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bodies is an important task in the construction of ecological civilization in China. The in-situ biore-
mediation technology that combines phytoremediation and microbial remediation has become a
key focus of many researchers. This study aims to address the challenge of initiating bioremediation
in strictly anaerobic environments by using an oxygen/microbe slow-release material in conjunc-
tion with reed plants for in-situ treatment of black and odorous water sediments. The results of this
study show that the combined slow-release material and plant remediation technology exhibit good
removal effects on organic pollutants, total nitrogen, and available phosphorus in black and odor-
ous water sediments. After 30 days of reactor operation, the removal rates of organic pollutants,
total nitrogen, and available phosphorus in the sediment were 70.91%, 57.17%, and 89%, respec-
tively. High-throughput sequencing of microorganisms revealed that the slow-release material and
reed system significantly promoted the C and N cycles in the sediment environment, while func-
tional microbial taxa associated with the P and S cycles also appeared, indicating that the slow-re-
lease material and plant system successfully reshaped the sediment environment of the black and
odorous water body. This study provides certain theoretical and data support for the application of
slow-release material-plant combined remediation technology in the treatment of endogenous pol-
lution in black and odorous water sediments.
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1. 518

IKAEFESR T SR 4R 0 BB RO . PR LKA T R T 2 el T Tl A Y ied R i 0 A AL
HAME S, kA f75 PRK B BB HER R B SRR AR R, 3T3C T B 2ROK R RS [1]. A
SRR IR 22, KA A S BRI, BRI e 12 A2 2 (3t IS Al A A B e e B e R v o il TR S
TCEYIE R ™ A, TR KA T B AR K AR I S5 e i B RE ST o K AP g e R i AN
BRAREE— 2D Bl T KPR A SEZHT th A FAL SRR AL AL . DA R TR R, BB BRI IR )™ 5 (75 4 7 F
AR, TR IEIETURI[2]. HAT, SR SLKAR KR i BT B R EAEE A A R IR) A R AL AL 2 (W
iR WEBR. EYMBEREE)FB]. FALARBEEOR AP PR IR ETIR [4] R H T SEHUDG I A A S B
FABATCRR P K AR B AT B R M R 16 BT E RS G £ BT B AR, AR RN S G K
RIS R Bk . JRALACERROR T, B R R BIR) TREECR, wskerwl[5]. BRTE 6] R
Ve # [7155 T BO T sl K A RE S e AR AR B TEBE 2 2. SR, I BORFE TN — e ah P 2%
T AR B AN 75 B AR R SR BT IR A7 425 — € U RPRYE . A WF e R ], BOMBIRES[8]. 1L ikt
(9148 A 27 5 IR 770 AT FH R A A2 FE 75 e J LKA TR RS YR A5G o A2 SRR BRI X T JER Ve e S i A 420 X R e
PR R RM[10]s H Cattth oy 5 in RIS e LB AR TOE FHIST T ENLUBE A R KA R AR .
ST, LA R R AR BEOK T AR TS B AR I 75 IR T i B Kb k. S5 B AL 22 B e SR A8 R R A LE
AR I EAMRR . AR 5 T LS MAHA R 7 EMI0E k. B ERMRE A T3
ARG G R R AR SR B A W BEAT SR AZ AL, LR AATEARA AT I ede. HAT, 28110
HARF T 2] VB2 A 3 TR E 2T KA R . AP 0, B RO IEH KRR RS e
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M FEEF K2 —, Shangmin Huangfu 55 A\ 6 B AR 2T AR i AR S bT 1 K AR OK R 2 NEA
SR ) 5 K AR R B FOE B AR IR MA[11], AL RS 5 5 Ah B A 1 BA 1 J 482 S0 B B /KA 1) v R
FRPRAL T A J334% . Chuanxin Chao 55 N -G T/KAEYIAE % P R 53 PO BE LT RR I B S RE 13T T &
HUREFE[12], 45 SR M@ BRI rh R Y RS A AR 2%, 25 AR R 5 B — A0t 2R SL/K AR AT o
B, ok BACREBOE A B BEAIRA . 41, Baoliang Chang 25 A4 7 — Rt e ik ik R [13], %1k Rl
REAS[RIAE A 2 TR) B i TR A FH Rt A SR RS B R (VR B R o (EL, X525 G B DR ™ ) B S /KA T
5 ARG AESIHE CETEIERIBAT, HAT 85 N[141K H 52 HT G 4 35 5 A MR A B0 J8 K 4
SRS A PRV AT PR %,  (H 2 YRR 5 el R 02 T A R FOIRAS I, R S — A F BoR A B R
VEIR B BRI K WK B H A LA . Zhao &6 F 58 £ ) -5 1 L R BV IR B8 A B AL RER A= 0 kA7 [
DA TR T e 1 B PR SR B A0 S R [15], AT SEIRNT VS Qe ik R PTRESEIE BE . LR IS5 A [16]4H EE 1 1A
FUE B JE X HE R R T RS EF WA . £ LR F T, AWFRHl& T — Ml RS HE 1 ThRg R
MEDRGE R SIS, WA TR R RARL - M) - BCE 18 B HAR X B SUKAR & H R e is 34
IR BRI .

