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W FE YRR SR SR R R, AR YIS FEEHEERY KRE S A ES R MAR TR NS
VB HE A FI D B G T A B S AR . PRI, V5 YR A A BRA i [l B R i 294 Tl JR (T S B AR . FE
AL B, A2k s 2 BRI B i — R Ok, (RS e h 2 R E AR 2 AT i R EREUR
AR, PG R AYEEE 48 (Cr. Zn, Pb) K& EFAEYIE Y (WA, BUE . AP RS,
AP IAE PLER IR R ER (FPIFIR) . —RER (BRI AR /E ARV, Tah & M s Ak X il FEy= e v i) 2 F
IEE L8 (Cr. Zn Fl Pb) SFATER XA TE, TRITAS-Py 300 B bk R AR X ) 4535 Ve Fh i 4 A S R iR i E 2 [
FWUERIEEE . pH . BN L. BRI AR IR I E oL, LSRR ARG,
[FIZE A (1A MLER XS il 35 e R R A 2 B 4 8 0 R BRACRAAAE B & 25 57, TP, #P5R (CA) XFHilET5 8 Cr. Zn 1
Pb (A BREH0 R 49.11% .. 63.74% 1 31.88%, W[ (OA) }76.25% . 65.24% 1 9.98%, AR (TA) A 32.79%.
67.53% 1 18.34%. [FINt, SEGEESEMET RN, MHER R ARG 5T B g RS E SR RRACE dtm
8.75%~22.67%) FIM B 2 HLFEAR S L SE AT E] (A 720 min 4748 = 90 min) . £ 3 FRANLIRKVESS , BRATERI TS IEH
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MPEIE BA R ORI, BRI AEOL AT A FE i R R, SRS IS B O
2o HTERGRHESERMPEH EEA AR TTIRMANIIR . SICHRFE SR, —RmR
APLER (OA .| TA) E—MMESTHRANIR, &AM RN, NMUBEEE IR S A LR
FIERIR, MH A Sl B, NSRS R TS R, BRI HLIR (CA) 2 FhRIRA LR,
A 3K LRI, XL E SR BATRRIS SRR, Bl G R LTSGR, IFES T
Yoksesit. MROESRARRERIARIE, 1~4 d WRIREIERAEILE 20%, 20 d NEIRERERN 7091, B, fE5erofe
FMBESREBFES LSO A 5 B R im Y L ERICR 22 . PRI, A n A AR, (anbtise . it
FLUR AR P LASISER 5 rh e e oW R e e g, DA m B RIS P S mpRes ™. B, xf
TG e 2R R E G R A R R R R A PRSI R B SRR AL ORISR A U ARGl R
AR A = A A SRS PR TR AR, TR 5 IR P AREE R (Cri Zn, Pb) M EZMYIE
TR (BB T AHLUR) RIS, ZRa 2R PLIR (F7R CA . HR OA FINEATR TA)
SARAeREy D O I E SRRl RVE A 1 e i B A WO ol 0y S R Pk a7/ 11 P2 e NP R o ] E Y
TR RBRACR I EZE R PR RO . pH(E. BRI, BAERIE) 5 SRIHIUERTS fil 3508 i
FRIAESZ; 708 CAL OA Ml TA KFRE GBI RITHUEA G5 Jeh IR P (i
R HEER . APUR) BRI, FHSCHISA R A Dyl A s e Al . FEfl . O AL BRAL B ALY
TEAA PSR RIS S 4

1 MRE5ERZE
1.1 HIESRRAHER

ARSI I (8 FH 9 i 245 DI A T b A T F1 HARESROEARIMR (FOR
YRR IS HE, AR F AR e A 1 i < Table'l Physicochemical characteristics of the tannery sludge
0.15 mm 5], HIEABEIER AR 1 s, 75 (Dry matter meter)

