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Operational Efficiency and Mechanism of Granular Sludge Enhanced by
Sludge-based Hydrochar
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China)

Abstract: To elucidate the enhancement mechanism of sludge-based hydrochar on phosphorus-
removing granular sludge, this study prepared hydrochar from waste activated sludge and constructed
sequencing batch reactors operated for 100 days with hydrochar addition gradients of 0-2.0 g/L. The
effects on sludge characteristics, microbial community, and nitrogen and phosphorus removal performance
were systematically investigated. Results showed that the hydrochar possessed a porous structure (specific
surface area 68.5 m/g, total pore volume 0.18 cm’/g) and abundant surface functional groups (e. g.,
hydroxyl and carboxyl). The optimal effect was observed at 1.0 /L of hydrochar dosage, which
significantly improved sludge compactness and granulation degree, and resulted in the highest richness of
functional microbial communities. Proteobacteria (42.6%) and Bacteroidetes (21.5%) were the dominant
phyla, with significant enrichment of phosphate-accumulating organisms (Candidatus Accumulibacter,
7.5%) and nitrifying bacteria (Nitrospira, 4.9%). The abundance of the ppkl gene increased by 2.3 times,

and key enzyme activities reached their peak. In this group, the removal efficiencies of total phosphorus,
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ammonia nitrogen, and COD reached 96.8%, 98.5%, and 94.6%, respectively. However, excessive

addition of hydrochar (2.0 g/L) induced hollowing of granules, leading to a decline in functional microbe

abundance and treatment performance. Hydrochar optimizes sludge properties and enhances granulation

through a synergistic mechanism involving microbial regulation and substance transformation, providing

theoretical and technical support for advanced nitrogen and phosphorus removal in wastewater and sludge

resource recovery.
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75 Ve A S AE S & R 24 h, R LIRS 5
AEFAEUNT : &K K 82. 5%, pH 4 6.8, TP &N
3.2 g/kg, ¥ KA EAR(VS) F 0 3.8 /L, B [E A
(TS) F i A 5.2 g/l 15U RESGH T 4 COKFA
A7, 8 HATZE 100 H 0 913 8 DL A BR 440

TR AT 7K A B ) R 43 15 08 R DRk SR K
A B2, AR BR S 2 SCR L7 1T AT IR
TS T R 43 5 U AE 4 000 r/min KBS0 10 min,
AT K F 2 80% (1 45 15 U8 s B 100 mL Mk 45 ¢
BT 200 mL R U OB R R ROV, % B e
B AMERE L LLS “C/min TR 2 200 C, PRIE S N 2 hs
R ZEHRIG HREH ZER, L kB FKER
TRV B 6~8 K, HE LIS pH R ETE 6. 5~7. 05
JiF A5 [ 44 22 V8 5 T4 (=50 °C, 10 Pa, 48 h) Z H i
i, RS ISk 80 H i , 0 T % B T TR AS D
.

SIS FH K B T V5 7K, 2 B8 E AR5 K Ab B
TR B, EAREC T W A4 B A 150 mg/L,
Z TR #N K 70 mg/L, KH,PO, & 37. 3 mg/L, NH,C1 Jy
152. 7 mg/L, JRZE N 34 mg/L,,MgS0,-7H,0 4 20 mg/L,
CaCl,}y 10 mg/L, FeSO,-7H,0 } 0. 5 mg/L, it &
W 1 mL/L, SE5 K 28 22 wh 5 350 8 1 pH 2=
7. 0+0. 2, FEKFARHENTT :COD A(230+15) mg/L.
TP 4 (8.5+0.3) mg/L.NH,*-N 4 (40+2) mg/L.TN
H3(56+3) mg/L.

