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Abstract: The resource utilization of sludge has always been the focus of research by scholars. And their conversion
into high quality solid fuels (hydrochars) via hydrothermal carbonization (HTC) is proved to be a promising potential
technology. In this work, Co—HTC of sludge (sewage sludge, SS; deinking sludge, DS) and lignite (LC) was
investigated to obtain a better preparation technology of sludge—derived hydrochars. The synergetic effect of mixing
ratio 3: 7, 5: 5, 7: 3) on the HTC upgrading of sludge/L.C mixtures was explored. And the combustion
performance of hydrochars was also analyzed. The results have demonstrated that sludge/L.C mixtures at a mixing

ratio of 5 : 5 have exhibited an optimal performance of hydrochar products. Specifically, the hydrochar yields can
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reach up to 81.08% and 86.00% for LC/SS and LC/DS, respectively. And high synergistic coefficients are observed
in hydrochar yield (LC/SS-1.69%, LC/DS-0.18%), organics retention (LC/SS=11.90%, LC/DS-2.64%) and carbon
retention (LC/SS-4.08%, L.C/DS-0.77%), indicating a more remarkable synergetic effect of LC/SS than LC/DS.
Besides, the higher heating value (HHV) and coalification degree of hydrochars can be enhanced by the increasing

proportion of LC, which not only improves the fuel characteristics of hydrochars, but also makes it more stable and

sufficient in the combustion process. These findings indicate that higher quality fuels can be obtained by Co—HTC

pretreatment, thereby realizing the effective utilization of sludge/lignite.
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Table 1 Properties of three raw materials

Sample Proximate analysis/%(mass, db) Ultimate analysis /%(mass,daf) Fuel HHV /
VM FC C H 0 N S ratio  (J-g™)
Ss 56.11 37.57 6.32 48.46 8.20 34.61 7.59 1.14 0.17 9451
DS 66.02 32.65 1.33 57.45 7.18 32.19 2.59 0.59 0.04 5520
LC 6.73 48.41 44.86 65.70 5.02 27.84 0.90 0.54 0.93 24100

Note: VM, volatile matters; A, ash; FC, fixed carbon; db, on dry base; O (oxygen) was calculated by difference based on dry ash—free base; HHV,

higher heating value; fuel ratio was defined as the quotient of FC and VM.



- 3134 - f£ T ¥ F70%

12 K#mLITE e i B B Z SR, 0 (2) )
K LCIIAG SSAIDSLAO: 1,3:7.5:5.7: 3, cp < e o

1: ORY FLBITR A 4] B 10 ¢ IR A FE S 5 100 g

ml 407K IR A 3550, B T 250 ml (1 R K 40 R 48 OR = "o 3)

(SLM250, Senlang Co., Ltd., China) ., 7F 3258 Uh
FE AR IR 10 min, B 28 N N5 TEEREE
BES B BE BT3B (AR 8 52 0 2R PR —
FE I TA] o AR S i B 0 5850, A SCY B v it B
N 240°C , 5 B3 15 8] 2 30 min, % ¥ 18 5 £E 300 1
min” AR UEP) RS2 T3 5] o ORI I Bl o S7 B
RN I AR H E 8SCULT K2R G
JH0.45 wm PRACHEAT B 8 . o3 B i AR 4
R BT 105 CHUAR 08 24 b BFEEIF 2L 180
o i, THRORAFFHI

1.3 HELMERES IR

L3.1 o #7 7 &  AH 5k b (MXX1100-30,
Shmicrox Co., Ltd., China) X JFURF X K o dE 47 Tl
1A, TEER 73 BT SR 6 2 3 B AL (Vario EL cube,
Elementar analyser, Germany )l 22 , H: " 4 0 i i
22k AT o m AL IRE (HHV) i i A 2l # Y
(TKA €6000, Germany ) JEATIAE o N BIFTE K FALE B
X 15 e KR A W) i 4R B ROCR | SR AR 70 B AY
(SDT 650, TA Instruments Co. Ltd., America) Jll & Jit
BHRR B S5 TR AR B A 7 - A S B PRI 2 5
mg B b BT HUR A, 7825 AT (100 ml-min™)
A 10°C » min™ 9 T8 58 S A i R (30°C) TH 2
900°C , 75t it 7 v 9 2% 1 i 55 2K B i 5803l ey
TG[% (mass )| DTG[%(mass) *min™'], H TG 5 DTG
i 2 n] gk — 2D AT BR BRI FR A =N RR AR IR L
5B KR R (T) R KR H R A 3 R (T,) LA K&
WO B A5 (T,) o Ferp, i RO T 3R 548
DTG M £k - 2 5 4 b5 IR I Xof by B9 k5 TR S
T B2 54 DTG 2T 46 0 T % I B R A28
RF BT 7 ) i 5 A R B U4 7E TG i £k F
IR 2 AR A I i X 7 403 B+ QD e K2R 0 3R R 7E TG
it 2 b T N IS AUk s @30 i T K B B

