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Effects of fulvic acid on the speciation of heavy metals during dredged sediment composting. SONG Chu-xuan', SUN
Shi-quan"*’, LIU Li-juan', LI Xue-ning', ZHOU Cheng-yu', YANG Sui-qin', SUN Ju-long', ZHANG Wei', GAO Yang', ZHOU
Le-an', YOSHIYUKI Hidawa® (1.School of Hydraulic and Ocean Engineering, Changsha University of Science and Technology,
Changsha 410114, China; 2.Hunan Provincial Key Laboratory of Dongting Lake Water Environment Management and Ecological
Restoration, Changsha 410114, China; 3.Sofuken Co., Ltd., Takadanobaba, Shinjuku ku, Tokyo 1-10-15-204, Japan). China
Environmental Science, 2025,45(10): 5596~5606

Abstract: To investigate the effect of fulvic acid (FA) addition on heavy metal speciation during aerobic composting of sludge-based
biomass waste, a 44-day aerobic composting experiment was conducted using sludge, straw, and food waste as raw materials. The
effects of FA at 100, 200, and 400mg-kg ' on heavy metal transformation dynamics were examined. Results showed that FA addition
increased peak temperature, cation exchange capacity (CEC), volatile solids (VS) degradation rate, and germination index (GI). FA
notably facilitated the conversion of heavy metals into more stable residual fractions, with residual cobalt (RES-Co), nickel (RES-Ni),
and copper (RES-Cu) contents increasing by 11.0%~16.9%, 4.1%~6.8%, and 0.8%~6.0%, respectively, compared to the control. By
enhancing the accumulation of aromatic carbon in dissolved organic matter (DOM) and enriching specific microbial taxa (e.g.,
Proteobacteria and Bacteroidetes), FA accelerated humification and enhanced the immobilization of heavy metals. GI, CEC, pH, and
RES-Ni were identified as key factors influencing microbial community shifts. The 400mg/kg FA treatment exhibited the most
significant heavy metal passivation effect, primarily by accelerating the humification of dissolved organic matter and optimizing the
microbial community structure.

Key words: fulvic acid; sludge; aerobic composting; heavy metals; dissolved organic matter; microbial community
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JE R, /D> v i I ) AR HE TR R I FA A B T
P& HENE b R IR A e e, R S T B L 204 R
S A — T SR P AN FA ki
T foff M JIEL R B B 2 AR TG e e v 35 DA )
BHERRKT 79%~97%, 374 B T 4055 2 AT 4
3 B NI 1 T 5 B I A0 & 0 1) B it ok 2D T
NO SRR AR I 2 R 5T FA ik %
ARV Fr-40 HE R v (R B B SRR - AR R R
£ TUHE A o B I BB T A AT O TR S e A DG
WFFATHIR /D i S 2 1 350 =2 6 A kA LS (DOM)
J R REAE AR A 55 5k A= Py N AL PR R S AT e b,
AR E FA WHEERZH Cov Niv Cu L
& Ja8 TR R A7 TV 28 B A B G A I35 XU 1 8 42 ML 1 v
AN .

BT b, A 5T LA V8 VR B0 A= 400 o ] 1 (P =5 A
FE AR BB 3)HEAT 0 ] 44d O LF 58 HERE, % 5278 InAS
[V FA XEHERE LR 3 Fh LY 7542 J8 (Co N
Co)IR A7 LA IR 454 DOM il vk 2 #1551
A=W FE T A 5 R 1) v AT, #  FA 520 T4
JB IR A TE 25 BRI LE AL, R W Ve HENE B AR DAL 5 &
JRPE LR AR 5 B S HF