1.2 EWHE

S AL 4 ZH AR R 0 A s i (SBR) L A
MARB RS Lo KRN A 1.5 LE ARG R
(MLSS #2413 000 mg/L) , I 4h 72 52 56 FH /K 2R 28 25
o BT EW R 8 h, f14E . #E/K (5 min) R E S
(120 min, 150 r/min) BB (180 min, ¥ i DO 7
2.0 mg/LZe A7) \ULPE (30 min) (HE/K (5 min) | /H &
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J I 2 B H HE U8 B 7K B e W BT 451 FE FT e 5 Ok
BRI R B R E K B B 45 A 8 18 i VR B A T
TR AT, AR O 4 S 0 JR J0 P S g K B Ik B AR
SE o RN RIS R IE (SRT) #4124 20 d, & H il i
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LT AN ETEARAE , 414538 24 400~4 000 em™, 43
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2 h) 3 ORI PR ARLAR 43 A1 SR O CRLEE S 5E 75 78
DUREMERE R 15 AR TR B (SVD) FRAE ; EPS R F #4
FEILE (80 “CAK A 30 min) BRI, Fovf Z2 05 7 1R H
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SN FRE ., 5IYFH1 S BESCER, ppk ] 2R IS 19
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58 “C; GAOs [ 16S rRNA & [H % F 51 ) GAOs-F
(CAGCAGCCGCGGTAATAC) 1 GAOs-R (CCGT-
CAATTCMTTTRAGTTT) , i K A 55 'Co
& % M 20 wL, 4 SYBR Green Master Mix (2x) 10
pL. 5144 0.8 pL M4 DNA 2 wL. qPCR F2)F .
95 “CHIAEM: 3 min; 40 MEIA (95 ‘CAE M 15 s, 1R K

SR FH 22 5 3k I s S0k 15 e 2R Gt v ) S R il
TPk W TR TG 1k LA R R AN IS, 37 “CI
30 min J5 T 400 nm I 5 5 20 50 AU I 1 0 Ao
195 W5 VA TE 625 nm T AGH I 5 A IR 340 D il O 1 T
Wi~ 25 5L 2, Z e VEAE 540 nm R E 5 Mg AN P TS
PER AR AR 12 T~ 660 nm A6 I 5 28 Wl vl Al 7% 4
I 7R RIOBORE €8 T SO E = R MR TS L A A%
. C18 4%, Wi B AH 4 0. 05 mol/L # R — & 81 (pH N
6.8),7iE A 1. 0 mL/min, K%K 254 nm,

2 ZRE®
2.1 KPRHIBUFMERIE

15 e K IOR  BET L3R TR K 68. 5 m*g, fL1%
345 LA LN E (2~50 nm) , P-4 FL42H 12. 3 nm,
BALE N 0. 18 em/g, F W H A7 5 F 5 M FLBR 25
¥, AT R A PR R PR e R A a5 . SEM LSS 4h
FWR LI 1 (a) ], 7K Ao 2% 1] 52 AN FR I 22 L 2%
A AE R e w3 IR VT B 58, 3k T R L
F WA SE LR . FTIR GRS 04 B [ WAl 1
(b) ], KA AE 3 420 em™ Kb B 5 I AL 068 XoF o7 32 3k
(—OH) BB AETESN , 1 630 em™ &b Jy ¥R HE:(—COOH)
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Fig.1 Morphological characteristics and main physical
and chemical characteristics of hydrochar
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Fig.2 Effect of hydrochar on characteristics of granular

sludge
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2.3 FKFIR I ERLIT R IZEITEERI M
TKBIRAT 2R G8 B COD (520 40 181 3 fi s . 78
BURL 5 e ML A (21~60 d) , R2 41 /435 e kn
SERIE T E0% | EPS S WAME B AR TS, 7K COD
R 2 12. 65 mg/LO EBRFE A 94. 5%) , BEML T RO4L
(H17k COD H 35. 65 mg/L, 2% 84. 5%) . i R3
4 AL B ) , PEREE AT T R . ZARRE B1(70~100
d) ,R241Hi 7K COD 4EHF7E 12. 42~17. 25 mg/L( LBk
R 93. 6%~94. 6%) , YL vhifi 7 far i J7 3 5, R3 4
W) PR35 e AR v 2 1k T £ 45 A B A RE D Bl . KA
BB AL B L E R A T R A SR AR R AR
e ACTIE P BV 2 A0, 8 R AR TG 1 L T 45 A 30
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Fig.3 Effect of hydrochar on effluent COD in granular

sludge system
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98. 5%, B AL T X HE 41 (93. 5%) . % F TN, R2 7¢
R 1 (56 90 K ) Z2BRF N 73. 5%, I8 F 45 L fc i o
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Fig.4 Effect of hydrochar on NH,"-N removal efficiency

in granular sludge system
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Fig.5 Effect of hydrochar on TP removal efficiency in