W 1) e %o 7 T R AR SEE 2

132 X5 H K#ERZE (o) d (1)
A

mg
w =—Xx100% (1)

A m KR TR, g3 m N JEURHRCR, g
B f B A (CR) A HL R B 3R (OR) 2 P4 /K

o, CAN O I3 3 R R R il & i S AT LY
i, HR ALY RIVRE dh 25 BR 7K 23 MUK 3 )i (1
AR, % 3 C 0 23 3 O ROk B 5 i SR LY
R/

H(‘
E,= o )
K E, RN BE S G RE B ESOR 5 H R KA
IR A, T g7 s H R R B AV, - g7
SRy RS 6 T DA S K SR T sk R 1 B RIE
W5 S U0 (H 5 RO AR A Sk K B Ak B A 4 BV B )
FFS TR AT H A . RAKBIR P2 3R ], 24 LG
FISSLA3 : 7 [ HLBRR A, AK B 7= 2 1 B T4
Ha~
w.=03w, + 0. 7w %)
X, MARBIR P RIS TR, %50, N
LC BRIIK BRI T 58, Yo s 042 SS BRI e 7
R, %, HASEES T T DL s B (5)
R “w” KA. AR, A T I IMEME 2 X
T —AFRNE R E 250 (se) ™ =t (6)
EV - CV

SC =

K, SC R P A R B EV M SERAA ; CV it
=R[E
HRAE TG-DTG i1 £& 7 (1) 55 AF 305 B i i A0 %
R R T AR R E (S LATEMY [ iR
BRI B AR SR 1
(dw/dt) . (dw/dt) ...
5= : )
Ti Th
O, (dw/dr),,, F(dw/de),,,,, 7350 A e R B AR
FIF- 25 26 3 3 R, % (mass) ~min™'; T, 10 3R 35 kiR

JE,°C; TFRIMSIE , °C.
2 HREi

21 FERAKFRKOEREFED

15 e AR I (LC) J2& P AS [R] 2 AU (9 JFORE, TS
e (SS F1 DS) X Hy T2k U5 A [m] i 75 FL M o7 A T 22
S = A EURHG SE A RN R 1 s . Horp 15
JEORH K A & N 56.11% ~ 66.02% , B E Bk & i N

x 100% 6)




81

www.hgxb.com.cn

+ 3135 -

1.33% ~ 6.32%, H S BARHRF MR XS 25 . LC = 1)
[i5] 7 ik (44.86% ) Fl C 7% 7 (65.70%) L 6.73% Y JK
S s T H 55 U8 B 45 Bk 2 R i AR R R
BEIE A MR s R TR, B 4R 8 v o i 1
TR 53 AT Btk 52 A4 R 9 T RE A (FL B 235 #4) F g
W AR HIE B 08T W 5T AT DL $Afk A o
PRI — L 25 Ab | an g 4 N AR A RN A — R
EAEAE I, L, 2475 5 LC I K #uak b ib 2
b, BT A R R R RS ], A R AR —
PR HT

— i LU BITR A ¥ 50 1 SRRk 28 o K Bk B 1
FEARVERTANER 2 7R o 1RGPk 1 Tl 73 A A
TCE I SN LC 1 HL Bl 2 5 &R R BIOK
kA BB RAFR A 0 . = Uk ER K
A P S 7K IR 1 C & A5 DA R, O F I 43 3
WA 28 29.41% .32.13% F127.10% , 3% F2 e 1 7K ik
HA L BTRCR . B LC BN, L3S7 1585, L7S3
1 C & &4 B TE £ 61.00% .62.90% F1 64.22% , 14
i L0S1(56.19%) , [AlE H. O & WA F . DS
5 LCIA TG MK ot 2R 30 R AR BLAEE . 7Kk
i C g S 3N ) [) B O 55 45k 3% AR DA T 4 B = %K
(O/C TR Hb ) IR Bt 3, 150 BH 7K A8 £k Ab 38 m]
DAAT 54 e SRR A R 58 it 5T, L LC SN B A9 vy
PETRCARE 3 . eAh, KGRI R NS
A AT R T 8 T 3 1 AR

