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Table 1 Industrial analysis and elemental analysis of municipal sludge %
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Fig. 1 TG/DTG curves of municipal sludge at different heating rates
) 4 o, IR RO AR TN A e, LA R o AN BB S i A st IR e 4 1)

PR R TR R R F R A, G5 AR R . THRFER C WRHMEREZ TN R, AR
VEPEAE TR R R 10 Co-min' A9H5 B0 T 3F — 25 JF J8 15 Je a5 0 43 M. TR AT 15 e #4f i A ik
o M 1) ol LUE H, B0 R IE o B b B S AR R E 0, 5 2 IR R R
g, EIRHR TNk 3 ANEBE, AR N K BB (30~170 °C) . A HLY 2 T B (170~696 °C)
FITCHLER 23 % [ Bt (696~800.0 °C) o 7E 30~170 °C, 1 1 AN e d g, Hirh g fe K2k B L 7e
72 C, BB BTG IR H AR 7.14%, X 0] BE A EIE 5 e T A5 B AKORI I B K DL K /b AR
SR U, YR B R SE FFE, 7E 170~398 C B NE KK EIE, Hih R REERE N
281 °C, 7TEXNEERL, HIRKERN 2030%, e KEKFEHEE R 1.48 Cmin'. EILEEE, 5
ol KRR R AR e R | AR YRR DL S — 2 /Ny TR B E A DY IE G 0 i, B2 4 2 0 3 2R
I H IR B AE 250~320 °C, £F4E 3K Y IR R H B AE 300~400 °C, LIRS, #E 300 C LLR, V5l
FRA AT MR E B ) Wk T IR . X AT AR TR 2 A LI i B AR, 23K
PR T X S, I R AR g E R 7E 398~540 C, #ufi it FErp Bl 1 AN/
MR W, V5K E RN 7.20%, VIR R FE R KRS HA . IGRLLRER AR BTER B g2, bl
T BE AR S Ty, Pt AR i A 4 R I, IR EEIE TR 597~696 °C,  Hodw K% IR B RN % H
ZH 658 °C Fi1 0.45 % min ', IR FE BETTBUS R R TR R 4.67%, X —Fr Bl fig EL2IE Ti5 kT
A B 58 WG DL Y 24k 22 803 Al e s 1 R i B BEJE AR S Mg, HR oORR B IR E
749 C, WARKREHEFEN0.53% min"', FEXNHE, HIRKERN 449%, X~ EAREFEERE
A T35 e H JCHLER A0 20 i S B0 B AR 022 R LR B, AN R AR B B TS e B S N AV RSCR AT A 2
S, UL &R 6e A A B i AE A 25 5%, T RB 2 RN B AS TR B B TG AL BB FEE 22 57

2) T BT Ye gt 2 12 b o R itE— 25 2 B AS TR A F T BE T V5 U B A R 1 DA R ik R RE A 22
S, 8B IR BT B e A R h B D S AT A, RS S i RE A A 4 A
fillc KASVL . FWO 5 Al Friedman 5 J2& 3 Fh 32 ZE0F 505 3l 1 22 S 800 S Rk . o7 B840l
K7, KX @8) M),

B\ AR _\_Ea
ln(ﬁ)_ln(Eag(a)) RT 0
AEa Ea
Ing = 1n(Rg(a))— 1.052ﬁ -5.331 )
da Ea
ln(a) =In[A(l —a)] - 7T 9

P 2 kil it KAS % . FWO 35 Al Friedman ¥5 01 & H A # 2, 6 fLBEMIAR S R® ANk 2 i m o