2. ¥ E55/&%
2.1. B EBKSEY

RERI R SKARGL T R, R RR IR Z KA S 50 om ARJVEREfh, 25 BRAE it g
LA S R 2R i BEAT S AL AL HE . A IR U O T BRI D S5 —— 7 =6

2.2. ERMRIBIE

R JE ST S5 N (1) 7 32 ) 6 Bk S A 5 0 JL R AT A3 [17] . F 50 mL & 25 F7/KKf 22.2 g CaCly i il T
1000 mL BEARHE, BN 70 mL iR K, K 40 mL f 30%3 AL A DL 0.1 mL/min {358 & 22 18 i N Bt oF,
I FL A e A PR BRI FE (R FFAE 0°C~10°C, R /1% 800 rpm/min. £ FiR R N E5 oG, KA e AIRE i ik
ITHAE, ST AR 2 il 280K R SRS B e % 3 IR, R A S TS 0 [ A B 2 B e 1)
WIS TR, #E 24 h, WEICHASEOTE f5id 120 Him& . R E R A 72 SRS B 7
X, %k 19. 29. 39 HIHEHEERREN ) BIVARRAE 100 mL £5 7K, FIRESEE 0.05 g 175 R KR 2%
TN . BERRVE RS, ¥ 0.5 g A A 4 — 52 & 4 20 BUS I B2 45 i R R BN (1 e AR
o, $iRE 4 /NN Bt 74.5 g EAGESINNEI B 100 mL 2B KRR, R — i B EER 2 IVA A 1 9.
2.9, 397K, BIHIMAZE 100 mL FIEMEEER S, A 20 mine FIFESI%E, BL 3 mL/min 1)
ot TN U TR BV R A S PRI VR YOI N B B 7 SRR 1) VLD A SV T AT A B, A IR TE S TN
4 CUKFETHRE 24 /NI,

HXEZBWZEr B, ¥ 19, 29, 39 HEMRMNE 059, 19 159 iEhmB AR HE. BE,
BEJG 2 BN 5 g i EACES R AT RL, S 3 N R LR IB A M RIER IS 19, 29. 3¢
FERME MR FA A, F#E 24 . BETRE, FAHEEFKEEBRMENER. BET
S8
2.3. ERVRIBRE RN

I PR AR MIE R PR P, K AR A B R S e B B R, 0 0 A P e 28 5 8 e R 5 U 3
FEH AR N A S E . EREMBINANZ T, RH®EAEE 100 mL 4iif K - i id S HE
bR, IONBEEM LG % e W . BB EE 1) R, [N 3CE 2 ok B8 S A 1 Be AR 1B,
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fkpet, BEATIRER, R
2.4, ZRRIRE O REAR