W2 R 15 e K B Ak Ak 3RS K 43 5 5t o
5 F T % 76.46% (1L0S1) F1170.61% (LOD1) , X J& i

TFA WL A K SR A W7 40 S0 AR
PR K A HR 43 B i A LB N . Bl
LC I TSI, 1387 1585 Fl L7S3 B JK 43 143 IR AG:
% 51.77% .35.59% 1 23.42% , Y& T H AR 44
B S A 55.46% . 41.47% F127.48% ., H Itk
B AR K A3 8 B 09 LC ORI S 30 TIR-A W K
A3 R i EL PR RIS [R) SR 4 S [ 4 A A E T K
Iy S — L RRAR . Tay 2 4RE 7E V5 JE b A
HBFEDEAT I A PR AL AL B, ] it = 4 7 A i AR
ASRPI R R, RR I 4R v 1 36 Ik e 10 i i, PR AT
T KAyt o Seredych 5" L H 3B FR , B 28 AR R
JE) Tl 35 U ] Sy e 52 A R A A i
21 i TR I P 0 4 5 AT AL A2 R
AT BB B AR AR o BRI, MK AR fb Ak BE AT LA
0 3 VAT R A3 B A T K B o A,
6] itk P 0 i LC 8 L 48] ) B4 g B T (5 C i
(4 A Al B —50) , T I A B ) 485 4 72 A5 T im0
2 HAET 2 A DU 1 o K BOR A AR R B BE 1L.C
U0 BB B B R IR AR IR A LR 55 Bk
S e R PRI . R P R R EORT R, LC/SS 1 i I
VEFHARA: T LC/DS B2k L

22 HkPEBEEEMNHERER

221 KR#AKRFFR EL— RIS LC/SS.
LC/DS R A HAT X 7K B0 7= 28 (4 5% 1, I 5 AH 1
PSR AT IR, E 1 R, LCH T H S
o P T Al 7 i, LK B 7 e 55 15 (89.28%) o AH
X T V5 U A [ B A T EAROK R H

®2 KRROERMER

Table 2 Properties of hydrochars derived from LC/SS and LC/DS

Proximate analysis/%(mass,db) Ultimate analysis/%(mass,daf) Fuel ratio

Sample A VM FC C H 0 N S EV (0% SC/%

LC/SS LO:S1 76.46 19.80 3.74 56.19 8.62 29.41 4.46 1.32 0.19 — —
L3:587 51.77 30.27 17.96 61.00 6.53 29.13 2.72 0.62 0.59 0.44 36.26
L5:S5 35.59 35.25 29.16 62.90 5.69 28.92 2.02 0.47 0.83 0.60 37.94
L7:S3 23.42 39.72 36.86 64.22 5.41 28.42 1.57 0.38 0.93 0.76 21.49

L1:S0 6.49 46.52 46.99 66.72 4.85 27.10 1.03 0.30 1.01 — —

LC/DS LO:D1 70.61 25.53 3.86 59.54 7.04 32.13 0.92 0.37 0.15 — —
L3:D7 50.40 33.45 16.15 62.06 5.83 30.83 0.92 0.36 0.48 0.41 18.01
L5:D5 37.04 36.29 26.67 63.50 5.51 29.75 0.92 0.32 0.73 0.58 26.55
L7:D3 24.37 40.71 34.92 64.83 5.45 28.48 0.93 0.31 0.86 0.75 13.97

L1:DO 6.49 46.52 46.99 66.72 4.85 27.10 1.03 0.30 1.01 — —

Note: VM, volatile matters; A, ash; FC, fixed carbon; db, on dry base; daf, on dry ash—free base; VM and O (oxygen) was calculated by difference;

fuel ratio was defined as the quotient of FC and VM; EV, CV, SC represent theoretical calculated value, experimental value and synergistic coefficients