%5 HEEAE TS PE PR B R RE TG 1 R A 1593

65 32 34 fwer,, « 010 020
70} \ 3.0 fexel 40.30 v0.40
751 2.8 ©0.45 < 0.50
- 26} = »0.55 0.60
< -80f 24 g *0.65 0.70
S g5} ! 3z
= 22[ « 0.10 4020 =
= 0t « 0.10 o 0.20 030 S 040 >
4 030 v 040 20 ¢ 4 Y. v
-9.5 [ © 045 « 050 186 + 04540.50
100 » 0.55 « 0.60 ’ > 0.55¢0.60
- + 065 4 070 L6f e« 0.6540.70 ! .
-10.5 N N 1.4 N N N N N N N N N " f N N N L N
0. ooz 0.004_0.006 0.008 0.010 0.002 0.004 0.006 0.008 0.010 0.002 _0.004 - 0.006 0.008 0.010
ur T ur
(a) KASE: (b) FWOE: (¢) Friedmanyjz:

2 FEEUERTHBISRABRNNFHE

Fig. 2 Kinetic plot of municipal sludge pyrolysis under different conversion rates
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Table 2 Results of apparent activation energy

KAS FWO Friedman
AR
E1LEE/(KT-mol ™) R? 1L RE/(kJ-mol ™) R 11k fE/(kJ-mol ™) R?
0.20 163.84 0.938 3 190.18 0.958 7 164.22 0.945 8
0.30 321.85 0.992 9 347.32 0.994 3 319.66 0.994 7
0.40 405.98 0.990 7 432.04 0.992 4 405.14 0.992 5
0.45 394.11 0.977 4 423.26 0.9819 396.96 0.980 9
0.50 357.80 0.965 3 391.49 0.973 1 365.41 0.970 6
0.55 320.19 0.953 2 358.84 0.965 2 332.37 0.960 7
0.60 277.49 0.9370 321.99 0.955 8 294.44 0.948 2
0.65 253.37 09138 303.51 0.942 6 274.49 0.930 6
0.70 238.02 0.8915 293.78 0.9309 262.88 09143

H 3% 2 7] A1, KAS. FWO Hll Friedman iX 3 # 77 ¥4 19 R* (L 7F % 1L % 0=0.20~0.70 N Ul & RR K 4F
R FEARAE 090 LU L, TiifE/NT 0,20 AR F 0.70 Z [0, R* ¥J/NTF 0.90, T k38 hy 1 6 b 43 B F50 000 44
fRETE . PR AR IR R T, FEAAOTE L REESE, U AL R AE 0.20~0.70 V\]B’J’ﬁz%}:’xﬁrﬁ{ﬁﬂc

RE IR MERRTY ., AR TRAT DU B, @FHFWO/%T%%iﬁozmmoqur;%thﬁﬁzﬁftﬁ 45 WS
T KAS 7 fil Friedman 35, {HR H 3 Fh 5 0 H 53 TG L RE S5 R G H— 5, RAPLA 45 R a9 n] &
P ASRIFASR Y B KAS 70 FWO 15 Hll Friedman 323158 1 BTG L REAAE 22 57, 7EH6 1L %K 0.20~0.40
if, HIS AL REZE 4G BB 70 5 h 163.84~405.98. 190.18~432.04, 164.22~405.14 kI-mol ™", T 24 %% 1k %
A 0.40~0.70 Bf, HWEAL fiE 25 Ak 75 Bl 43 51 M 405.98~238.02. 432.04~293.78 . 405.14~262.88 kJ-mol !,
TEALRE R IS LS T 3K AT RE 2 PR A Mg ol 2 v 4 43 B 7 T80 ol [T A 5 1 400 1 FLOIR 45 4
TR, AR HE R 05 il BN, SSCAE I By v 3% R T AL R IS T e sk 4 02