TRESTEAT BB (QYSM-24, FIFFRIRIET © #sbs fri bR g i
AR R fF A HNO,-HCIO, BEF TR, TR o
52 4 5 8 HL SRR A 55 B T RO K T AY
(ICAP-7400, FEER QIH/REHEAT) M ES)E &
B I5RSKEL 1.0:2.5 B ENE S, H pH it
(DZB-712F, ARl A B F]) P o
SIS pH (AR (ORP) . AHLE A meke ' 2597.322475
(OM) Fr R SR SA AL O EEEE . 15
Terhifi Al (AN). B (AP) IR (AK) B R IE EIZARME (NY/T 1849-2010, HE) M., AW
HEFHERHEERR (CoHO,) . HiliR (C,H,0,) FNB AR (C,HOy) ST A I
1.2 iHEscag

1E 50 mL ZLE TR 1.0 g HIEEVS TR S 25 mL AR A HURRIKYER] (0.1~1.0 mol- L) A, LU
WE ARFE IR ABAE R NIREE . FRAFERIR P FETRILLL 40 kHz BB IREA 200 W G 1)
RV R 45 min, SRJ5EHEEL (4 000 rmin”', 5 min) f5%] EiER, A 1 mol-L™' HNO, FR{L % pH<2.0,
AR ERH TR st E 4R it e AR RS, IR pH {E (1.0~7.0)
LIARAR AR, pH (B, RIS ZEAHIRIMR BE A pH (B 25 F X RERR L (1:10~1:30) #7001k, o), HR4RETT
3AHEMERAER N 5, EHFHRIET (5~180 min) AIJGHARIL (220 r-min”' HIHHRSE) T (5~1 500 min)
WO 55T BN RIS ) R RASCR BRI . SR GRS BCR P HE e 5 etk mi e 4
RIS, FREGERAURES, SR KBr FEAE (1:150) F B M-2T /M EREY (FT-IR-850, WeZ<, )
KA 400~4 000 cm™ PEE N LTS Ml B AR 0

1) EAEJEZBRRCR (B) it EAn (1) Bk,

X
E(%):A; Y

— 7.23+0.19 || HAHT mgke!  261.22+4.08
ORP mV  —70.15%322 | Cr mgkg' 11723.84+211.71
AT % 36.69+1.12 Zn mgkg' 3412.94+44.01
HHWE mgkg!  51.3324.36 Pb mgkg'  40.21+1.87

x 100% 1
Xm 7 ()



%5 8 4 FARS BRI HURRE A 2R AT I U 2291

X ENESBENERR, %; CHERTESENSE, mgke'; V RKRERMIAR, mL; M AIMA
MRS RTE, g5 m RREIHFERPVESERE, mgke ',
1.3 REEHIFBIES

WAL EE 3k, XS HZRIEK . Fra BEEES I 10% HNO, 5% 10% H,SO, it
o TR, ARfER)BT Cr. Zn Fl Pb (U IRISCRIEE 93%~107%. fdiH] SPSS20.0 X S gu 4l
frgeitotr, A EIEER Origin 2021 #4743,

2 FEREDH

2.1 ARIEZEMHESRPARESBELBRERZN

1) ARSI FH R T XS5 e M 4 R i 5 bR g 22 550 W 1 IR, 24 OA ¥
FEM 0.1 mol-L " #4/m%) 0.4 mol-L ™' i}, Cr. Zn Fl Pb HIERE MM 16.86% . 10.14% Fil 4.06% 1 m %)
67.37% . 58.67% F19.89%., CA 1 TA 7£ 0.8 mol-L ™" Bk LR o bt , CA X} Cr. Zn #1 Pb £
FBRH 43.60% . 56.22% ., 20.42%, TA Xf Cr. Zn Fl Pb (R 26.99% . 69.61% ., 12.73%.
i 5 IR T2 R o B A, S S U8 b R T 4 R ) BRSBTS o (B2 OA VRIS 0.4 mol L,
CA I TA B4JINZ 0.8 mol-L™' J&, Cr. Zn Ml Pb YLBRRABININ, MRIHAELRR, R i T
WeEH 0.8 mol'L™' CA. 0.4 mol'L™' OA F1 0.8 mol-L™" TA k],