R BN Z R TIRE TR . A Z 2R EMRE . SR B RLAUL R K 1 77 2R A I 41 J2 Ty R TR 0t e 28 S0 B
fiRfit 71 o A4BLE /K BC B A NH4CI 191 mg. NaHCO3 585 mg . NaCl 26 mg. Na;HPO4-12H,0 58 mg. CaCl,-2H,0
12 mg. MgSO4-7H20 42 mg. WlE AIERIEE G IR B EMR, RSB S RE S RS, HiE
FA VT A Bl A A 22 11 5 A i o T BB S KA = Y5 el 2 — BRI R RS T

25 Fi#ft\sciRERE

SEAG P 2 B T B 1] 1), AR ES EAR N 20em, & 70em, 7 BRIy, EAEKNE
THERAE LR, SRRV TAARE T 88, Horhis Ui AE 156 om /ity . /S BN SLR M R
JedAsE, ESMRERIRGE 20 em LT, (G4 AR R N A AT 0 . AR SRR TEE A, T
NIESEI AT A4, sy ZCH (FEY 58k ZH (%) CH (MPRD. CK (), 84l 3 M FAT.

2.6. BBEESH

Pt B BRI 30d MR BT, R FEALEE R R e #-AT BURE o RAERE a2 B E 4 S84k
FRA IR - KAZ FAL, K 50 mL BRSO\ B0 HL(12,000 r/min, —4°C) B0 10 min, WEETTIEY) 3T B T-80°C
FEARIR UK VL ORAE , 15 R 36 75 AR WD R 25 R A BR 2 w) kAT End Sl 5 o 3 A DNA 75 & HORr il
FEih DNA, 7EffiE DNA FE5H 2 EVL P ER RS, H 514 338F (5-ACTCC TACGGGAGGCAGCA-
3")H1 806R (5-GGACTACHVGGGT WTCTAAT-3" )44l 14 16S rRNA #3, 45 o5 X% PCR =447
aifl, ZiAC)E T iE T MiSeq P 6 58 U o AL FRERE o & S 0T BB TE L SCER[18].

(b)

Figure 1. Oxygen release performance testing device (a); Schematic
diagram of sequential batch experimental setup (b)
B 1 BEMEANKE@R); FHAStEKERE(®D)

2.7. RN E

R FH 8 At S0 5E A (JPSJ-605, _F g A F ) AR 28 - BT R PRI RE T, KRR 2 A Sk
I 0.22 um JEMEEYE, R EARER £h2:(HJ 828-2017). iR 40 e % (HI 535-2009) . AHR4E 4
J6 % (GB 11893-1989) & /K H1f#) COD. NH;-N Al TP. JIEJEHE 4 ) TOC. TN. NH;-N . NO;-N +
A R0 53 ) K FH B R A A AL 0 6 B BV (HY 615-2011) 9L (HI 717-2014) . AL BUIR $2 T 1Ty
1%(GB 42485-2023) ik i A ANIR 4 - FHER P/ OB EIE(H) 704-2014).
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3. RS54
3.1. BEMEEDHT