1 MR5EFAE

1.1 AR R R
HEREJSORE 2 2 i e S P B ARG AT . b %

SRR 1101 Rl (T35, /) R 1E 1 i, AR 4 HE A sk
ZULG(C/N) A2 (25.0+5.0), MENE JSORERALME T A=k 1 B
NIRRT AR DX Bt 1 A P 5 Ak /Nl R L
JKAA(112.93°N,28.08°E) [ /=4 E(10~ 100mm). K
LERRNR A BRI 15d Jakr et 10 H 3 e
P EEE SR SRR 2 fiR,Cd. Cr SHEE
SR CI/T 3402016 (LRAbAhAE 1-1) Mvu %
SR P2 a] LA YR AN I B A R AR SRR, T
bt s AV LT 587/ Wi v R N B 0 G 7 I R E R 2
SIS AL T AL SR A S R AT I BV RS
T2 W T R i B B IR ORE BN W T S R R A
Imm VLR A B s B Ky B TR i,
B0 I B RS FGR S AR . 2RI Bk e
10~15mm.FA W F 22 s R AE AR A A R 2
w4 Bk 95.0%(Shanghai Macklin Biochemical
Technology Co.,Ltd).

x1 FERELMER

Table 1 Physical and chemical properties of raw materials

MR AHL(g/kg) K% (%) TOC(gkg) TN(g/kg) C/N

A 18.32+0.11 3.01£0.47 19.62£0.40 0.97+0.07 20.22:+0.14
PAEFEFE 656232036 12.21+0.55 546.45+1.26 6.20+£0.15 88.01%0.36
ZRF B 780.5£0.92  91.17+0.98 409.86+3.27 56.30£1.01 7.28+0.83

*2 NEPEIEECESE
Table 2 Heavy metal content of sludge

N LVess o FRTREE  HRTREE
W=
(8 (mg/ke) (%)

Cu 0.10 39.90 0.004

Zn 0.10 161.82 0.016

Ni 0.10 35.22 0.004

Cr 0.10 859.61 0.086

Pb 0.10 65.52 0.007

Cd 0.10 12.32 0.001

AR 50 7 Kb B TR 2 5 AT R
AR SOL HENLRE B, 75256 B A1 2 40 2 20mm JF 9
Tk P LAY Sl B R R 1 R AE
SNSRI 24k WRE Sy BITE D ALHE LR
JiN 0,100,200 F1 400mg/kg I FA BEATHEAEAK,
IF SR HENEILBEAT 44d, SR H ] o gg <y X, B o e
IS FFOCTF S MR IR Smin J& G M 15min, B RE
9 0.35L/(kgmin). 5 S N 3 S5 EA T30 Ab FE. Ay £
ARG RERE — IR 1 IR AT ER 1,3,6,15,32,44d X
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Fig.1 Composting device

1.2 WE e
1.2.1 ALY
T 37 HE I H o R R AR B 1R U o A A LA
1:10 Eufil(g/g)m A 2lizK H, BA 200r/min 4% 43
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(HJ 889-2017) =S M NG E A HIEIE 7O EE
PREAT I A R VAR (VS) S R BRE L (C/N) K
P77 W22 SCRR[10,15]. % 2E 48 50(GDRY I 7 v 4
L E ARG TR I AR TE B R IR LR, 43 B AE AN
[ii] (35 72 ML A B 10.0mL B 4l /K FIHENE HE B ) A4
10 K/ AR A U T ukat b g m b b
FLAH ) B0 /N FL 00 ) 65, P Az 3 1 5% 9 I
WAL S BT 25 CHEIE IR 48h AR ()5
REFFRHL.
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G W R ZFIREL %P1 R HENESR I 55 55 1
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B 16:00 F) FH B AE A 5,
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122 EEELKRESRMAES K%K BCR
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IR RERHBIKT 0.9995.4 FHIRAE LA 1475
M EXC. RED. OXI 4 RES 4140 iy 2% #d
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CGGGAGGCAGCAG) Fil 806R(GGACTACHVGG-
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Fig.2 Physical and chemical properties of compost
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fife, B AiA R IR AL 20 Sl 3 T 8.5% 3.1% 11 5.9%.
FALM) C/N FEHERE R 5 G 42 16 LU fH A
FA Ab3 5 AOHEAL = B C/N B AR 06 R 2, 22 1
FA {R3E T HEAL P A ML) S0 | T4 Jo b %
fiE (B 2(e)). BT 5, HEAL S 100,200 1 400mg/kg
FA ACFER C/N B 0 111 14.2 F1 152,308 T
XL (15.6)F0 H AR 22 H50s B b i I EE T 208
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Fabr.— MM 5 GUE 5 2 I 4a C/N 1EAH G, ifij 15 3
JEF= ) C/N SR BOL [N pH {8 . B HLRE S &
EC ZEMEREFRPRBIEREMT G {H) SR 2 4541
GI 349 B ) (1) 398 T, 5 fe 2B 52 £ 80% LA _L(F& 2(1)),
FWTHEAR 78 70 )65 B0 FA AL RIS b 1 HEAE 2~
B GI 24 2.4%~11.1%.458 44d K BEHENE ),
HAHLEIE O P pH . CEC. C/N HI GI 5545
FRI89IA 3] CI/T 340-2016¢ G40 Pk 1438 ) 352 5k 2 FA
X HENEE e B AT EE A Bl T o o o =
FLAE Ay 305 R ) )0 I
22 EHBERRESBAEES