80 100

granular sludge system
Bohnok o al WP TE R R TP L ERECR , H
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TET F) 8 KR R S A 1 A7 W 00 3d i 2% 5 5 v AR

RO B R R 5 ALt R R TR (PAOs ) $2
HET RLUF B 3 B, qPCR 45 9% 7R R2 o pphe ] JE
DU BESRETE T 2. 347, UKL 25 44 5 S A ik — 2P 4 5ik
T PAOs FRBHE M S BEE TRAE 10 TEARTRI A /K
FRBAL A E T, R2 2 S8 T W 3K B 5 2 B
(8 e AERIE] , R1ZH PR S A AN JE T AR I A , R3 26 0]
PRUBURL Hh 23 R 1 A% O FEAR T PAOs 1 18, S 5L
BRBERLAE TR
2.4 IR A MR R S RSN

K FA TS UKL 5 Y8 Hh A 1) 22 AR B 52 0 L
# 1. R2 4111 Shannon, Chaol 1 ACE 48 £ ¥ Iz
15, Simpson $5 0T 1, K HMUAEYHE N F S
JE S R RS EE R A . X TR 4R TR R I Z AL
B 5 T E RE T TR BE Y 2 oo A 9 AT B TR
BRI S DI RE R R E A S s . M
T, ROALA BRI EL3Z GAOs T4, ZAETERAR ;
R3 25 ) PR 0K Hh 25 51 D Jag i IR 4, 410 il e 4 e A
K, PEEHEERA TR, 1.0 o/ LK i 1t
P AR B U W) 2 R IR B e AR 2, AT 52
PEIURLTS ¢ 22 58 S5 B e 00 U R 19 o

R KPRITERLIS e PIREY Z 2T

Tab.1 Effect of hydrochar on microbial diversity

in granular sludge system

iH | Shannon | Chaol | Simpson | ACE | Coverage
RO 4.23 1234 0.91 1256 0.981
R1 4.56 1321 0.93 1342 0.980
R2 4.89 1456 0.95 1489 0.990
R3 441 1289 0.92 1311 0.980

TK AR TURL 5 Y6 28 G2 h U W RE v 45 A Y
AN 6 s o 17K I, R2 40 H Proteobacteria
(42. 6%) 5 Bacteroidetes (21. 5% ) ZE Th e ] 19 AH
X E R T HABA . VERAEHATET ], Proteobacteria
1ER2 A 5 i i , B Candidatus Accumulibacter
J& TZWE ], H SR TR (Nitrospira , J& T Nitrospirae
1) O R R 1) 4 2l il i W B 5 /U0 e Ak, T 4
SRR R241 TP J3BR2 96. 8% 15 5 A 3 BR 2 98. 5% 1)
53R M. Bacteroidetes 1w FEEAEHE ALY,
ST COD Rl 2Bk (94. 6%) , 315 Proteobacteria
& R A 5 ¥[8 o 5] B, R2 4H " Actinobacteria
(11.3%) 5 Chloroflexi (10. 2%) ) & 4 i — i fk
T RGEINRE AT H S5 MM R I K i 1l 3
I Wl (0 5 AL 5 5 B A B T 4R UKL A Gl 4R 3
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Bi AR R A R BRI TN LBREEE . 5 RO
Lt , R2 41 Firmicutes 7 LT R (B %2 3. 5%) , H
I REWE B Competibacter WS/ 45U T GAOs
XFRR R ) 5 4, i — 2504k T PAOs B34, pph 1 %
PR BE R 2 B2 T 2. 3 4% , RGEBRBERE 115 2 58
R3 20 W] A 5 3¢ i A 25 45 44, 5 2L Proteobacteria
(36. 8% ) 5 Nitrospirae (4. 1% ) £ J& T & , 4b 3 4% fiE
A FTREAR . 1.0 /L By 7K o5 3m 1 08 Ak 1T 9% B R
GEFY A EE T LU R A AL R A0 Y
ZUBEU R IR R SEBL T RSk SRAL , R Bk U8
R G R AR E B A TR T O S AR
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Fig.6 Effect of hydrochar on microbial community

