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Abstract: To address the issues of low activity and difficult treatment of burnt coal cinder, the preparation
technology and calcination effect of geopolymers based on burnt coal cinder were investigated, with the concept
of low carbon and environmental protection as the core. The influence of calcination temperature, activator
dosage and liquid-solid ratio on the compressive strength of geopolymers based on burnt coal cinder was
investigated by single factor tests, and the optimal mix ratio was subsequently determined. Using X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM),

the hydration products and micromorphology of geopolymers were studied. Revealing mineral phase changes
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during calcination and the geopolymerization process, and clarifying the mechanism of strength enhancement.
The results indicate that the combined activation method with calcium oxide as the main and trisodium
phosphate dodecahydrate (TSPH) as the auxiliary was successfully employed to prepare the geopolymers with a
compressive strength of 34.5 MPa at 28 days. The alkaline environment and nucleation sites provided by
calcium oxide, along with the phosphate radicals supplied by TSPH, all contribute to the dissolution of active
components in the burnt coal cinder and the formation of complex gel phases, which is an important source of
compressive strength for geopolymers. Furthermore, at calcination temperatures of 1 000 “C, burnt coal cinder

lacks the thermal activation property of solid wastes such as coal gangue and fly ash, and high-tempera ture

calcination diminishes its chemical reactivity.
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Table 1 Main chemical composition of burnt coal cinder
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Fig. 1 XRD pattern of burnt coal cinder
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Fig. 2 Influence of calcination temperature on burnt coal

cinder base geopolymers

2.2 SHUHERIZME
AR b PR A T 7R M SR W Y A i R b s
AT PR A R SR e A A AN S I AR o I

L, FH VA S 30 3R G OB B 2E AT o 18T 3 O A AR i
b & W) 04 0 T i B A AR AR S B S A E B4 Y
AR, AL 5 R E M AR O 4/18 I, T 1 58 ¥ e
e, DLW R AL B VE D L R S R R BT =
FE I A KA A S A A, A UK
PO AL A B, B AR E T SRR R . S — 7
T, 0 4R A0 45 A C-S-H AT Sy JHG A 358 2 A 2 14t 1A% Ao
s H e A S S I AR R K B RORHRE
PR AL Sl v A, R A R o SR A 2
A R SN A A B TSSO BEL Lk b R A5 RN Y
7, S B HTT 55 JEE FEAIR

251

13d
=7d
uy EH28d
20 o T
. B
S st -
=
B
B or
iP‘
sk
0 118 218 318 418 518
LSS SR I LA o/ )

TE BRI O 90 g, KRS L TSPH O 15 g, K 3535 2 20 mL, i 1
H 0.3,

3 SHNEXNMEEEMRYHRIERENEN
Fig.3 Influence of calcium oxide on compressive strength

of burnt coal cinder base geopolymers

2.3 TSPHHI M

P S AL 55 55 R B LU AE Sl 4/ 18 1 e R 1B 4k 22
BB, WFoE T KB RR =4 (TSPH) 8 & (10 52
M o R TSPH XF #8553 3R 9 Bt o B 14 52 i)
(451, TSPH B 58 3 1/18 i, SR M i KL
RW P iR B IR B i R AH . TSPH Y3 & 7S i a]
by b R G SN B A P AT i 0 &2 2% 1 Si-AL-P i
B, o — LR R bR R . (At &

30

- =

ECT I
=
»
=
H
=10

0

L L L L ' L
0 118 2/18 3/18 4/18 5/18

TSPH SR 4 LB (/)
TERBEE R 90 g, ML 5 8 20 g, A B BE L K BEBE O 20 mL i 1L
0.3,
4 TSPH X %4 5 & B ith 52 ¥ 51 JE 58 B B 36 1
Fig.4 Influence of TSPH on compressive strength of

burnt coal cinder base geopolymers



210 K5 x% I EF

F]OF & ) %47 %

TSPH M9 % 23 U i Na™ f 25 18 i, 5 350 2R
Yy R8T B G T b I R AR A B SR
2.4 KIEEHIFM

fie TSPH 5 BR M i LU A8 o 1/18 1Y 5 06 1 4k 22
WIS, W 5T K B B8 A 52, K] 5 Sk 7K 36 5
5 18 X M I P 5 R 0 R TR K B B R R
Aﬁf*%m%ﬁﬁﬂéJgﬁﬁAﬁﬁﬁ@ﬁ
PRHE T HU SR A RN Y HEAT S (H 5 A K B 5 25
10 0 W RN B R AR B M 2 Y B T RS Bl g
I1 5 B I A Bz B TR I b 3R ) B R 5 R B
TR TR B ko A M R S B PR S, S8
Si-AL-P 1 52 24 5 e 285 46 ME LATE B

