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Effect of co—pyrolysis of chicken manure and agricultural or forestry wastes on residual heavy metals and an-

tibiotics in biochar
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Abstract: To reduce the risk of heavy metals and antibiotics pollution in the process of resource utilization of livestock feces, chicken ma-
nure, and agricultural or forestry wastes (bamboo chips, sawdust, chaff, and rice husk) were co—pyrolyzed at 600 °C for the safe disposal of
chicken manure. The results showed the co—pyrolysis of chicken manure and agricultural or forestry wastes could reduce the biochar yield,
ash content, and volatile matter; the content of N and S decreased, and the content of fixed carbon, C, and H increased. The pH, electrical
conductance, and cation exchange capacity of biochar obtained by co—pyrolysis decreased with the increase in the proportion of agricultural

or forestry wastes. Co—pyrolysis of chicken manure with bamboo sawdust, sawdust, chaff, and rice husk could significantly reduce the total
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concentration of Cr, Ni, Cu, Zn, As, Cd, and Pb(except As and Pb in biochar derived from co—pyrolysis of chicken manure and sawdust ).

Among them, the decrease in Cu and Zn was the most significant. Co—pyrolysis of chicken manure and bamboo chips could promote the

transformation of As to the residual fraction. The proportion of bioavailable forms of Ni and Cd in biochar derived from co—pyrolysis of

chicken manure and sawdust decreased. The residual fractions of Cu in chicken manure—chaff biochar and Zn in chicken manure-rice

husk increased. The leaching concentrations of all heavy metals in all co—pyrolysis biochars were far below the concentration limit of USE-

PA 1993, which indicated no leaching toxicity. The results of the pilot—scale test were similar to those of the laboratory—scale test. The re-

moval rates of tylosin, tetracycline, sulfadiazine, and sulfamethoxazole in the pilot biochars were all 100%.

Keywords : chicken manure; agricultural or forestry wastes; pyrolysis; heavy metals immobilization; antibiotics decomposition
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Table 1 Basic properties of the raw materials

TV A /1% , T35 P/, TR EEJRWE /mg-kg!, T 5
ijils Proximate analysis/% , dry Calorific value/ Concentrations of heavy metals/mg-kg™, dry
Ash VM FC Jog' dry Cr Ni Cu Zn As cd Ph
X2 2125 6747 11.28 16 702 5550  27.07 102427 1992.78 9.54 0.26 5.63
(I 222 7464  23.13 20959 3.04 1.18 2.82 30.92 0.33 0.15 1.52
K 1.99 8372 14.29 19 257 13.02 1.07 9.23 28.83 5.54 0.13 20.43
KAk 8.25 79.99 11.76 20 870 2.80 2.89 11.22 67.49 0.83 0.34 0.45
e 1238  71.17 16.45 17 288 18.55 1.19 437 45.06 0.41 0.11 1.23

s Ash, K s VM 8845 FC, @Rk . Rl

Note: Ash,ash content; VM, volatile matter; FC, fixed carbon. The same below.

I MR AREPTEEMZERA

Figure 1 Schematic diagram of the pilot—scale pyrolysis rotary furnace and its picture
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Figure 2 The FTIR spectra of the biochar samples
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mg-kg " F12 450.86 mg- kg™, Cr Ni,Cd il Pb [l 4 & i
A AR R B A R AR 5 RS 2K G 2 Cu il Zn (VR BE 4
I 1 224.27 mg-kg ' F12 812.32 mg-kg ' [4F 1 043.72
mg- kg F12 623.39 mg- kg™, Cr Ni Fl Cd AY ¥ & b A
JIT REARG , AH As 1 P 9 ¥ B2 245 AN [m] A% B 1) T8 5 0
FEKME IR ARG FEFE T2 K Cr Ni.Cu.Zn.As.Cd 1 Ph
FA) VA 4 o DA 8 e 5 T L £8P 3 I T R A
FEAE H H As 1 Ph B A JE VS0 EL ) 4 38 i i T
SRR Hh As F1Ph ¥R B8, 2 3R 5.54 mg -
kg 12043 mg-kg ' (W3 1), Horp As 9 BE /N T3
#5(9.54 mg-kg") HARE K 3> AP FE S,
A R ORISR G R X T BB S As IV
FEBIMAJE N 2 — o XFF Ph, HAE A E o A e B K
FrEFEF 9 (5.63 mg-kg') , AR L 7 b Ph 4 TE
AW BT O TR . 5 C100 AR L, 382
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Table 2 Main technical indices of the produced biochar samples