100% 100%
- CA -=—CA
—o— 0A ——OA
80% |- —-TA 80% —-TA
M 60% - 60%
% %
© 40% - N 40%
20% 20%
O% 1 1 1 1 1 1 1 1 1 1 0% 1 1 1 1 1 1 1 1 1 1
0.1 02 03 04 05 06 0.7 08 09 1.0 0.1 02 03 04 05 06 0.7 0.8 09 1.0
e /(mol- L") e /(mol- L")
(a) ARAHLURRHR BT Cr R BRI 1R (b) AN BRI BEXT Zn 25 B R 195 0
100% -
= CA
—— 0A
—A—TA
20%
&
H
£
=9}

0%

011 0?2 0.I3 Of4 015 0f6 0?7 0.I8 0?9 110
R /(mol- L)
() AN [FIA MLER M X Pb 2 B 3R A5 1)
E1 3 MHERIAEIRE TESBNRRENTEEE

Fig. 1 Trends in the removal rate of heavy metals at different concentrations of the three washing agents
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2) A[EZEAMGEFIEAE pH Tl g5 h S &R Lpr A 225 & 2 nA, 3 Fitkpes)
1) pHAE K 1.0 B, XP5RHESREGRARIR S . SRR pH (ER 2.0 B, CA X} Cr. Zn Fl Pb [#)
LR #K 4736%. 49.10% Fl 24.43%, OA Xt Cr. Zn 1 Pb 1Y E£R %K 66.01%. 60.65% F1 9.66%,
TA %f Cr. Zn Fl Pb (9285 K 26.58% . 69.90% F1 16.69%. AHLIRMGERINY pH i~ 1.0 3 2.0 0, Xf
Cr. Zn 1 Pb I EBRFZIAIMZERAIR B EIKE- . WEH pH EM 2.0 -2 7.0 B, 7509 Cr, Zn il Pb 1
KB LRI N, pH=1.0 BIKRPER A E SR ZBRECEIS = T pH=2.0 KA AT G2 i HCL RS A HL
BRI pH BF5 A THIH H . 546, ¥ 3 FRAHLR pH HE 1.0 R EEFERER) HCL, JEH HCL 2hE5R
HRFR IS . B TEEI AR RS FIRBRRR, JEESCI AT MR UERIRY pH 822 2.0 25 0,

100% 100%
-—a— CA -2 CA
—— ——
80% | —A ?Q 80% —A— %")ﬁ
¥ 60% M 60% -
X &
- =
© 40% - N<40%
20% 20%
0% 1 1 1 1 1 0% 1 1 1 1 1
1.0 2.0 3.0 4.0 5.0 6.0 7.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
pH pH
(2) AR HUERpHRT CrI B2 15 (b) RIEAHLEEpH ZnZ BRI L1

100%£

- CA

- 0A
209
&
B
e}
[=%

0% 1 1 1 1
1.0 2.0 3.0 4.0 5.0 6.0 7.0
pH

(c) RRIAHLERpHXT Pb 2 FRER M R
2 3 MEHBERIAE] pH TEERIERRERTHES

Fig. 2. Trends in the removal rate of heavy metals at different pH of the three washing agents

3) AFEZEIUMRPEFIAEAS R SR e Xl m e rh O i 4 s AR A W22 5. ik 3 nl%, BEE R L
BIRENS,. 3 FRAHLERXT Cr. Zn Ml Pb B9 LBRFARE L LT, MG REARGEFFAZ RS EEW LN
1:25 F, AHLIRIHERCRRAE, CA XF Cr. Zn # Pb (£ N 45.63% . 48.13% F1 25.06%, OA Xf
Cr. Zn 1 Pb BYERF N 67.37% . 58.67% 1 9.89%, TA ¥t Cr. Zn Fl Pb FIEFRZ 26.02%, 74.29% F
13.31%. AREEREARER L IF AR B E I INE SRR J5h, 1:30 AR LIRS HE e R A AR
FF BB TR IIIER, XGRS BRI, ASBFSR ISR T 1:25 B L.

4) AN [RIZEBGMUE FEAT TofE = A0 SR B ] X S e b R e 4 BT g 25 5. Ik 4 7T
AL, YA PR LIRS 7 Uk e, 3 FhEE 4 (0 2 BR R G 2 S L S [R] 3 i i e i, IfAE
720 min NIREPEAT, S AR PR bR E SRR, KRR RIS, 7F 30 min BFEiEEA
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SR 720 min FUY BRI, FALEL 90 min HFEEPF-HE, CA.