35+

]34
) 174
30t nan ij 284
6 o % 2596
ug
25 %%+ h i
<
=g
=
D%i 15
i’; 10 Hi
51
L . . L B
1120 2120 3/20 4120 5120

IK B SRR A LUAR (/)
T MM S 90 g, S ARES hy 20 g, AMBBE , TSPH 5 g M EE K 0.3,
5 KREEWMEEEMBYRERENZMN
Fig. 5 Influence of sodium silicate on compressive

strength of burnt coal cinder base geopolymers

2.5 E LR R m

Fie 7K B¢ 38 55 17 3Kk K LU AE S 3/20 11 S5 AR {H 4k
e A BT VR L 52 o DOV BE X R S
T 55 b SR Wy e R R RE 0 52 (1] 6) T LLA S, W T
b 5t 5m FE A OC . W Lo 0. 26 IF, Hb SR bt
JE 58 B 3k 34. 50 MPa. W[ L35 in iR & BB &
AT B B A A% Sk ELAT B v 9 20 P A SRR T VR T L

F0.26 MIREYEABPEEN TIRME . KM IKR

407 34d
34.50 =7d
sm_I_ :szi
_I_ 29.13

m30-_1_ _xI:_I_

=

B

H

ia"

10
0.26 0.30 0.34 0.38 0.42

R E/(mL/g)
e BEBEHE 90 g, S ALAES S 20 g, KBS, TSPH R 5 g, K BEE N
15 mL,
Ee6 HELIMNMESEMRYRERENZMN

Fig. 6 Influence of liquid-solid ratio on compressive

strength of burnt coal cinder base geopolymers

o 22 19K 23 BTG BE P B, L AR A i 7 vh ok
() 2 S 2 484 T 7 4y Lt o B R B
JEE I 2 A

3 HESH

R 0 B 58 TR JBE Ko R A v R b 5B W) 1) 5 WD R
(1 2) LA K Je 252 0 HL 33 43 B o] LA & B0, DA A I8 4% 3
600 °C, HIEAfb B #H58 T , 5 600 “CHY (1) HLEE AR
1&#‘&%5@%@[:% 1M 8001 000 °CH g Jk 54 JiE
() 58 1 T DA R o8 4 T R 3 75 ok . B, i OR
BB 600 °C 800 °C 1 000 “C P Ff 4% 58 4% 1 5k #E 47
FAE, DA R Ak 35 R WL AR 4L
3.1 ¥HESH

7 S AN TR B b R B T 1 2R A s i S5 0 4
RS AR XRD B3 o AR B 1 1 S A (181 7 (a))
FE B AR SOk A A R A ML A
ZH R, HH VB M R (& 7 (b)) B A A e Bk
A1 FH AR L K B B R Bk o 7E 600 CIBUETRE T,
T 9K A 11 A7 5 R B ke A A S W AT A A (R RE TR —
5 R 2 A P T S 0 R R N 2 R AR, AL S
fit AR B 7(a) ), HoH SR A R 7 i A FRAIE
5 AEAE (B 7(b) ) o M BRE R B 2 5 21 800 CHY, Jr
ik A A AT S 0 I RIS, A SRR A b B T K A AR
5 A5 R R T 5 I R 1 A0 S 0 (1B 7 () ), M SR
HHRRCH BT KA B BR R I AR IR (BT 7(D)) , 5 R

QA% M-SORAT; O-%ULES: T-RER=5541;

SRERA; Coies N-BEAT; L-ABIAT; :,ﬁo%’ﬁ’c‘
PREREEERIALE; Ak AR e
R -
P
A
-ff A A /?’ AP, A
€
< €. C CC
Q
5
Q
Fr 0 MoRmirr 8w 8 —_—

10 ]5 20 25 30 35 40 45 50 55 60 65 70
260/(°)