of fuel ratio, respectively.
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Table 3 Characteristic temperatures and combustibility index of feedstocks and hydrochars
) Characteristic temperatures /°C (dw/dt),,, / (dw/dt),../ Sx10%/
sample - Residues flmass) = 7 7, (Gemas)min)  (emass)min’)  (minC)
SS 57.7 210.8 309.1 730.5 -1.81 -0.60 3.37
LOS1 76.6 222.7 313.3 711.3 -0.95 -0.34 0.92
L3S7 52.7 315.7 384.7 696.9 -5.25 -0.71 5.36
L5S5 37.5 319.7 371.1 681.1 -7.69 -0.96 10.60
L753 25.8 325.4 366.7 669.2 -9.74 -1.16 15.96
L1S0 9.0 333.3 364.5 662.1 -13.96 -1.44 27.32
DS 50.9 240.3 330.7 789.5 -1.57 -0.65 2.23
LOD1 60.3 292.1 338.9 772.3 -1.22 -0.53 0.99
L3D7 439 299.4 375.7 745.4 -3.38 -0.78 3.97
L5D5 34.0 310.2 375.0 740.4 -5.03 -0.93 6.56
L7D3 29.2 312.4 367.3 716.1 -5.87 -1.03 8.67
L1DO 9.0 333.3 364.5 662.1 -13.96 —-1.44 27.32
3 é:tl:: i@ hydrochar in terms of production, physico—chemical properties
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LC/DSTRA PRy o RACR SR AU LC/SS 3%

LC/SS 1 LC/DS R A LB 430 A 5 5B, 7K
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B K (R RO S B R ) o B LC WS it () 3
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JEUARH A 3 TR AR B RS DU B, LC B3
AT R b s B v 0 A T2 06 (F5 R 53R e 5 e Mk
%) 16T B A B — 1) i SR R e (5 3B o0 5 K 43 IR
) AR T IR A W)oK A I FR AR I B2 A CF R
JE AR KR R B A ) (TR R AR
EH .

S 3k

[1]  Saba A, Saha P, Reza M T. Co-hydrothermal carbonization of
coal-biomass blend: influence of temperature on solid fuel
properties[J]. Fuel Processing Technology, 2017, 167: 711-720.

[2] Kambo H S, Dutta A. A comparative review of biochar and

3]

[4]

[7]

(8]

19

[10]

[11]

[12]

and applications[J]. Renewable and Sustainable Energy Reviews,
2015, 45: 359-378.

Parshetti G, Liu Z, Jain A, et al. Hydrothermal carbonization of
sewage sludge for energy production with coal[J]. Fuel, 2013, 111
(3): 201-210.

Mun T'Y, Tumsa T Z, Lee U, et al. Performance evaluation of co—
firing various kinds of biomass with low rank coals in a 500 MWe
coal-fired power plant[]J]. Energy, 2016, 115: 954-962.

Zhuang X Z, Huang Y Q, Liu H C, et al. Relationship between
physicochemical properties and dewaterability of hydrothermal
sludge derived from different source[J]. Journal of Environmental
Sciences, 2018, 69(7): 1-10.

Zhuang X Z, Zhan H, Huang Y Q, et al. Conversion of industrial
biowastes to clean solid fuels wvia hydrothermal carbonization
(HTC): upgrading mechanism in relation to coalification process
and combustion behavior[J]. Bioresource Technology, 2018, 267:
17-29.

Liao J, Fei Y, Marshall M, et al. Hydrothermal dewatering of a
Chinese lignite and properties of the solid products[J]. Fuel, 2016,
180: 473-480.

Wu J H, Wang J, Liu J Z, et al. Moisture removal mechanism of
low—rank coal by hydrothermal dewatering: physicochemical
property analysis and DFT calculation[]]. Fuel, 2017, 187:
242-249.

Liu J Z, Wu J H, Zhu ] F, et al. Removal of oxygen functional
groups in lignite by hydrothermal dewatering: an experimental and
DFT study[J]. Fuel, 2016, 178: 85-92.

Alvarez R, Clemente C, Gomez—Limon D. The influence of nitric
acid oxidation of low rank coal and its impact on coal structure [J].
Fuel, 2003, 82(15): 2007-2015.

Zhuang X Z, Huang Y Q, Song Y P, et al. The transformation
pathways of nitrogen in sewage sludge during hydrothermal
treatment[]]. Bioresource Technology, 2017, 245(Pt A): 463-470.
Zhang X J, Zhang L, Li A M. Hydrothermal co—carbonization of
sewage sludge and pinewood sawdust for nutrient-rich hydrochar

production: synergistic effects and products characterization[J].



81

www.hgxb.com.cn

+ 3141 -

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[21]

Journal of Environmental Management, 2017, 201(2): 52-62.
Yao Z L, Ma
carbonization on polyvinyl chloride wastes with bamboo[J].
Bioresource Technology, 2017, 247: 302-309.