OA F1 TA %f Cr. Zn F1 Pb 945

RAREE] 49.11% . 63.74% F 31.88%; 76.25% . 65.24% Fl1 9.98%; 32.79%. 67.53% Fl 18.34%. S
FANUAR TG 7 XA, BRI ANERXT Cr. Zn 1 Pb AR =N T 22.67% . 13.36% F1 8.75%,

ISEHE TR IR T 630 min.
B, B IEEIA PR GET5 I Sbrn
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UM, fei AR R AR T, g T SORAINE] PR T S
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IE 1 L
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Fig. 3 Trends in the removal of heavy metals with different solid-liquid ratios of three washing agents
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E4 3 MRS TERE R TESRIEMRENTLIEE

Fig.4 Trends in the removal of heavy metals with and without ultrasonic enhancement for three washing agents

2.2 BEBLKENHIE S EPES B FRSHN
XM IR I5 U B 4B E T BCR /044, WAl 5 fin, CK Hird Cr Ml Zn %
PVEACS AR ASAEE, P EELBRESHIE e . Sa PRk, Cr SIS & RIFIKT 50.13%~
63.13%, BRI HBBEAN T 10.27%~35.34%; Zn BALESEIEIKT 62.95%~84.14%, 5RIESHT & ]
HIINT 4.02%~30.41%; Pb RS AE S RIS, FREATESIEH AT Cr. Zn A1 Pb FELIRUEIE ik
SARE ) 776, Hd Crd Zn Al Pb REE S & 1 47 FL 43518 90.119%~93. 84%\ 75.87%~86.23% Fil
92 41%~94.54% , BABIHIREENE. 740, BRELIRMZTIHIEE (SREIESLIRE) S ER AT
B, AR AR A RIERR.
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& 7500 F 2
& @ 2100
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[IF1 £22Z4F2 JF3 RXIF4

45 - CIF1 EZF2 RJF3 KXJIF4 1009 CrZnPb  CrZnPb  CrZnPb  CrZnPb
b X X % RS
5 X B (5
K ks ks
361 — 80% &3 ks ks
— = L [0 0%
T S o8 (R R
o B b 52 (53
2,1 = 5 s o
ol = 60% NINES s (s
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= 4<a b 5 s
M Q IR [%e% 6%
18+ 2 409 f B b B
® 203 B B
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~ K K (KX (K
ol o NNEL NP
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P 2 SSENIS
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Fig. 5 Changes in the fractions of Cr, Zn and Pb in tannery sludge before and after washing with three washing agents

F BCR 73 A R T My M 1, %4805 n] T IO R S mp T i 2t (14 o) .
5 CK AL, WMBEaTsierd Cr fl Zn 9 T A B, SHm{EZ52 0,77 (Cr) F10.80 (Zn) o 4 CA,
OA il TA B/ T5UEH Pb Y L {EWSA TR, (EAGRFFREERSE (Pb Y T, (E505109 0.85. 0.91 #10.89) -
CA. OA Fil TA FYMPEMEHELR T Pb (9 M, {H, {HFEAR T Co Al Zn 19 M, fH. ERRAE 1, EAE M, (6
RUIGRATRESS . AT R feF/NY, 25 BRTA, Cr. Zn il Pb 7EZSSA MURRIMUE S TS PRAFARRS
R, MIAEERAEDIR RS AR

10T [COCK Z2CA KJ0A EBTA o 100% ek zmea £90A EBTA
08 7 80% | =
N 7 & -
kX
0.6 {»? B § 60% - 7 7§
o £ »
_ & s
04 :§§ 40% | N
02F §§§ 20% |
5 é%%
0.0 ke 0%
Cr Zn Pb Cr Zn Pb
() A A DU e T (21 (b) Rl HUBRHFEE R M, (45 1k
E 6 3 MENBSMERIESIESRTE 1, 71 M, ETK
Fig. 6 I and'M; values before and after sludge washing with three washing agents
2.3 BAEBLERTESIESRAINGE —CK —TA —OA —CA
WUERI TP S RYERER] (IRIE . JRAE . ik /OH CgH AN coc