HERER Cow Ni Fl Cu [(FLEIR AR 3 IR,
PN BT 3 W 44 Tukey HSD K366 1l 4541 rp
& 8 RIR FEATAE W 3% 2 57 (P<0.05). 2 7P ,400mg/ kg
FA BRI 4 i AR R ok 1 3% 3L Co Ni il
Cu IREEWME B AL E S 21.3%. 19.0%
AT 36.4%.3X— 25 JLUE 52, KA A W UTT o il 5 | Ttk
ARV, FA IV I A 25 0 0 T HE M) o 4 e 1) e A
B, s SRS FA RNV AR 3R
Y AR 4 J VR RO RT3 T 2.1%~20.7%, 4% 1]
FA {EAEHETE 428 & 4 7 1 AT S P,

B T S SR AR YR (BF) AR VA
HE R i 1) A S BB XU (1 S B 3 5 1 5
HEJEN BF (HBG LT ERIT B PR AR, PR X
Gt/ R B K. BCR V20K L4 i 4y il s e s
(EXC). WIEJRZERED). n %84 (OXD) AL 42 7%
(RES)PUF4H 4> RES. OXI. RED Al EXC PYFh4 4y
(RIS B H R AE BV Vs I PR I 3 4h SRR,
HERE S 3 R4 JE T EXC 414> 535/ RES 214y
S8 o0, A A S5 BN v XS T B XS T 78 B A ()

RUIEREAEE T = A B AR e . 5 A 4 A
TEAYIRI S EXC/RED PR R4 43 6 o L
T FE,OXI/RES PRGBS 20 43 sk o BE b T 3% ot
W T8 E AR S B = A T K R BRI Bl AL T B
PR3 8 B BRARG 7 i P B 1),

*3 EERMBREEFMLRITER
Table 3 Comparative analysis of total heavy metal

concentration differences

Co(mg/kg, ¥ Ni(mg/ke," V¥  Cu(mg/kg, 13
ANOS)  ahE pebr)  febem)
Xof B2 -3d 1.68+0.07f 2.35+0.03¢ 7.62+0.32¢
*f B 2H -44d 4.75+0.11¢ 5.06+£0.22¢ 9.86+0.29b
100mg/kg FA-3d 2.16+0.09¢ 2.92+0.10d 7.54+0.09¢cd
100mg/kg FA-44d 5.21+0.23b 5.82+0.27ab 13.37+£0.17a
200mg/kg FA-3d 3.41+0.06d 2.22+0.09¢ 6.87+0.24d
200mg/kg FA-44d  5.424+0.15ab 5.46+0.18bc 13.43+0.29a
400mg/kg FA-3d 1.15+0.10g 1.99+0.04e 7.05+0.34cd
400mg/kg FA-44d 5.76£0.27a 6.02+0.17a 13.45+0.16a
F 434.450 372.313 442.677
P 0.000%* 0.000%* 0.000%*

A A AN T RER IR 22 5 B35 (P<0.05), 4 R 7 RE R OR 22 7 A
B3 LR ZE TN B (P<0.01).