B i Fr Tk 43 HF Proximate analysis/% JEHRSPHT Ultimate analysis/% EC/ Sprn/
Samples  Yield/% Ash VM FC N C S H 0 ol mS-em™  m®eg”
€100 35.60 51.57 10.95 37.48 216 4250  0.82 1.00 1.95 12.90 12.15 13.63
CB10 35.57 49.66 10.44 39.90 1.63 43.02 0.77 1.10 3.81 12.16 8.57 9.86
CB20 35.12 45.32 9.99 44.69 146 46.69 0.71 111 4.71 11.98 7.33 9.79
CB30 34.45 41.37 9.89 48.74 1.42 51.55 0.67 1.25 3.75 11.93 6.61 9.71
CB50 33.66 32.07 8.76 59.17 1.13 60.78 0.41 1.34 427 11.67 5.62 8.60
CB70 3243 21.98 8.19 69.82 089 7093 0.26 1.48 4.46 1118 4.42 4.97
CBYO 32.24 11.80 7.65 80.55 0.65 81.79 0.22 1.66 3.89 10.71 3.15 —
B100 30.97 6.30 7.86 85.84 047 86.15 0.14 1.72 5.23 10.15 1.91 —
CS10 35.07 50.24 10.28 39.49 1.61 41.59 1.01 113 443 12.10 7.79 10.91
€S20 34.04 45.94 9.45 44.61 1.58 4581 0.90 1.18 4.59 11.93 6.62 10.76
CS30 33.39 40.56 9.36 50.08 1.55 50.13 0.88 1.30 5.58 11.66 5.56 10.65
CC10 34.84 50.79 10.90 38.32 199 4114 094 1.12 4.03 11.66 7.18 10.09
€C20 33.09 49.58 10.47 39.94 1.83 4272 0.86 1.13 3.88 11.60 6.84 9.80
€C30 32.87 47.04 9.80 43.16 1.78 44.97 0.74 1.18 4.29 11.46 5.94 7.25
CR10 35.39 51.18 10.59 38.23 1.48 4137 0.81 1.09 4.08 11.93 7.32 13.21
CR20 35.32 48.85 10.00 41.15 147 4334 073 1.10 452 11.46 5.62 14.21
CR30 35.30 46.65 9.27 44.08 1.37 46.09 0.65 1.11 4.13 11.30 5.03 15.92

7 :0=100-(C+H+N+S+Ash) . F[d.
Note: 0=100-(C+H+N+S+Ash ). The same below.
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M F1 B FA S BRI FRAL , b 55 BR AR IS (F1)
FAT IR JE 2 (F2) AR 25 5 R W e, J& 1 A= 9 vl )
FRAS AT (F3) AE A P A2 — 8 i KU
BRI (F4) W& T AR i 4 R B8, #Foe
AN R 28 0 LU A5 0 A R 5540 5 X6 28 T A Xt T 75
AW T 4 SR AT TR S BRI, IT R S PR A AR )
WA TR RS 2 0 G E Al A BN R IR AL A H A B
F SRR .
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Table 3 Total concentrations of heavy metals in biochar samples (including the pilot—scale biochar samples )

