 Diversity quantity of soil microorganisms after low-temperature ERH treatment

‘ ‘ IES T aZ RV EL
B AR5t M

(copies'g) Chaol Simpson Shannon Observed species
R REL B Ak 2R 0.12x10° 5333=1 300 1.00:£0.00 10.5+1.0 4967+1 210
FEL BEL B A 0.25x10° 6051310 0.99+0.01 10.6+0.6 5601300

TE: RSB A AR E TR B R ANOVAT 22004, R HRARaS AL BRI R B B 25 5 (P > 0.05).

Observed species A1 Shannon f5 %% I F, Simpson 5 % %A W1 W 19 22 1k o IR FA 40 31 F 40 0 F B2 T
L, WIRRECE I, IR GERE I 0 T R 2 AR PR A, 2 i TR T s SR R AT Y A
K, %45 R 5 DONG 45054 Fil VAN 45030 3

2) L HEANTA 4y AR 1B 3(a) FIIE] 3(b) S [T7KF Topl0 B AR X 3 B2 A e X £ i o J5dd +
9 A F 2 B A % R B = U B R T AZE H 1] (Proteobacteria), | 4 5l hy 45.429% F1 5.56x10°
copies-g ', fiKJiE ERH AbFE T it T ] (Actinobacteria) . JEEE &[] (Firmicutes) fll i &[] (Cyanobacteria)
M) BE TR, SR IR 0 25 5 R A T TR R RE TR T AR X R B BT, IR ERH AL FEAG JR
BETH '] PAHs [ fff & 0 AW 32 BEROR 738 10 6%, 1 2.21% 38 01128 21.2%,  JEBE B 1] 41 B B35 1 =i
T, SUN S50 [ #¢ & 5000 #Auah B i + 398 b o 7F PAHSs [ i R B8 81 1) 9 B 8088 n 17 0.11~0.72 -4

100 - = —
N = = 2.5%107 | — [ Others
80 F — e = [ Patescibacteria
70 2.0x107 [l Rokubacteria
S 60F = L [ Cyanobacteria
@ 50 | ﬁ 1.5%107 [ Bacteroidetes
_’-Hi [ — o [ ] Gemmatimonadetes
=< 40 & ] ; :
z 1.0x107 F [ Acidobacteria
0 — [ ] Chloroflexi
207 5.0x106F [ Firmicutes
10 | [ Actinobacteria
0 | 0 | |:| Proteobacteria
FL BN AL BRI HLBELANFY BN
JGBLLEN} plSLilss SO L) SOBLY=
(a) 1K TR (b) AT £
OOthers 0 IMC;)C26256
r 7 LIS0134 terrestrial [ Rivibacter
100 2.5x10 ; AL errestrial_group [ Dongia
O Tychonema CCAP_1459-11B  [Microcoleus_PCC-7113
asoss - be 271 4 i
F - U Saccharii dales [ Subgroup__
80 2.0<107 0JG30-KF-CM66 O Dethiobacier
Ll Limnobacter U 4b
& U Truepera O Zit;’gspira
h = - U Ramlibactes [ Haliangium
X 60 M 1.5x107 L aL:Z;al e [l Arenimonas
H 1 LURB41 L bacteriap25
= = OsBRrI 231 0 ZTVRAs-j_o y
. - L U Mycobacterium | Nocardioides
z 40 = 1.0x107 U Immundisolibacter [ Subgroup_10
UPLTAI3 [UKCM-B-112
U Rokubacteriales g Ié,;'ls_ogz%t;r
Ul Hyd) h [ Ellin
20r 5.0x10° 0] Lli}te};(r)n‘g()er:l;sp o8l [ Subgroup 7
U Pseudomonas [] Geobacillus
U Gaiella 0 Thiobacillus
| , UMB-42-108 U %jVD_I
U Gitt-GS-136 [1Silanimonas
ORI BRI O it i Okpaos Csphingononas
bR Sy i U Bacillus [ Subgroup_6
AL TR AbBRJE Aib BT AL PRI Detmonybacitius
(c) JBAKT-4axt i (d) @A -3 3 7