XFF A AR AR - R B A PRI EAT RSV R, &l 2(a) o, AE 26 CHABRIRE T X R &g Ak
PRI AT R S O BT IS A S R B KL SAL.SAS 5 SAG HEAT R REA I . 7E 1] 2(a)
ARG b B I AL R AR AE 90 min NIA B RS, X5 R Z A AR A A R 3. &l i
1) SAL.SA6 ¥t 120 min Ik BB, 1X 3 B g5 BRI AN 7 SEME B R 26 1 i S0 85 5 K i,
BEMAESE TSR BRI 2(a)th T LS H SAS M REHE G I F2 i i B 7 i S AL S 3 A ERR I 1 o, &
FHOIERAH BB R SR A A J1. SAL 7E 12 Omin LLRTAHEL SA6 ELA BB BRAGA RN AE 11, (EiLF]
AEBRCFE 2 J5, Wl 1(a), 7E 120 min J5HF4E LA 1 mL/min [7] SAL (1% P PR SR Hh I i 30 28 In N FE4A
FNEBRERH(18.09 mg/L), HH T AT R EUE UM R AL RS SAL Fil SAG 7 il £ ik F rh i 8 A0 85 (1) 7 = AH
[, X FECT SAL PRI A SA6 Ko FEMMAFEEFIS MBRINZ I, % IR ST i 8 T a6 7
¥, BOARE - B A GMERA —EMBRERE ), EWSEPIESWNERECE, S8 rRIEK
SR AR RIS B IR T, B S B T I FEEGT LA 5 RPRE ISR SR W B 2 I R
Hass . hEN DG BIE =R AR R SAG ZERERE NS, IR S B O, &1
o I LS BT DURE R 0.22 g S [19], AR THEL, i 35 2 5 (13 A R T S A A R TR
Xt R BR R R A 5 7 TR B & (0 T I S BUS A 85 2R 0%, 2 S 285 AU 0 P A OB T80 2 [ 20],
I AT IR T DAAE RS Hp 5 KR S B o F 3 &5 %) T ik ke PR AR B0 5% a1 2 SL/K A4S S R R /K5 i

HEA E R FE L.
CaO, i A
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Figure 2. Oxygen release performance testing of controlled release materials (a); Mass transfer performance testing of con-
trolled release materials (b)

B 2. BB AR EREARMERILAERA()
3.2. ZRMRERIITE TSR AER SRS

75 SUK PR AR AR HPHbR e e BUR BON BBHb 2 —[21], 9 T A0 I A R L — e
ST PRI BB PR IR SRR, SR TR K T8 AL 5T BRI BB MR . I 1 . SAd,

5. 6 £ 72 hitf, HPIE A LGRS TIABA, X8 RRWZI L TR 2 9. 728 3 9.
BT 1 g), WHEEERERENS ST R A BB MO . AN, A E/NEREIRAE 48 h MR ERF R, G
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ORI G R R M R N B B — e PR AR T, DRI A PR b MR R R e AR, I8
TS IG o3 AT BT B PEBH b 7KV I B A I T e AT B ASAS (R Rl S L3R ) B (1) 4% T3 T
FtERE[22]. HUAFRDN 10 mL MRS - BB E &4 8L, 83 100 mL ] 100 mg/L %' FHEH b & (RIE 7
HN10%EMET), FEEIRFEIET, L3RS LL 200 rpm (3 R85t RE . 5256 75 89 20 a0 14 2(b) s,
ZE R SAG & B A MR R EME S AL T RE BT AT RL, W% SA6 SRR A EME N Pt 3 S8 wh 1) Bl
FARA L

Table 1. Ammonia nitrogen removal efficiency of composite materials in simulated environment

1 BIMERE A MR ERERE

kRS L Lf(mgl/L) 24 h KBrE 48 h L% 72h EBE

2 /MR 48 22.39% 35.83% 16.78%
SA1 48 28.91% 22.65% 28.52%
SA2 48 27.33% 21.74% 28.65%
SA3 48 24.35% 14.30% 23.70%
SA4 48 28.00% 36.87% 29.96%
SA5 48 31.13% 25.52% 29.30%
SA6 48 34.26% 28.78% 28.00%
SA7 48 31.65% 25.65% 3.61%
SA8 48 4.13% 19.52% 25.52%
SA9 48 14.04% 9.22% 14.83%