R3

structure of granular sludge
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Candidatus Accumulibacter (7. 5% ) F A X 3 FF f &
15 A 1Y TP 25 bR B A O 5 AL T Nitrospira

(4. 9% ) ) & AT ROLHE T 98. 5% 18 S L B 5 1
Pseudomonas . Thauera 55 LA %5 COD R T HE )
e R D BT SRR T A (73.5%) 5
COD (94. 6% ) ) &L 2Bk o BEAM , R2 41 SROBE B
Competibacter W) AH XT3 B F AR (3. 6%) , BAK T H 5
R ORI TE G, HE— 2D oAk T AR I BREROR
ZE AL ppkl FEPF BEEE T 2. 3 4% 1 B8 AH W)
Bo XTI, RO ZH Y D) E TR & A XS = 2 325 3k g 1K
(7] 4n Candidatus Accumulibacter X K 4. 2%) , i H.
Competibacter 7 FU A =1 (6. 8%) , T BUH AL FRAY HE fi
2 s R3 FIURL A5 F 25 4k, DI RE T s ~F B 1 [, b 3t
BCRE ML T R2 4 s R 2 DI 75 G AP 40 1) 5 b PR30
IR K
2.5 KEBEEMERNEL

IR BRI R 75 I 22 ¢ P 5 Bt il 455 P 1) 52 )
DL 20 R2ZH 1Y A 0 5 il 0% P 14 3 B s, e
TR Tl 5 SR W VRE 05 V55 L 5 Candidatus Accu-
mulibacter 1) & 52 3[R SE QU , 115 TP K BR %R
K E]96. 8% ; 2 HL N E W 14 5 Nitrospira 193 B 1E
FAOG, 4 3l 2= A i SR A (R BR AR IA 3 98. 5% ) 5 i
P i I it A SR A i, B 3 TN 25k ( 22 BR3eak
73.5%) 5 T L 125 11 B 1 32 U] 5 Bacteroidetes
45 COD BB PAL , f COD ZBR3K 1 94. 6% . M
ARG, R2 A5 Y UL 52, D A S 2 it
TRRE O WD B G 5 X B2 T e 2 R
PR, T 775 A 3k A5 A1 5 R3 20 U] R 95 e o vp 2
BAL B2 IR, BTG PEAR T R24H.

F2 KR ITERLITIR RGN X EEEEAR M

Tab.2 Effect of hydrochar on key enzyme activities

in granular sludge system U/gTSS
= I Tl ¥
L | e | MR
OiH | R |, | R
S Ji i i
RO | 12.6+0.1 | 8.2+0.3 | 15.3+0.3 | 22.5+1.3 | 9.8+0.3
R1 | 16.8£0.2 | 10.5+0.5 | 18.7+£0.8 | 27.3+2.1 | 13.2+0.5
R2 | 20.8+0.5 | 14.3+0.7 | 23.5+1.2 | 34.2+2.6 | 18.5+0.8
R3 | 15.7£0.3 | 9.8+0.4 | 17.6+1.3 | 25.9+3.1 | 12.1+0.6
2.6 JkPRITTHREE FE R0

K AT X UKL 75 e 4 Z 1 2y e B PRRR X o i
B 52 0 G0 T8 7 B R o R2 ZH Y ppkl (3.5%) . amoA
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