FES 4B R E Concentrations of heavy metals/mg - kg™
Samples Cr Ni Cu Zn As cd Ph
€100 135.02+3.75 40.360.39 1379.52+23.29 3902.11£77.71 14.77+1.05 0.27+0.03 2.22+0.10
CB10 131.77+5.01 38.15+2.39 1262.97+16.15 3324.87+48.64 13.53=1.68 0.22+0.01 2.18+0.05
CB20 128.1121.40 37.90+2.10 1134.75+14.35 2354.86+13.82 12.55+1.36 0.20+0.01 2.100.02
CB30 114.054.00 36.64+0.78 984.53+5.77 2450.8612.64 11.56=1.02 0.17+0.01 2.01x0.01
CB50 99.05+0.86 32.55+0.22 866.71x14.26 2080.78+29.97 9.71+0.05 0.11x0.01 1.73£0.01
CB70 70.86+0.23 22.97+0.12 499.61222.44 1193.02+18.14 6.730.03 0.08+0.00 1.68+0.01
Pilot-CB85 61.25+1.03 19.85+0.06 386.42+11.38 592.56+5.76 6.07+0.06 0.07+0.00 0.97+0.00
CB90 53.88+0.05 9.71+0.03 353.95+8.13 364.85+8.11 3.07+0.01 0.06+0.00 0.80+0.01
B100 44.53+0.07 3.08+0.01 12.73+1.00 64.00+9.89 0.9120.01 0.02+0.00 0.72+0.00
CS10 120.215.12 36.96+2.47 1224.27+14.50 2 812.32+48.54 15.85+1.25 0.25+0.00 3.75+0.02
€S20 112.8042.57 35.21+1.21 1147.17+21.08 2712.40+33.12 17.56+1.03 0.19+0.00 6.77+0.05
CS30 101.69+1.20 33.05+0.95 1043.72+14.88 2 623.39+9.64 19.30+0.46 0.18+0.00 12.68+0.51
Pilot-CS92 24.42+1.46 5.65+0.03 324.1648.41 590.97+9.46 15.14+1.20 0.19+0.00 24.13+1.02
CC10 127.68+9.55 39.56+0.03 1270.98+8.63 3582.33+45.56 14.43+1.31 0.26+0.01 2.14+0.02
CC20 124.37+4.48 37.62+0.05 1181.14+11.64 3377.94+30.02 14.35+0.10 0.19+0.01 1.79+0.02
€C30 104.21+3.27 34.58+0.21 1062.64+10.41 3 144.38+33.50 12.85+0.05 0.18+0.00 1.45+0.01
Pilot-CC85 21.39+0.05 21.540.48 249.10+4.21 758.60+10.07 2.43+0.01 0.08+0.00 0.81+0.01
CR10 138.04+0.56 38.97+0.19 1259.22+7.79 3515.49+24.65 14.65+0.03 0.21+0.00 0.17+0.00
CR20 135.13£0.78 35.59+0.05 1103.82+23.20 3310.96+33.35 14.34+0.08 0.21x0.00 0.140.00
CR30 135.09+1.51 29.87+0.03 967.59+9.93 2911.77+19.02 14.02+0.10 0.15+0.00 0.13%0.00
Pilot-CR85 27.37+1.31 34.38+1.89 382.109.12 685.63+10.45 3.14+0.54 0.19+0.00 0.13+0.00
FR{E 500 100 800 1200 30 3 300

1 BRAE SR A GRS e i5 e bRt ) (GB 4282—2018) .

Note: Limited value from Control Standards of Pollutants in Sludge for Agricultural Use(GB 4282—2018).
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Figure 3 Speciation distributions of different heavy metals in biochar samples (including the pilot—scale biochar samples )
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90% , X AT B e As BBR IS E I T i, AR 9 ml A
FHAS (F1+F2) LR R, 156 B XS 25 547 Jig 2 ah i mT LA
XS 2 v 1 As ) BRI S L AL 5 XS RAT T S P Cu 1
A=y nT I RS BEAT B VS i B9 g 3 e v B A
Fe g3, F3 25 0 2 B ARG 5 1 Cr . Zn . Cd F1 Pb 19 A= 4
R FHAS AT B W 0 E A7) e 3G i T =7, R A 1 B
BIREAL s Ni (IS . 54647 )5 s B100 A
F , W 2647 8 5 T Cr . Cu Zn . Cd 1 Pb (9 4 a] F)
A L BIFRREAR , i S5 — A BE A T XS 2 547 g 3
S L ARG ZE B AT S S i B AR, B 3L
IIFEA ) T80 A A W e v 4 I e BT
J& s Cr Cu.Zn .Cd FI Pb A=yl M A A LBl . 39 2%
55K B I, AW e B NG R Cd G A T A S EE
BIREAR , {5 Cu Zn F1 As B9 A9 T RIS HL @) 17, 5%
AT B, Cr FlPh A2 AL AN B 5 5 XS 2K I rh
Cu H 5% W 25 L T 5, Zn O 5% 388 265 FU 461 T L 2B
AL A A B T, AP 2R 4 R R SR AR

HH W 5 X ZEREFE o Zn BRI AS EL ARG I, A nT )
FHAS BT B, oA T4 8 B SR B . Bk
M, A58 R OKRBEFIRE e 2L st s 2k
Wy o v B G S I T A8 A3 A AR R R T, A RE i)
AR
223 EEEME R