(a) BU SR KK XRD &%

QT M-SR IKORI: oo
Comies LKA NAHCE o
— itk

4

S 8 6 ¢
Q

1 1 1
M Q M! 1 M
MM M| gQM 3 M

10 15 20 25 30 35 40 45 50 55 60 65 70
26/(°)

(b) ¥ XRD &%

7 AEREEE B T B IR 4 F0 1 52 0 B9 XRD B &
Fig. 7 XRD patterns of precursor powders and

geopolymers at different calcination temperatures



% 64

I RBE S W TR 0 ) & RO AL AR 211

JBbe st ARl . 1000 CHBbe e , mr 3K R 1A il 3R 4 vh
BB T A SOk A KA KA (E 7).

FRIME R, A SOk A T RA VR A
FVER K AR 1 P 20 23 A2 8 A AR i A A0 S R TR
S REL A KA AR R S R TR A R A AR
RTEMEA 5 S 5 R A RN o A MRS I 1T 3Kk A
AT I 2 0 T R AT, R L AT B T P O
(P 2) o Bl 5 B8 Tk B 1 B8 I, Rk 196 A 46 s e A
PR RER Ol I S € WA 9 X A (B Y g o]
J 35 3] 800 “CRi I B, T fiff A1 43 ff % A A i 1) 35
B, 1 2R A B A R B — o IR T B IR
K E 1000 CHE, 36 P41 5 43 AL b KA 2B 1
PET W, R, JC 8 A e 2E 3K RE 9 55 7 5 8] 4R T
PR SR
3.2 L5MRiES

8 AN [l 48 b R BE T K i 3L b R W) 1
FTIR 3% . e 0t (950~1 100 em™ ') J& T
Si-O-T (Si, AD) BYAS X FRAR 4 41 21y , 32 W W57 19 O 7%
T BEA T ™. 5 SI-O M, AL-O B A B 5
P S M T, DRI, R A Y ST-O-ATEEE L 51 38 i =
B WO ) B U BORS sh Y. 7E 600 .1 000 Co%
PR, EW R ¥ AE 1030 em A _E B = X, i
TEAR B BE A1 800 CA&AF T , FM A H 1) 1 030 em ™!
AR AR I8 K0 % | R b A= TR 22 1Y) 5 S AR, 5 B e o
FER R —2 (& 2)., 1440.875.714 cm 43 5l
XN T C-O X FRbr i 9z )y L CO,* - 1 4h 22 JE Ik
2 F1 O-C-O -1 A2 B4R 85, 600,800 “CHAF T
WY BT R R A T, H 600 CAMF R R WL E LS
7 rp g A 0 A8 A — B0, Bk R R 1 1 9 s (H
ANTE A H I 2 R Y P SR EE (800 °C) H 3 [l THH
PR F AR BB A5 0 T il 2% Hb 3R ) e i ) 2
JE A
3.3 o

PO Sy 49K JE e by 3R 0 1) B 7 it 2 (L4 R

FEHHE fa.

1637 /(m
1471562
879 45

1449
e 1034
151
1645 {450

3442 1an1 692

563
97 o,
1028

L
2500 2000 1500 1000 500

B em™!
B8 AEIBKEEETHEEEMEYH FTIR B
Fig. 8 FTIR spectra of burnt coal cinder base

L
4000 3500 3000

geopolymers at different calcination temperatures

TFR R TG i & 5K 3R DTG 22 78 H1 4 44
DSC) , I LA # D 25 Fof 55 e A 04 A7 AEA O o 7 30~
100 ‘CZ Ia] , 5% We U Sy [l /K B9 458 2%, T 100~
310.6 ‘CZ M R 45 G K M Re e i 2k, 2w S gl
f9 C-S-H % (C, N)-A-S-H itk (C, N)-A-S-H
LA A 0 = 4k R AR S5 48, XK o A T &
5eR, DAL 6T 0 e e 14 2 7K T B 300 “C B I A Jo &t 4t
R 2 e DN, B ) R S AE AR )RR AE XY 7E 400~
800 ‘CZZIal, i ft 451 I A AE HFAT , 3K J2 R Wik i £k A
Ca(OH), %4 Jit 1) 53 fifk e 850,