Co MIRAA BB 3(a)Fin AL,
B2 Co MAIALTRE BB I A AE — E FE L IR 32
T+ HEAEAT],FA BRI T BF-Co 1i, JE 1L /& 400mg/kg
FA ZbFEF) BF-Co [%4 11.5%, 500 AL F#AE 7.7%.
HENE 5 0 4L AR5 41 1) BF-Co {H 1 11.3%~
19.1% FFER 10.0%LL N, R AHERG UL T Co
(1) BF {550 T Co ke S e BF [411H]
ZRANEFE HRK ] RES-Co 414> v LA I 3
1 11.0%~16.9%, i1 FA B T8k Co ke B
A Ak, T fE 0 s 1 5 Ak A T T S AR DR Y
ifﬂ[‘m]-

Ni HIRAF e Co MNE 3(b)
JioR) HEE G &2 BF-Co %IH 6.4%~9.7%4% %
5.0% AR o a6 4 Aot AT FRAIR Y 2.0%~3.3%,
U FA ] BRARMENE] I BF-NI {E,24/#% Ni Xf F+
MR P R R RRP A e A L HEIE S FA X RES-
Ni 215 R BRI FE B AT — i B2 2 25 R 0 LA,
100mg/kg FA,200mg/kg FA fil 400mg/kg FA 41+
RES-Ni 4175 5 b 2 3 ml RS 48 71.3% 75.3%-
75.1%H1 78.0%,78#H FA Xf Ni (8L 8 HAT R 4T
(R REAE .
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Fig.3 Changes in the occurrence forms of Co, Ni, and Cu Caption: Note: From left to right, the control group and the groups treated
with 100, 200, and 400mg/kg FA
P b A ZE AT ST IRAL. 100,200,400mg/kg FA AbFEZL

2.3 HiE DOM fG i

HEREH DOM [ 2 5w 55 4 g AT TE A5 11
SRR 2 — A H EEM 5 A 77 HE 0 i F
DOM (K253 264k, vEAl FA IS Aa I
(R B AR 5 etk B 4 A T LRI 4 H 5 AN X3,
I3 ARER T ANFI R ALY DOMLUIE &N A, RS (En) A1
PR (B KA BIMK T 380 1 250nm U4 5 a7 &/
O3 057 B AR AT R (o Xk 1 R T,
NI, X 1(E:200~250nm;Eyn:280~330nm) 7~ 2 [
PENAT T FE B AR I A Y . X3 1(E:
200~250nm; E,:330~380nm) = A= 96 e A 5 ) 32 2
ok B E R R T IX TT H IEAE (En>
380nm;E,<250nm) 3= 255 0 BT WL AT 0. IX Jk
IV A (En<380nm;Ey:250~280nm) 4 A b 1235 5
AL AP EI = ) oA O XA Vo A
(En>380nm;E,>280nm) = % 55 2 65 5 1R A5 WL
9\%[27].