R T k2 W A ) e v A [R) 4 R I A g
P, >R TCLP J5 36 4 55 4 & 93 B8 M R4 T 9 A o
M 4 S5 RT LU X6 F XS 2T IE ok, S AT )
TSI L A5 AN 10% 380 %) 90% , A=) 1 Zn 112
WP W TE i, Cu RN 33 R B 2 T 3 s R AT
Cr.As Cd F1 Pb ({3 AR AT IR . XGZEARE Ik
W Cu Zn FT As (AR HH R 32 B A T8 95 I L f31) 9 348 o g
Th s, X2 K e Cu F Zin 935 H 9 B8 Bt R T8
Fb 51 164 i v, WS 2R 5E ok H Ni L Cu R Zn (32
W A RS S S I LS A% 1G4 R Y
ZHWE AT R, 5 C100 #H H , Mg ir 1 1

R4 AEEWRERPESER TCLP R H IR E (45 il E Y here i)

Table 4 Leaching concentrations of different heavy metals in biochar samples

for TCLP tests(including the pilot—scale biochar samples)

FE&h 42 JB U E Concentrations of heavy metals/mg- 1!

Samples Cr Ni Cu Zn As Cd Pb
€100 <0.01 <0.01 0.02 0.03 0.01 <0.01 ND
CB10 ND 0.01 0.05 0.03 <0.01 <0.01 ND
CB20 ND 0.01 0.05 0.03 <0.01 <0.01 ND
CB30 ND 0.01 0.09 0.04 <0.01 <0.01 ND
CB50 <0.01 0.03 0.19 0.20 <0.01 <0.01 <0.01
CB70 0.01 0.05 0.32 0.65 <0.01 <0.01 <0.01

Pilot-CB85 0.01 0.05 0.25 0.74 <0.01 <0.01 <0.01
CB90 0.01 0.03 0.27 0.73 <0.01 <0.01 <0.01
B100 <0.01 0.01 0.03 0.75 <0.01 <0.01 <0.01
CS10 ND 0.01 0.05 0.02 0.01 <0.01 ND
€S20 ND 0.01 0.06 0.03 0.02 <0.01 ND
CS30 ND 0.01 0.08 0.11 0.04 <0.01 ND

Pilot-CS92 ND <0.01 0.92 0.45 0.01 <0.01 ND
CC10 ND 0.01 0.01 0.02 0.01 <0.01 ND
€C20 ND 0.01 0.02 0.07 0.01 <0.01 ND
€C30 ND 0.01 0.02 0.18 <0.01 <0.01 ND

Pilot-CC85 ND 0.01 0.05 0.45 <0.01 <0.01 ND
CR10 ND 0.01 0.04 0.03 0.01 <0.01 ND
CR20 ND 0.02 0.07 0.07 0.01 <0.01 ND
CR30 ND 0.04 0.09 0.09 0.01 <0.01 ND

Pilot-CC85 ND 0.03 0.12 0.19 0.01 <0.01 ND
PR 5 5 — 5 5 1 5

T BRAE VR [ CREPERRE TR R FERAE fG 6 % 5741 ) (USEPA ,1993) sND, A #i o

Note: Limited value from Toxicity Characteristic Leaching Procedure and Characteristic Hazardous Wastes(USEPA ,1993) ;ND, not detected.
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A=W 5 W N Ca T Zn 1R IR HE W88 T 5, 3 1T R 2
FARBRSE F- WIS NG K T AR e i FLES 4 , BRI T
4 JE 62 W e i B RN RS E B R, (R XY
FE5MB KRB R PSP e h
& JE B R B AR ARAR , AR AR B /0N, HLA I F AR v
PR, XI5 A B AR
2.3 KRS
2.3.1 W ARk A ERAR 1 BT

Hha BT FH A0 ZE TR MR I 350 1) SR AR S WL 3R
5. RS Al A, H g SR 0 5 K RN 83.77%, T AT
B ARJE CKBERIRE S S KRIE T 10%. T2
B 7 AR A v, L PR Ao s T LR A T 025 WK,
FAA S KR AR 579 5 3G 2 TR A, o] L skE G B K
PRI AR AR B T2 TR AR AR S AT B e A
A DA I AR SR R RE A /D S I R R Y T ARE