B3 REREAMARETREEISLFEHK

Fig. 3 Species distribution of soil microorganisms
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w2, I HE ] (Proteobacteria), %t 725 I [] (Chloroflexi), M2 #T &[] (Acidobacteria), = 5.0 [ ]
(Gemmatimonadetes), Il #F & ['] (Bacteroidetes), . #} i B ] (Rokubacteria) Fl 8 ¢4 B []
(Patescibacteria) 4= i 7F {K it ERH &b /5 FEAK, 2 i TR ERH A3 R4 . it He 3% 1 PAHS R i
WA 2, SEULE TAETTRAEX F R, tesh, KRESETE 80 C ML FMELIENG, %X
AL, WS S RO AR S EE R,

&l 3(c) FEl 3(d) /2 J@ 7K F- Top50 P J@ A AR X =F FE A e Xt £ B . Horp, i 338 v AH P A= BE N
o X = B fe e 1Y TR B R Sphingomonas, 7 FE 43 0 8 3.92% Fi 4.8%10° copies g ' kIR ERH &b 3 i
Anoxybacillus, Bacillus, KD4-96, Gitt-GS-136, MB-A2-108, Gaiella, Geobacillus, PLTAI3, Nocardioides,
Haliangium, Limnobacter, 67-14, Tychonema CCAP_1459-11B, Dongia 1 IMCC26256 1 £ £ #1745, H
W, Gaiella, Bacillus, Nocardioides, Bacillus | Geobacillus %5 % PAHs [ fift 1 1“1, b Ah, K ERH X}
PAHs [ fift 18 Geobacillus U\ } Bacillus 1) & 82 AF F U Fo i, JEAR X 3= 82 A9 35 15 43 51 2 2.66% Fil
5.04%. Geobacillus F Bacillus [F) J& JEREDE T 2FMOAF A AN, AR, SEFEA B, HXPRF) &0 B A5
AT,

3) 5 240 T A Vs 2 R S O R e PR

H T Bray Curtis 5 [ #E 25 19 PCoA 43 #r 5
FE T A1 H eR 28 enviit FEAT B K S0 25 SR AN K] 4 F
N, BRI, PCol Fl PCo2 43 5l fifk e 4H 1A ¥
Th G5 AL 22 52 1 52.3% M 26.8%, BT B R
ik 79.1%, I LA S 53 fife B B i R A3 AR
b o AV B Ak BT A 8 b 4 B R T AL e
PCoA ElH 53y, VWG b3 A 1 ) G
TEP AR . R R s,
PAHs 5 20 b B v 45 4 12 I 35 0E A 26 (7=0.98,
P<0.05), UiHH 13 PAHSs Jii i 43 K502 52 41 TR
TV S5 0 S R o 3 0F PAHSs B i B8 3 8
1+ 48 PAHSs Ft i 3 U A OGP T, B IRl S

0.2

Axis 2 (26.8%)

Al J .  Bacillus, Sphingomonas, Pseudomonas, 02 o1 0 o1
Lysobacter Fl Mycobacterium ¥ 5 — Fp of, Z Fp Axis 1 (52.3%)
PAHSs Jit &t 43 80 2 i 2 IE A0 G (p<0.05), MUtk 4 {RIREMEMMALERELTIE
I W7 + HE PAHs i 33 52 Wi PAHS [ i 1 3 2 AE VB TR PCoA S 4R
B 4 B BE VR SE M Fig. 4 PCoA analysis of soil before and after

low-temperature ERH treatment

PE AN LR R A i R G A ) A B
FE . MES W R 2R, I A B R A5 A T AR AN TR R B S Y, e U R HR A 2[R e
Ry G I AR ) 0 TR R R R, X B I 32 0 4 B R R R T B, BRI, b
HER, MR AR AR A R A B A R S R AR B AR, Hoh — AR R R TR R
b= S E D 1 2% S et B 7P 3 D T QR L 2 o W PG 7 - 1Ll AN O 879 ) 8 S R N
Z B A0 DA AP RE R B R [, T AN Firmicutes BT ) 45 HAT REOR 240 MO BEZE 4 | REAE 1V 38 U 0T 240 i FE ik g
SEA IR AN B R BT

4) 22 35 55 15 W five oy BE L R F80I 2 BE . PICRUSE2 Z3 #7 # 1 3k H 16S rRNA JF 51 £ 40 i T A 1)
HEWAEDIRR R, 2 il 192 %5 KEGG # % . & 6 fr /s b © B B 17 A Re s B f% PAHs /9 1))
il 5 PR A IR 3 A Ak BT S A b i T = BE A, B SR 4R PAHS B fif T fig Sk R 3 R
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Total PAHs
PghiP
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Acy
Chr
BbF