FEEE 3d, 41 T IX L T XV X 9 60 i
i, O H IR W il i % Ui A N BB 4(a)~(d)),
I HE L A AR R A K T A, 5 3d
I e O B TR VX B shia s, Horhisn
200,400mg/kg FA 20 T H B A W B0 VX 56 16
(Mg C), B9 e i R A e 4 T iy 4 R 3R )
411 100,200,400mg/kg FA 41111 Py, 73 ) 4 26.6%-
33.1%- 34.7%H11 35.8%.1% 45 HAIE BH¥s I FA g —
R b 3R TE R i A v L
J5,100mg/kg FA 4118 Py, 53 T &4 () d5 i {E
(67.13%), L e Al $E m 4.2%~10.6%. M AL 5, %241
1] Pras Prn U P BIMET 5.0%, 38 /N1 Rk
WY EL 7 o e A R IS IR/ B R A o, 3 R
VNI S #8425 L FA BB AT 80 HE HE T 3 DOM
(FIFEAL, 2 R % (400mg/kg) 1) FA X InigHEAE DOM
(KA R B A A R I T B IR
Kb 280nm, ] HE T EAS AL T X 586415 10 5L B
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Table 4 Peak intensity ratios of DOM infrared spectra in compost

e 1650/2950 1650/1550 1650/1420 1650/1050
B i) (5 A B/ M Wi i) (O B/ 5 BRARHEER) (05 B/ 2 HHAK)
W) 100mg/ 200mg/ 400mg/ XFM 100mg/ 200mg/ 400mg/ XfHE 100mg/ 200mg/ 400mg/ XFH{ 100mg/ 200mg/ 400mg/

kgFA keFA kgFA 4  keFA kgFA kgFA

41 kgFA  kgFA kgFA 41  kgFA  kgFA  kgFA

1 0.97 0.90 0.91 0.88 0.84 0.84 0.90 0.84
44 1.04 1.14 1.10 1.17 1.02 1.05 1.02 1.12

0.82 0.84 0.92 0.83 0.79 0.83 0.93 0.83
0.95 0.96 0.92 0.99 0.87 0.96 0.91 0.99

2.4 TRAWIRETE A K

13 @K LR A K o B B 6(a)~
(O) 7 o FEZH A6 4 b 17K PR B B R s A
AR — BB R DL Ky  JEBE B (Firmicutes,0~6d)— 4%
JE T 1 (Proteobacteria,6~15d)— L & (Bacteroidota,
15~44d). ILHT FBF 57 45 H Firmicute. Proteobacteria
A8 HE NI AR v S B A R AR AT R AR WL )
B fp e R PP R FE SRR P00 FA A5 R TR
PEAD R JE AN 400mg/kg FA {#f Bacteroidota
FIARST EEHE R T 11.7%,%5 0 100mg/kg FA D)
Wi 1% Bacteroidota F=JE 4 T 28.4%. 45 &
HH,FA e 2E 3 A8 JoF 2000 55 4 e Bk IR i AE ML 2
— 5 T IR A% R A HE N O S R b R AU v L
2 Ja 7K1 BT AR )V s a5 1T K R AR
IR U 45 1) 43 BT 1) 25 R A — B HE T I A 5
M 3 N 2 HUMT B (Bacillus) 55 2R K (Weissella),
FA WERTE T P RIL T I SR = B

YA I A1 7 13.8%~16.1%. o7, 73 0 100mg/kg
FA S 3 FE I ER THE e fF, R IR . FA
Xt Bacillus Y55 Weissella VA Fh 4> J& BEALAH 22 #
Foft 230y A AR B BAT R AOAE HEE T HE IR
Je B8 N 400mg/kg FA AT S 548 AR R S
¥ 0 = 5 (Parapedobacter), (it 35 RESE i (1) b
OGRS FA B F R T &l Rk E s
(Thermoactinomyces) K, 3= & 5 HLIA 3] 30.9%,
B3 T e AL A5 SOE LA HE RIS N FA fE
i 6l 2 A A Y R 7 A A R ) 3K T
T FA RERSIEIE I . 284G . SEALIE TR 1R R
HE AL S T 0 2R B I, SR A B R B
Tl A A 2% A, AT 1 v A 2 TR 1 RV . 4 e e AH
KB B PR R 3=

Wi JE A RDA/CCA 234 T FL S H S F
T EEHEA T 10 BRI R VR S5 R 2 11 % AR (]
6(c)).CCA1 FI CCA2 1E43 70 36.5%F1 18.7%. 53 H1 4k
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