5 TR S Foaci o B S M R B AT
Frimierh s m ey 7 XERTIS RIS e
TASIMARRET A G T, AR ERGERTE 1578
HYEAERIZELL (B 7) o 78 CK 1, 3684 cm™' AbTRL
SEBRIEXTIL O-H BYIRARIRSN™; 7629 2 946 cm™ |
Kb U £ 2 -CH, I-CH, M4 4R 27205 1 773 A 7 + R iV O

1591 em * ARRGUEFLR T C=0 Mffidiest™,; 1201 4000 :35'00 3 o:oi) 2500 2600: 1:5.00 :1 000500

o AR T C-O MAHIREI, ki o
T EAT R, ESRETRARS @7 e RS RIS

INESIVIR Fig. 7 Infrared spectral analysis of sludge in ultrasound-
HANERMES e, O-H B BEAK, & enhanced different organic acid treatment groups
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B O-H I E IR S5 TS e, (B2, SIeikiba Ak LA T e 5 3]
THAME (F 7)o £ CAMPET, 1591 em™ by C=0 M 1] 1 501 em™ 46 5h, OA Wik T Il
1585 cm ™' AbBsh, TA KRR C=0 IEAEL AR, [, CA WRRIGTE 1254~1 425 (C=0) Al 1.104 (C-O)
em AL HEUET OIS s OA KBRS AE 1419 (C=0) H1 1 148 (C-0) cm ' I T — LU A4 s TA Uk G 7
1280~1 491 (C=0) #1 1 098 (C-O) em™" &bt BLHT AV ; X UEI G R E 4 )8 5 F kil fi i 5 CA.
OA Fll TA BAT WP, BEAh, Bl OA WERSREETE =, KB OA tb CA Al TA EARULIRESE.
2.4 BEBUKEIETESRPEFRYRTL

ARG AL A R M V5 Ve B FR i A i A AR B A e, IR 2 nTRLE H, RS 1 55 i
pH KRR, X EHT CA. OA Ml TA MRV MM, FEMIEGEITIRAT pH 4 BIFEAK T 4.99. 5.58 1
5.04, WUERTHIESIE AV SN 36.69%, HANRRMGEE TSR APEIEM 1 5.04%~24.76%. K
Ti5Ue pH M ML & SRS, HPE R IR E Y (AK. AN, AP) By &t kA THRIE k.
SWERTITSIRAEL,, BTSRRI AN AT AK S s BIREAIR T 10.869%~53:29% F1 57.68%~65.61%. %
M, WEER AP SEAIE TN, HKEHR CK 1Y 160%~310%. 4555, BIREHIIRKES S —E
BRI IR, (TR 5 le o Sk, B —eErgeli bR 1.

R 2 TERAEHBIBATHE ST ENFINEE

Table 2 Plant nutrients in tannery sludge in different types of organic acid treatment groups

KRS pH OM/% AN/(mg-kg ") AP/(mg'kg)  AK/(mgkg")
CK 7.23+0.19 36.69+1.12  2597.32+24.75 51.33+4.36 261.22+4.08
CA 2.24+0.08 61.45£0.98  231521+13.41 115.29+3.10 89.75+3.06
OA 1.65+0.04 41.73£2.05  2242.81+18.92 159.34+5.09 110.45+1.25
TA 2.19+0.05 44.25+137 1213.09+7.63 83.30+2.77 107.56+4.27

3 tig
3.1 AREIERG AR ES

IR Bevte s ARV R PR RIE B S 5, MRS P4 R 2 e B
Fo AS[RIZERA LR P B BB Cr. Zn Rl Pb BOSEIRR B . AT RE S P A LRI B A6
AL T ZMEE A0S, AAT SRS TSEEMAE, NN T a/E LR, SR, AR E
— RS A R — SRS E SR LRRCE, XTRE R H 5 Ie R I FHE T (40 Fe* f1 Ca®™) SHHLR
ghdy, AN 5 BARSBAEA IR IR, FROS IR M 4 A BE s