x5 FIKERHERER
Table 5 The properties of the raw materials in the pilot—scale

experiment

Tl 43 BT Proximate analysis/%

HH2.2.1 f12.2.2 5 (R B 45 SR a0, X8 24y
Ji8 B I HE A R L 70% BF L XS AT TS e R B AT E 4
J& (FE5RI 2 Cu F1 Zn) B & AR T CR RS e 15 Y %
il AR HE) (GB 4282—2018) [k & FRAA , HL45 Fh &2 4
Ja B R ARG AT R R B .t T AR R
T EE A1) 22 T X 3R S5 R 28 KM i R 2 A 7 7
H Cu F1 Zn R BE 55 39 2647 )8 % H Ca 1 Zn 19 e B
AR AL R B R BT LA e 56 Bk A AR 3 R
TN E7E 70% L b o b T IR ARG & K Rk F]
H i 55 IR I B R (40% A2 4 ) K 2 Sk
M TP HEAT ISR A AR5 H AR B 2.0 (1 Fh 34
AP (B D) A7 3, il IR 1) T2 24
L3 6, KN EE R 600 °C, K2 B[] K 45 min, H1i2t
BB S P A Y R R E AR SRR T
N o

5 S 5 [ R R A RN g AR T A 4 A ) e
AHEE, i AR U % Pilot— CB85 1 K 43 Hl [ 5 Bk 7
CB70 5 CB90 Z [1], Mi#% & 43 .pH 1 EC B&IX T CB9O,
sy s 4k BAR AR, Pilot—CB85 12 1 B fE ] 5 5216

S ) AL 2) . s B 5 7E 2 A BT 4 et
aterials ) s VM F ) ) )
Moisture content Hargh e g BAHLL, Pilot—-CS92 ., Pilot—CC85 F1 Pilot—
EES -
o 8371 5109 183 CR85 9250 % 45 S AT HAIRA9 JE 53 . pH Rl EC, XA
171 7.25 2.04 68.53 22.18 e " - . .
o 690 e s a1 H1 T P IR I A S KB AR 58 S i B9 B vy
H . .83 . .
e s =X SRS ~ J A AR ML
e WAt CEC JERE A WK P S B
+ P AT = N
Fie 9.21 1137 6534 14.08 FRAL (K" Na" . Ca™ \Mg™ NH; H" AI"45) A9 B0, R
INEE B TR PR BEIE T R 22 e Y
F6 PINMBIEZSH
Table 6 Technical parameters of the pilot—scale experiment
ZH X AE+1T I8 PR N XS+ AHE X e+ Frioe
Parameters Chicken manure+Bamboo chips ~ Chicken manure+Sawdust Chicken manure+Chaff ~ Chicken manure+Rice husk
RZE T kg 20.00 70.80 19.60 19.40
WM T it kg 20.00 144.70 20.00 19.62
RAEFW I LB/ % , T 5E 85.11 92.14 85.09 85.09
AR K% 45.11 32.15 46.11 45.89
Hik A= YR pRic Pilot-CB85 Pilot-CS92 Pilot-CC85 Pilot-CR85
®7 PIEMRERNEERARIER
Table 7 Main technical indices of the pilot—scale biochar samples
FE Tl 4Bt Proximate analysis/% JLE 43T Ultimate analysis/% . EC/ CEC/ Sper/
Samples Ash VM FC N C S H 0 P mS+em™  mol-kg” m’eg”
Pilot-CB85 19.09 7.14 73.77 0.65 75.83 0.25 1.62 2.56 10.48 2.81 1.04 462.12
Pilot—-CS92 10.78 8.56 80.66 0.81 81.51 0.43 1.74 4.74 10.44 1.14 1.44 576.79
Pilot-CC85 34.88 4.14 60.98 1.40 58.51 0.10 1.55 3.55 10.36 2.05 0.41 2.42
Pilot—-CR85 36.55 6.11 57.34 0.56 60.40 0.13 1.24 1.12 10.56 2.41 0.97 274.56
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AW ¢ Pilot—CS92 1Y CEC 35 %] 1.44 mol - kg™, CEC
e /INEY S Pilot—CC85(0.41 mol - kg™") , HAT 4 % CEC
A W e T AR S - SR R TR B, rpa
A W 5 e 2 T R i (56: Pilot—CC85 41 ) , Al AR i+
BESLIRE , Bt T IR,
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fifp kR A B K 28 VR — 20 S AR i ROV B T
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B4 £YREREEEE

Cu Fll Zn M B2, ARMRIEE 359 (R W o™= A (%) s
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7 T BV B 52 B S 0% 30 (AR R A T 5 e 7 A
B B A4 AL RIS 0, AR AR I B 457N o
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Figure 4 SEM pictures of the biochar samples
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Figure 5 TG and DTG curves of antibiotics
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