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Abstract: Hydrothermal treatment was applied to municipal sludge to investigate the speciation distribution of heavy metals and
phosphorus in solid and liquid phases. The migration behavior and ecological risks of heavy metals were analyzed using the
improved European Community Bureau of Reference (BCR) sequential extraction method combined with leaching toxicity
assessment, while phosphorus transformation in hydrochar was examined by modified Hedley fractionation. Results indicated that
most heavy metals were enriched in hydrochar and converted into more stable forms, with the ecological risk index decreasing to
below 30%. Phosphorus was concentrated in hydrochar with an enrichment efficiency exceeding 90%, and its speciation shifted
predominantly from NaOH-extractable phosphorus (NaOH-P) to HCl-extractable phosphorus (HCI-P) and residual phosphorus
(Res-P), indicating enhanced stability. In conclusion, hydrothermal treatment achieved co-enrichment of heavy metals and
phosphorus in hydrochar, simultaneously reducing the ecological risk of heavy metals and the leaching risk of phosphorus. These
findings provide a theoretical basis for the stabilization treatment of municipal sludge.
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Fig.1 Distribution behavior of heavy metals in the solid/liquid phase before and after hydrothermal treatment of the sludge
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Table | The contents of heavy metals in the sludge and the solid/liquid products obtained under different hydrothermal conditions

FE b GES J5L 200°C, Iifin R 220°C, NN IR 220°C, AR IR 250°C, A IFR IR 250°C, AR IR
Mn & AH(mg/kg) 324.75+25.93 265.25+16.76 495.00£23.96 312.25+9.40 476.50+14.62 340.75+17.31
Wik (mg/L) 1.10£0.04 21.11£0.16 0.29:£0.006 17.07+0.43 0.02+0.0006 7.18+0.34
70 [ AH(mg/kg) 4592.50+25.86 4707.50+64.98 5307.50+28.22 5167.50+30.48 5130.00+78.14 5200.00+£67.29
Wi (mg/L) 2.50+0.02 55.49+1.58 0.64+0.04 16.65+0.66 0.03+0.006 1.45+0.11
o [ 4 (mg/kg) 66.25+1.29 95.00+0.90 107.75+0.74 96.75+0.31 96.00+0.70 99.90+0.95
W AH(mg/L) n.d. 0.73+0.01 0.088+0.002 0.27+0.01 n.d. 0.064+0.003
Ni & AH(mg/kg) 33.50+1.70 42.75+3.24 41.75£2.01 39.75+2.52 40.00+2.41 48.62+1.07
WA (mg/L) 2.01+0.09 0.14+0.01 0.660.04 n.d. 0.37+0.02
cd [ AH(mg/kg) 3.50£0.15 4.25+0.23 4.88+0.25 4.630.16 5.13+0.19 4.38+0.18
W AH(mg/L) n.d. 0.0002::0.00006 0.0002:£0.00006 n.d. n.d. n.d.
As [ AH(mg/kg) 9.25+0.31 6.500.20 10.63+0.59 9.38+0.37 7.38+0.26 11.75+0.61
Wi (mg/L) 0.014+0.001 0.66+0.03 0.47+0.02 0.60+0.03 0.60+£0.02 2.32+0.18
Cu [ 4 (mg/kg) 89.30+4.29 126.80+5.63 128.00+9.43 131.30+5.51 125.80+3.97 125.50+4.92
Wikl (mg/L) 0.15+0.006 0.043+0.003 0.044+0.002 0.044+0.003 0.039+0.002 0.042+0.003
Ph & AH(mg/kg) 19.30+1.54 27.30+1.14 30.30+0.46 28.50+1.13 28.00+1.03 27.80+1.00
WA (mg/L) 0.00690.0002 n.d. n.d. n.d. n.d.
He [ #H(mg/kg) nd. nd. n.d. n.d. n.d.
WA (mg/L) n.d. n.d. n.d. n.d. nd.
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Fig.2 Fractional distribution of heavy metals in the sludge before and after hydrothermal treatment