3.3. FitARENRRKiE EFEKAIFER

Kl 3(a)~(c) N F itk sL 0 26 B 30 d Fads Ol T MIEAT SR HF A BRI . 76 0d B 23 I 2 35 %
SEPRECL B T B 25 X R, 4 /NS JE St B IR AN R AL R ZH 1) 7 K AT ERE 3BT, VR NS — RSB H .
e ), YA SMRIEIES R 30 KM THIELT 2 J5 H Y-SRI S38n_FE K5 e
Z A PAZHANE, MGk Z CH Ak ZH HIFARe eIt H&7K COoD WiliflfEH, R ZCH 44t
30d WIERK T 1E B K 5 IR IRACH A E 1 [F] i, X T- 7 K44 COD A %tz il 76 & 3(b)+, CK.ZCH.
ZH I A MBS Z 7-8 mo/L, X EE& i T SEI0 A /e LI FEp g N THIX — R F, #hm
T SRR R R E AW ) R KRR, AR S R SRR A AR AR E R . 1
FEKERIRE N 16.73 mo/L () ZCH #419, 18 30 RIACHEEARF, 7255 4 RIDEEIRE EiL 18 mg/L
T2 30 R BRI 4.86 mg/L, i EA /KM HHIZE1E N 73%. & T Z 4% 59.6%,
MR AN HI % 42.3%. (£ 3(c) T, SI AN RIgREIRF FEAOK R S & &, CH A A ReA a0
1 B R KRR e 5 BT KA Bt B e R B, H ZCH 4 RT LA RO B KK A S B R, —
5 T A2 ] R TR A O AR K6 Tk A R B B [23], 25— 5 T AT RE AR SRR A RN GE T A SR 2
ISR . BRgE Rk —BR M, XbT BIUKMAR IR, AAUKSESR & MR V2 V5 e (40
il 5 71 HANREAT RUTE AT T SR SRR AE R4S PPRH AR B 45 & /2 B 5K R B AR i AL 1 A R
AT
3.4. FR R B BEUKISRRH M

TE4 IS 30 d AR E TOLEAT G, X Pt s B 0 VR AT BUORE I e, 5 200 58 P b o A2 B A
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Figure 3. (a) Effect of sequential batch experimental group on overlying water COD; (b) Effect of sequential batch experi-
mental group on overlying water NH;-N ; (c) Effect of sequential batch experimental group on overlying water TP
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Figure 4. Degradation effects of sequential batch experimental group on sediment TN (a), NH;-N (b), and NO;-N (c)
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Figure 5. Degradation effects of sequential batch experimental group on sediment organic matter (a) and available phosphorus (b)

5. FHASERAX EIRAHE () BB (D) HIPERELRE

BAEPRR. AR WK A@FTR, AFFAEE G SR PR 2R SRR R 25l
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N: ZCH N 70.91%. ZH 4 53.59%. CH Jy 35.29%. SZib4h BRI 5 R E TR 28 A A%
UF IR AR RCR, X2 BT SR BHR R 08 1R EGIE JE IS, b 1 e AR SR 2, 4
SR REMORL R BT A (A A 4 B 5 SO A 1 T R AR T AR R RES . B 4(b) () SEER LR
T H SRR B SR SIS RIS ZCH SEIedHd, T HAsIe 4 528 A EUE nT LA T
ZCH HZBEM B S 2 (724 TG TER, 843 BB SRR R Te 5 R A T84, AT E S5 i
AR AE T AR IR AR AR T S8 AR BT CK 4LJRS U8 0 20K B AR 5 s A IR B T s () D A
Ak AR M B UE I T SE I W AR I O, RV R SR R A B 1 F G IR Ve A R