100 - 15
98 0.0
; 1.0
3106 °C -02
: 405 ? ~
=
= 104 E
WEL R
Q e
D 06O
. 6=
-052 g
440 q-08
\
82 15 -1.0

0 20 40 60 %0 10 1200
E/C
9 RIFRMETE YR TA B4
Fig. 9 TA curves of uncalcined burnt coal cinder base

geopolymers

3.4 RS

10 Sk AS 5] 48 b I B T 1% 0 3 3k b R W) 1
SEM [l . & 10 BT 0L, A48 0% 45 21 19 M 2R 4 26 1ml
RV 201 4R E IS UL RS L L B N R T
B 5E B BT, O 25 M BOR o BRI B S 600 CHY
TR 1 T8 550 005 R T DAL 2 5 ke 1 JURL — iR oK
LI A B SR A DL KR 7 A I O A A TR R R
/> e TE A AR B B B R TR S 800 C
i, WORATS A ARV 2 AL B B AR XS T 600 “CHY |, AL
o IR A A AT B, SR oh T R A A 4

10 REMREREE THREEE M EY R SEM
Fig. 10 SEM images of burnt coal cinder base

geopolymers at different calcination temperatures



212 K5 xR ¥E AL FROP FE L)

% 47 %

o 1000 CRBbei T, 5 A 250 50 8, ok
Z 18] ) 2 SRR /D TR i A BORL A9 T B E AR, 5
7R AT B A JCBE AR AR R A58 — B

4 it

DRI - AL SS : TSPH=18:4: 1 1R & J5 1 &
4 min, 75 2 57 5K By A, $e K BE 58 5 A0 9K R A L oA
0.15 mL/g W& [ [t J9 0. 26 mL/g il % i 28 d $i J&
i B K F) 34. 5 MPa i Hu R 9, 16 & Gl Rk R k7K
T )(GB 175—2007) o i ik R £5 /K U2 32. 5 R Y [
RIriE o

2)TEAR T 1000 CHYy s B b 45 18 T, BR M i
AN A TR A Ry B A [ A PR A X
S TR S S ECOLIR A s R T A K
A A WD T S 5 RS RN R ) .
{H 800 “CHB e Wit & T J7 it A FF 43 43 it , 7™ A= 3 43
T M 2 53 b 3R ) 1 B R SR B R B L TR L B
T 23K 3 1 000 “CHE, JBEBe Ja 1Y 7= W) 3 2 15 Pk Y
KA A FEAS T IS P 1 Rk A0 450 T A AR 5 1 T
SE TR BEIE , PRI 58 B 4R 24 0 MPa

3) 38 i A AL AG 5 B = AN B A I R R T
BRI 2 5 R A R NI Y B 2 Bl A 4% 1 B 11 AH
(C-S-H M (C,N)-A-S-H) , & Z= 5t 15 HH 19 A= B AH L
UL 235 ¥ B0 k. S i 3R ) P A Y Ok
Ui o RBEIR — 8B 0 A 2 08N+, BRI
THEER = BN A5 B DL R R R A i — AR

S 2% 3Lk

(1] akAE, sy . RS YU MR RS TR,
2003, 21(3): 430-436.

ZHANG S Z, GONG K C. Geopolymer [J]. Journal of
Materials Science and Engineering, 2003, 21(3): 430-
436. (in Chinese)

[2] SROCHE, RIS . Mo B3R & Wy iR BE LA 52 BUIR[T]. A4
T4, 2018, 32(9): 1519-1527, 1540.

ZHANG D W, WANG D M. Research status of
geopolymer concrete [J]. Materials Reports, 2018, 32
(9): 1519-1527, 1540. (in Chinese)

(3] KD, mok 3, LR, 5. 07 Ak R Y il 45 S

PEREWE 5L 25 38 [T 1 AR BE 2 K 2 22 i (3 R BE 2 ),
2019, 38(3): 43-49.
LIU Q, ZANG HY, WANG J X, et al. An overview
of preparation and performance of slag based geopolymer
[J1. Journal of Shandong University of Science and
Technology (Natural Science), 2019, 38(3): 43-49. (in
Chinese)

[4] Z4&, wad, sk—i, % TR PR - IR & 1%
Pe il & RS 0] A 4 )8 QR HR T 43), 2020(4):

51-56.