Ace

1.00
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0.65

= <
2z £ &
I 0.47

0.29
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-0.42
=
-0.77
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Fig. 5 Correlation analysis between abundance of PAHs degradation bacteria and soil PAHs
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E  K00480 KRB
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G K14579 251, 2-Jld I AT o
. H K04102 4, 5- R IR T RRIR I IR
. - I K04100 JE KR4, 5- 4R, off
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K KI4581 31 2~ 4jiff 2 556 4E 4 -NAD ()i B R 43
2 L KI14583 1, 2- TR HEZE T
M K00452 3RIEATT 3, 4- AR
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0 Kl14520 A-FFER R A
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Fig. 6 Predicted abundance of functional genes associated with degradation of PAHs before and after
low-temperature ERH treatment

PAHs 15 Y = 38 1 2 Wy 6 gk 00 785 1 R P o IR A A 315 =F B T v B A e 5 SR LS IR 36 3,4-— AU
(B B0 ) (KO0448) 4,5~ %% HE 41 78 — F R g JI R i (K04102) Fl 1,4- 72 F-2-Z8 HI ik -CoA it i il
(K12073) By B REFEA - Hd iy 2 4~ KO (KEGG Othology) (K04102 F1 K12073) #%iIF 52 5 HMW-PAHs #l
&L PAHSs Jo 52 5 8505 E AR DG, /& HMW-PAHs A FR 5 & 9 5 A, o id B IKIR ERH 3458 T
PAHs {eﬁféiﬁ%ﬁwﬁfiwfﬁ%%fﬁho

kM 3 A4S 7 T R W PAHS (W B AR . —, (IR IR ARG B 5 | A A 4 P AR M A AR 9 1 3 pHLRE
i, pH AZ L 52 £ 38 v PAHSs (4L 2417 A 1 PAHs MM i 25, dEmfEF PAHs Bk, BFFEIESLAR
pH 2158 I F 32 PAHs Z2 0% —, (RIE A BB PAHSs ¥ 7 BE S8, H A= W] A F R Rt 2
o, M S PAHs KRR =, TR WG P06 v T B SE Y O S, TAO SEPV Y B
N, R B A BETE 60 °C URLEE N FE % PAHs (JUH JE HMW-PAHSs), 7] 8 TiZ @ 7 24 i AR W 74k
FITEAS PR 50 T Y A R LA TE M, Y B MR AE o IR 38 T B B R RE I AR 2 g a2, AR
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Effects of low-temperature electrical resistance heating on soil polycyclic
aromatic hydrocarbons removal and microorganisms
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Abstract  To address the problems of high energy consumption and reduced soil functionality in the
remediation of polycyclic aromatic hydrocarbons (PAHs) contaminated soil by electrical resistance heating
(ERH), low-temperature (80 °C) ERH was used to reduce energy consumption and impact on soil fertility and
bacterial communities. The effect of low-temperature ERH on soil PAHs removal, soil physicochemical
properties and bacterial community was investigated by using a self-made device. The results demonstrated that
ERH treatment removed 21.8% of PAHs from soil, the contents of Benzo[a]anthracene, Benzo[b]fluoranthene,
Benzo[k]fluoranthene, Chrysene, Dibenz[a,h]anthracene, Indeno[1,2,3-cd]pyrene and Naphthalene were all
lower than the screening walues for the first category of sites in the Soil Environmental Quality Construction
Land Contamination Risk Control Standards (Trial) (GB36600-2018) after ERH treatment. ERH treatment
increased bacterial abundance by 108%, improved community richness and diversity, and enriched PAHs-
degrading bacteria and functional genes. ERH amplified the relative abundance of PAHs-degrading bacteria in
Firmicutes phylum by nearly 10-fold and increased the predicted abundance of functional genes encoding 4,5-
dihydroxyphthalate ~decarboxylase (K04102) and 1,4-dihydroxy-2-naphthoyl-CoA thioesterase (K12073)
without negatively affecting soil fertility. The results can provide a reference for the remediation of PAHs-
contaminated soil by low-temperature ERH treatment.

Keywords organic contaminated soil; polycyclic aromatic hydrocarbons; low-temperature electrical
resistance heating treatment; bacterial community composition; polycyclic aromatic hydrocarbon

degradational functional genes
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