KPAE AT G BIR T, R 2= AR KB o i S AT AR 7 8T e = g5 b, R
KBTI 1) B LK AR A R A T S LTS e, RIS HLTS e M AR A P R, okt 354
PRAL R AR B AT IE , — R FRRS B 1F 2 S il B SRR 1) 5295 GUIRZS H8 5 - Wil 5(a) s,
25 FHREE TP A HLBR S Bk 460 molkg, (EELS LR MR JG, ZCH SEI6G 41K B2 SRR H e
SE VUK FEARES] 197 molkg, FEMEEEN 57.17%, & TS50 2H (51.95%) 5 2 B RL(19%) . A SRS
AR 5 & g B RV E N TR, R AN AR B 2 BT, E ) S0 4 PR IR T DAR B R A R
A DAE I 5 ] Bl R SRR K AR IR B s A AR AR D, T R Bk KA S TR PR LBEAT B R . RIS
B 2H Y S SRR R AL R AR, T DL B 5 SRR AR I & E F B K TR 5 SR B R B
MAUERT . BRILZAh, BECRIENBESKARIE R EEFR . —. %t 30d 5 R B i 2 SRR
AT ROBERT I, A5 S 5(b) . CK 4R Ve H A 20 & & =ik 20 mg/kg, M ELeid SEaG 240 1A
RAbHE S, ZCH ZH I 30 2 B P A ik 89%, X R BATE 60 cm (/K AARMIIIASE N, ZCH 21 i i
T B EUKMARIR R EIAREE . B 3(c) T, fEFtaNAEE 30d izfr, ZCH xR ml Al b
K ELR BV R et B R I HIAE T . BTCL, 28 LRTid. HY5 BRI B4 A2 —Ma R
b B R IKIR B ARF R

35 FitAREREMED O

AW R BB B EEI R AR R BEOVREBUS . BRIEI IR Hh K AR R B
HHIR AR IR AR IR 2 —[24] 0 BUIREAG . SO AG SR AR A SR 5 B G PRI A 2 DIAR O o 0] FH v e U
J72 %68 IS N A A DA T G ) P B AT b, AR FUAN [F R T Bons T 38 BRI 10 e 0 S50 M
WA Z AR R o TIACP R AE XS 3= FE DL 6 s . BT %0, 28X B 1] (Proteobacteria) 7E 4 /N AN
AEFRAL AN e, R B IKZT ) 36% (CH). 27% (ZH). 29% (ZCH). 56% (CK). sS4 CH.
ZH. ZCH [¥J Proteobacteria #Hx}=F & B B ZK T2 A Xt 4. M4 E] Proteobacteria & — AN & 4F
A REL HMEZRIERT125], FHA 5] AEYIXT Proteobacteria A% 3 B RZ BB, ARG
PP LA RE BN IS Ve IR, HETT 5: 30 Proteobacteria H R B (K> . 78 =ANSZEGH T, JERERT]
Firmicutes HXf T2 AN F & —MUBE ], AR50y 16%. 10%. 16%. 1145 F LKA L 4%.
HAGERBEMRIAINEX Firmicutes (AN = BEs2mais A B, MW FTIERE Firmicutes 7ESREEA E &M T,
BIeT AR A S VIRIVE I [26] . X R IAGRAT B 5 NG FE KR IRV A P2 56 4 REFA SR,
ZERARLAR] T MEE eI BN H M. T7E ZCH h Bacteroidota [ AN 2w i T A =40, 1A% 14%
(RARXS =2 . BFSTUER] T Bacteroidota ] RERS Bl 52 2 WS S G WA 2R 11 i [27], Bacteroidota [ 15 J5-EE 1]
Firmicutes FI# SAH AT 3 AT RE AR ZCH SRB8AHE SRR I A ATURK 25 M B B 32 25 A

STREVR B AT I E M E BT o B s, CH 5 ZCH MRt ieam, X 356 I 28 ARG 51\
TR SR AR R Ve S AE ) R S ER, R R 5] N AE A P B R 520 Y

IR RI AL A 5 T (0 JEBE B 1] Ruminiclostridium (A X =2 B S BB S AE ARG, WFSEALE
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Community barplot analysis

P — —— —— M Proteobacteria [ Planctomycetota
_ = ? = [ Desulfobacterota ¥ Synergistota
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