QIN L, BAO S X, ZHANG Y M, et al. Preparation of
geopolymer from vanadium tailings and red mud by
mixed calcination [J]. Nonferrous Metals (Extractive
Metallurgy), 2020(4): 51-56. (in Chinese)

(5] Ml XA, Bk, 5 #RNBE—0 B REGY

ORI ) 25 St RELT]. MORERL S 5 TR 224, 2016, 34
(6): 895-899.
WANG H F, LIUJ, QUE Y S, et al. Preparation and
properties of geopolymer based on construction waste-
slag [J]. Journal of Materials Science and Engineering,
2016, 34(6): 895-899. (in Chinese)

[6] GHE, HRER, SR, 55 . —FhIE T 26 K 50 ORHFI A

MR 1 G e 375 K 1 B Fodl 4% J7 ¥ - CN1136034408B [P].
2022-10-14.
BAO S X,GUI'Y Q, HUANG M, et al. Unfired water
permeable brick based on granite waste and fire coal slag
and preparation method of unfired water permeable brick:
CN113603440B [P]. 2022-10-14. (in Chinese).

(7] B0, 20, 22580 it (b B U5 A0 R SR (D],
PEEEST, 2018, 17(3): 53-57.

LIAO Q, PENG B, LI B X. A review of resource
utilization of slag building material [J]. Chongqing
Architecture, 2018, 17(3): 53-57. (in Chinese)

[8] FERREIRA V J, SAEZ-DE-GUINOA VILAPLANA
A, GARCIA-ARMINGOL T, et al. Evaluation of the
steel slag incorporation as coarse aggregate for road
construction: Technical requirements and environmental
impact assessment [J]. Journal of Cleaner Production,
2016, 130: 175-186.

(9] WA, Bge, sk, —FhFI AL B 5 A 8 R

i ] o — A AK I BE b1 BEEY 7 5 0 CN113620618A [P,
2022-10-14.
BAO S X, HUANG M Y, ZHANG Y M. Method for
preparing integrated cementing material by using granite
stone powder and fire coal slag: CN113620618A [P].
2022-10-14. (in Chinese).

[10] #B X, JElg bk, BT M, S5 AL A 46 1 5 0 Ak 1 B

AW H & UL A G EEGhHES D), 20220):
133-139.
ZHENG G Y, ZHOU H L, HUANG Q Y, et al. Prepa-
ration and performance characterization of granite pow-
der-burnt coal cinder-based geoploymer [J]. Nonferrous
Metals (Extractive Metallurgy), 2022(9): 133-139. (in
Chinese)

[11] LI D X, SONG X Y, GONG C C, et al. Research on
cementitious behavior and mechanism of pozzolanic
cement with coal gangue [J]. Cement and Concrete
Research, 2006, 36(9): 1752-1759.

(12] R, EZE, IMEM, % Bbe BT A i8Rk Rk
B FEXSBD SRR BE B B T AR T LT). B 2441, 2021, 46



% 64 I RBE S W TR 0 ) & RO AL AR

213

[13]

[16]

[18]

(11): 3657-3669.

ZHU Y Y, WANG A G, SUND S, et al. Characteris-
tics of coal gangue fine aggregates after calcination and
its effects on the improvement of mortar properties [J].
Journal of China Coal Society, 2021, 46(11): 3657-
3669. (in Chinese)

Wttt £, BN, WA, AF OB M SR D R 3
SR B RS W 2 O Y (D). CARRLE S HOR, 2020, 52
(6): 162-169.

YANG S Y, ZHAO R D, JINH S, et al. Research on
influence parameters of early strength of fly ash-based
geopolymer mortar [J]. Advanced Engineering Sciences,
2020, 52(6): 162-169. (in Chinese)

MCCARTER W J. Thermal and chemical activation of
fly-ash: Electrical response during early hydration [J].
Journal of Materials Science, 2006, 41(10): 3163-3166.
NATH S K, KUMAR S. Role of particle fineness on en-
gineering properties and microstructure of fly ash derived
geopolymer [J]. Construction and Building Materials,
2020, 233:117294.

FAF WOr, B, AR A Y R bR R S
T BRI BUM R 2 AR, 2021, 24(1): 93-
98, 120.