WREERIEY pH (LAY ALIE L 520 B RE AT F SRR . TS B n0 T2 T A R BRI L], 1 s
WRPEFI TS e HR ABRE R ARCER . 76 pH (ERAKET, WRPERIH H RSN 2 namiE Je 2 i s 48 i sc i,
iy R Fe T (Y AL R R Ok, IR R 48 B FRO LBRPY, WS pH ER TR, ELBES
pH {H F TG AMITE, 15K,

[ A5 T 2l R A B MERE FAS B ARG . PRI, A BRI DR e ) [ e B R RIR B i
4B RO, BRI 1:10 I, SRR EKTIR, T5IRBURARRESEAMEL, MELLSAIIRS: & 55
BRIt BEA B LA, —Jrmisien] e SaEIIRRN, 5—Jrm, APRSESEN
BEIRHOIGR, TEE/RHE T RARAERSER, WTSEE SR ERFREED . R, 1:30 BIER LT
P T e s et A 1 o 7 o1 e el 1 e O s RN 3415 291 M [ o e T

SN EERE T B A JE AR RS, JF5em T B 4@ ABRECR .. (e b A MUIR ABRE 4 i i
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Abstract The rapid development of the tanning industry has led to a dramatic increase in the production of
tannery sludge, improper disposal will lead to a large number of heavy metals and nitrogen and phosphorus
elements in the tannery sludge leachate into the surrounding environment and jeopardize the ecological
environment and human health. Therefore, the problem of rational disposal of tannery sludge has become a
serious obstacle to the development of the industry. Among the solid waste disposal methods, chemical washing
is a commonly used method for removing heavy metals from solid waste, but it is often ineffective in removing
the compound pollution of multiple heavy metals in tannery sludge. In this study, two typical organic acids such
as polycarboxylic acid (citric acid) and dicarboxylic acid (oxalic acid and tartaric acid) were used as drenching
agents combined with ultrasonic enhancement for the targeted drenching of various characteristic heavy metals
(Cr, Zn and Pb) and major plant nutrients (ammonium nitrogen, rapidly available potassium, organic matter) in
tannery sludge. To investigate the main factors influencing the effectiveness of the combined chemical-physical
drenching process on the removal of heavy metals from tannery sludge (concentration of washing agent, pH,
solid-liquid ratio, ultrasonic enhancement) and loss of plant nutrients from tannery sludge. The experimental
results showed that there were significant differences in the removal of different types of heavy metals in
tannery sludge by different types of organic acids under ultrasound-enhanced conditions, among which the
optimal removal of Cr, Zn and Pb from tannery sludge was 49.11%, 63.74% and 31.88% for citric acid (CA),
76.25%, 65.24% and 9.98% for oxalic acid (OA)and tartaric acid (TA) was 32.79%, 67.53% and 18.34%. At the
same time, the use of ultrasound-enhanced removal of tannery sludge resulted in a significant increase in heavy
metal removal efficiency (increase 8.75%~22.67%) and a highly significant reduction in reaction equilibrium
time (from 720 minto 90.min) compared to the conventional heavy metal washing method. The chemical forms
of heavy metals (mainly in residual and oxidized states) remaining in the tannery sludge were still in a relatively
stable - form after washing with three organic acids. The results of Fourier transform infrared (FTIR)
spectroscopy showed that the carboxyl and carbonyl groups contained in the organic acids removed heavy
metals from the tannery sludge by mechanisms such as ion exchange, chelation and electrostatic adsorption.
Retention of most of the plant nutrients in tannery sludge after washing with organic acids. Among them, the
pH, alkaline dissolved nitrogen (AN), and quick-acting potassium (AK) contents of the drenched sludge were
decreased, whereas the organic matter (OM) and quick-acting phosphorus (AP) contents or ratios were increased
in relative terms. The experiments confirmed that the optimized chemical-physical combined washing can
achieve high heavy metal removal rate, low nutrient loss rate, and not easy to produce secondary pollution, and
the related research results can provide a reference for the efficient removal of heavy metals in tannery sludge
and the utilization of the washed sludge as a plant substrate.

Keywords tannery sludge; heavy metals; plant nutrient; ultrasonic enhancement; organic acid; washing
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