V5 30 1 6 T U5 AR R AR XA Y TG i TR MG, WE 3 iR, MR ok

T 040 1, 3 AFHE B R T BILA LAPRFE R-0.053, FH R2>0.95, 1 4 L% o 7F 0.40~0.70
W, 3 A FHE R T LA LAHR 1 H-0.092, 1 R*>098, I THALZRAL T 0.40 B9 RY B,
AL A 0.40~0.70 B Y5 U8 19 TG M e RE /N, MR BE S 42200 Y il o 3K 150 WD B 2 A AR I L 1 g
11, 1GIRTERE AL 2R 0.40~0.70 N PR S AL RMCR Ty, BV sl S bl , 35 U b i e A R AR
Wi, X 5TELRe AR g A — 2
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Fig. 3 TG fitting curve under different conversion rates
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Fig. 4 FTIR and second derivative of a certain wavenumber of municipal sludge pyrolysis at different temperatures
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1033 cm ' Kb AL EEXF I C-O SR 4z, HAHE 500 °C 1, C-O flg R K, X5 XU 42
OB 58 45 A — B0, BB B 09 b T, LR 2h Vi B ARk, AR TS Ve AR R T, C-O B R A
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11 = N T - W T I 2 X o R U 8 W g2 = S e e e ol e = D 0
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1618 e AbAFEAE 1 A~ A WIS, 3 %o 1o 25 95 e S L AR B AR b i 26 254k &8, 773 em !t Ak
IR R BUR R A C-H . rTRLEBL, BEE RIS, 6 1 C-H Wk R Wi o, Bl 7E
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Fig. 5 Cls of municipal sludge pyrolysis at different temperatures
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Table 3 Relative mass fraction of municipal sludge pyrolysis products at different temperatures

BRI C C-C/C=C C-O0 -COO C=0
AN BT SR % S5 EReeV X BUR R % FiGReeV X BIEEU% 4iaReeV X BUES B % GG ReleV
30 58.09 284.80 28.49 286.38 13.42 288.28 — A~
200 57.55 284.80 3293 286.28 9.52 288.28 — —
300 56.27 284.80 36.40 286.08 7.33 288.48 — —
400 36.02 284.80 28.18 285.58 15.47 288.80 20.33 287.34
500 30.82 284.80 40.90 285.45 16.57 289.50 11.70 287.00
600 41.97 284.80 34.65 285.45 13.25 288.42 10.14 286.72
700 62.30 284.80 33.17 285.96 4.53 289.46 — —

He iR AR

XL STE . MR AT, BEE R R B, RV AR R, C-C/C=C &5 e R MK IC R
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Pyrolysis characteristics of municipal sludge and transformation of carbon-
containing functional groups during pyrolysis process
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Abstract  The annual production of municipal sludge in China is massive. The study of its pyrolysis
mechanism and the transformation of carbon-containing functional groups can provide a theoretical basis for the
reduction of the sludge harmlessness and the resource utilization. Thermal gravity, kinetic fitting, fourier
transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and other detection and
analysis methods were used to analyze the pyrolysis characteristics, activation energy changes and carbon-
containing functional groups of municipal sludge. The results showed that there were differences in the
generation of carbon-containing functional groups in different stages during the pyrolysis of municipal sludge.
Kissinger-Akahira-Sunose (KAS), Flynn-Wall-Ozawa (FWO) and Friedman methods were used for further
kinetic analysis. The results of activation energy showed that when the conversion rate was between 0.40 and
0.70, the pyrolysis rate of municipal sludge was accelerated, and the carbon-containing functional groups in the
sludge were accelerated to undergo pyrolysis conversion. The results of FTIR and XPS showed that in the range
of 30-400°C, the decomposition of alcoholic hydroxyl groups was the main reason for the reduction of hydroxyl
groups in the sludge structure. At 400 °C, the relative mass fraction of phenolic hydroxyl groups and C=0 bonds
was the highest, while at 500°C, the relative mass fraction of carboxyl groups and C-O bonds was the highest.
The C=C bond and C-N bond decreased continuously with the increase of temperature, while the C-C structure
first decreased and then increased, and the relative mass fraction was the lowest at 500 °C. Meanwhile, the
aromatic structure increased with the increase of temperature. In the range of 400-600 °C, the carbon and oxygen
functional groups of the sludge residue carbon were more, and the adsorption and stability were higher. This
study analyzed the pyrolysis characteristics of municipal sludge and the evolution process of carbon-containing
functional groups, providing a theoretical basis for the study of municipal sludge pyrolysis mechanism and
carbon form transformation.

Keywords municipal sludge; pyrolysis; dynamics; carbon-containing functional group; carbon conversion
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