IKAGE BRI PTVE . W FERAR AR &
TR WAL B A T 4 B A A Y ARk
R A 3 BV DR T A () o 4 S PR A 2 R P T
KB R 1 2 Sk i B PO IR A1 R TS Y TR ML
WA R ZA R 43 il 5 A, — 7 T 7K # A PR A K
I T AN IIR) o Feh Sk R AEAE
TR ANA ] 5ESEE@ Cus Pb. Cd 5%)
RIES AR o RV SET AN S E R
GRS AT S B MNA TR ETERS FL. F2 M fdsE
TS F3. F4 540 55— J7 L, A WU o3 il 0% T 1R &
(AR SR A, A R P I R 48 2 5 PO,
SRS T4 B RO T B O AR R YA BE R,
& B BH S 1 55 g B R AT T ey 4% Y A Y e
B P X TR S SRR T4 SR
BRTCUE, TR S H 1K Ca™ | Fe 8l ind B 1 A8 ¥
TE A PR AT B L 55 W P S R A A Y
G B AL AR N, pH (AR BRI AE PO,
GBI ST IR R A D)
4 1) R A AU Ak 1 th £ 55 4 W B A7
AT 4 (0 A R ST T W e
S8R P (KA AT R 3 — DA s T Rt
REE0] L 4 8 AR 1 (1) B2 25 .

2.3 JRPOR I JE R A b

FETG Ve HEAF 55 SO R v B 4 e £E /KR E
TR 2 R AR, S 8L 8 R KT P KU ),
D0 T 9 R T AT RO LA B RS E 1

Gl ] NipX3) CAEEE] s CupkORB PolZ#Z2 2ol Mn

NN NN N

0.4}

W
0.0lo - : . - - |

JRJE  200°C, 220°C, 220°C, 250°C, 250°C,
B AIERER  NBRRR INGRER  INBRER
BT

B3 ol K AE B J5 < i Hh Rk
Fig.3 Leaching toxicity of heavy metals in the sludge before

and after hydrothermal treatment

WE 3 s, KA B2 AT e b 2 8



6712 r EZN A S 45 3

xR IR A E, o Miny Zn. Ni %2 H R Bl 2
B#A%,Cry Cu [E IR BT AR T 4 8 AL AR
BN Zn B R 3.39mg/L 54 0.85mg/L LR,
B R 75%. Mn ¥ HH R A 0.56mg/L F4 42 0.25mg/L
DL, FEIEE 55%.LL 200°C 451, Mn. Zn. Ni {352
R E 2 M 0.56mg/L 3.39mg/L. 0.04mg/L [# %
0.24mg/L(F& IR 57.1%) 0.85mg/L([%1FE 74.9%)
0.02mg/L([41E 52.5%);Crv Cu 32 HUKE L TT

AR E 7K S b BB SRAEAE 46 K20 TR 4
Ja AT [ AR TR H 22 B0 G R B B, FLiG
A CHETE B R v e AR UE) (GB 16889-
2008)1* e R 5 PR P R A BRI 4% W K B i B A
By TG e vh i 4 1A e T
2.4 KPR E SR A SR VPG

IS YOS SRR s R Ry e S R TSI Y A
TR PE T w5 T B 5 RV AT PR RS R T RS A
H(RAC)RY Ak H 4 8 T A # A (F 1) oy Lo, AT A7
RO T4 R R v 1,

0 MRS Zn I CrXX N2 CANNN AslZ7] CullXI Pb

1

)

200 °C, 220°C, 220°C, 250°C, 250°C,

INBRER AINERER INERER ANERER INERER
RIS A

B4 yEiR K AK IR G T4 1S VTAG

Fig.4 Risk assessment codes of heavy metals in the sludge

before and after hydrothermal treatment
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Table 2 The contents of phosphorus and main associated metals in the sludge and the solid/liquid products obtained under different
hydrothermal conditions
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#iAH(mg/L) 0.58+0.03 14.68+0.38 0.570.03 4.50£0.17 0.18+0.006 0.630.02
F [ #H(mg/kg) 59900.00+10.64  72175.00+74.14 85375.00+5.23 78150.00+31.75 84725.00+12.44 72500.00+37.34
[S]
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Fig.6  Fractional distribution of phosphorus and main associated metals in the sludge before and after hydrothermal treatment
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