FE R, BRI, AR, A5 K IAA #1540 e 4 ik
TE[T] AL T 244, 2013, 64(7): 2625-2632.

Wang D M, Wang Y Q, Yuan H R, et al. Carbon fixation of sludge
biochar by hydrothermal carbonization[J]. CIESC Journal, 2013,
64(7): 2625-2632.

Liao Y F, Ma X Q. Thermogravimetric analysis of the co—

X Q. Characteristics of co—hydrothermal

combustion of coal and paper mill sludge[]J]. Applied Energy,
2010, 87(11): 3526-3532.

Li F Y, Cao X D, Zhao L, et al. Effects of mineral additives on
biochar formation: carbon retention, stability, and properties[J].
Environmental Science & Technology, 2014, 48(19): 11211~
11217.

Tay J H, Chen X G, Jeyaseelan S, et al. Optimising the
preparation of activated carbon from digested sewage sludge and
coconut husk[J]. Chemosphere, 2001, 44(1): 45-51.

Seredych M, Bandosz T J. Tobacco waste/industrial sludge based
desulfurization adsorbents: effect of phase interactions during

pyrolysis on surface activity[J]. Environmental Science &
Technology, 2007, 41(10): 3715-3721.

Xie C D, Liu J Y, Xie W M, et al. Quantifying thermal
decomposition regimes of textile dyeing sludge, pomelo peel, and
their blends[J]. Renewable Energy, 2018, 122: 55-64.

Xie C D, Liu J Y, Zhang X C, et al. Co—combustion thermal
conversion characteristics of textile dyeing sludge and pomelo
peel using TGA and artificial neural networks[J]. Applied Energy,
2018, 212: 786-795.

FEMBEL, BHEEE, BTSN, 45 . 35 JE /K Bk B 45 0 s MR A B
). AL T HEE, 2018, 37(1): 311-318.

Zhuang X Z, Huang Y Q, Yin X L, et al. Research on clean solid
fuel derived from sludge employing hydrothermal treatment[]J].
2018, 37(1):

Chemical Industry and Engineering Progress,

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

311-318.

FEMB B RHiL:, &5, 2 K IG U85 A IR IR AR Y i [F)
BRRFPERFFE T, BRRME 2R 2540, 2018, 46(12): 1437-1446.
Zhuang X Z, Song Y P, Zhan H, et al. Synergistic effects in co—
combusting of hydrochar derived from sewage sludge with
coals[J]. of  Fuel
Technology, 2018, 46(12): 1437-1446.
Zornoza R, Moreno—Barriga E, Acosta J A, et al. Stability, nutrient

different—rank Journal Chemistry —and

availability and hydrophobicity of biochars derived from manure,
crop residues, and municipal solid waste for their use as soil
amendments[J]. Chemosphere, 2016, 144: 122-130.
Di-Matteo  U.
performance and kinetic study of solid digestate with gasification
biochar[J]. Renewable Energy, 2018, 121: 597-605.

He C, Giannis A, Wang ] Y. Conversion of sewage sludge to clean

Barbanera M, Cotana F, Co—combustion

solid fuel using hydrothermal carbonization: hydrochar fuel
characteristics and combustion behavior[]].
2013, 111: 257-266.

He C, Wang K, Yang Y H, et al. Utilization of sewage—sludge—

Applied Energy,

derived hydrochars toward efficient cocombustion with different—
rank coals: effects of subcritical water conversion and blending
scenarios[J]. Energy & Fuels, 2014, 28(9): 6140-6150.

Gil M V, Oulego P, Casal M D, et al. Mechanical durability and
combustion characteristics of pellets from biomass blends[]J].
Bioresource Technology, 2010, 101: 8859-8867.

Mursito A T, Hirajima T, Sasaki K. Upgrading and dewatering of
raw tropical peat by hydrothermal treatment[J]. Fuel, 2010, 89(3):
635-641.

Peng C, Zhai Y B, Zhu Y, et al. Production of char from sewage
sludge employing hydrothermal carbonization: char properties,
combustion behavior and thermal characteristics[J]. Fuel, 2016,
176: 110-118.

Nonaka M, Hirajima T, Sasaki K. Upgrading of low rank coal and
woody biomass mixture by hydrothermal treatment[J]. Fuel, 2011,
90(8): 2578-2584.