ZHOU Y, XU F, GU G H, et al. Early compressive
strength and molecular dynamics simulation of geopoly-
mer [J]. Journal of Building Materials, 2021, 24(1): 93-
98, 120. (in Chinese)

#EG, AR, REE, AF L BRI TR I R 04 L B R I
R Wk AE S RART] P E R R R, 2020, 26(4):
52-58.

DONG T, ZOU Y X, SONG P, et al. Characteristics
and characterization of metakaolin phosphoric acid-based
geopolymer cured by microwave [J]. China Powder Sci-
ence and Technology, 2020, 26(4): 52-58. (in Chinese)
LR, MR, Ardd, S5 BRI MBI Eh 2Kk B
AKPERAL B 1 R W [T]. R $h 74, 2012, 40(11):
1553-1558.

KONG X M, LU Z B, SHI J, et al. Impacts of
phosphoric acid and phosphates on hydration kinetics of
Portland cement [J]. Journal of the Chinese Ceramic
Society, 2012, 40(11): 1553-1558. (in Chinese)

XMREE, ZH, KR, & AR IR YK P T 2 1
BEFR A HLBLT]. R HIABLA R, 2022, 25(2): 178-183.
LIUJ X, LI ZY, ZHANG M L, et al. Mechanical
property and polymerization mechanism of red mud
geopolymer cement [J]. Journal of Building Materials,
2022, 25(2): 178-183. (in Chinese)

HUANG M Y, BAO S X, ZHANG Y M, et al. The
combined effects of calcium oxide and phosphate on

burnt coal cinder-based cementitious materials [J]. Con-

(21]

(22]

(23]

(24]

[26]

[27]

(28]

[29]

struction and Building Materials, 2023, 362: 129720.
CHOTETANORM C, CHINDAPRASIRT P, SATA
V, et al. High-calcium bottom ash geopolymer: Sorptivi-
ty, pore size, and resistance to sodium sulfate attack [J].
Journal of Materials in Civil Engineering, 2013, 25(1):
105-111.

LLOYD R R, PROVIS J L., SMEATON K J, et al.
Spatial distribution of pores in fly ash-based inorganic
polymer gels visualised by Wood’ s metal intrusion [J].
Microporous and Mesoporous Materials, 2009, 126(1/
2): 32-39.

ZHANG B F, YUAN P, GUO H Z, et al. Effect of cur-
ing conditions on the microstructure and mechanical per-
formance of geopolymers derived from nanosized tubular
halloysite [J].
2021, 268:121186.

ROV M Ay - A T SR ) TREBE AR A AR 3
Bt S DL TN TR, 2021,

LI J F. Experimental study and application of coal

Construction and Building Materials,

gangue-carbide slag geopolymer cementing material for
curing soft soil [D]. Guangzhou: Guangzhou University,
2021. (in Chinese)

ABOULAYT A, RIAHI M, OUAZZANI TOUHA-
MI M, et al. Properties of metakaolin based geopolymer
incorporating calcium carbonate [J]. Advanced Powder
Technology, 2017, 28(9): 2393-2401.

TR, W, SR MR ED I RS DU ARG 45 1k
fiE SGR AL HLELLT]. W R U8 Tk K224, 2016, 48(12):
128-134.

ZHANG HY, CAO L, WU B. Tensile and bond prop-
erties and strength degradation mechanism of geopoly-
mer mortar after exposure to elevated temperatures [J].
Journal of Harbin Institute of Technology, 2016, 48(12):
128-134. (in Chinese)

TAJUELO RODRIGUEZ E, GARBEV K, MERZ D,
et al. Thermal stability of C-S-H phases and applicability
of Richardson and Groves’ and Richardson C-(A)-S-H(I)
models to synthetic C-S-H [J]. Cement and Concrete
Research, 2017, 93: 45-56.

WANG D X, WANG R H, BENZERZOUR M, et al.
Comparison between reactive MgO- and Na,SO,-activat-
ed low-calcium fly ash-solidified soils dredged from East
Lake, China [J]. Marine Georesources &. Geotechnolo-
gy, 2020, 38(9): 1046-1055.

BARBOSA V F F, MACKENZIE K J D. Synthesis
and thermal behaviour of potassium sialate geopolymers

[J]. Materials Letters, 2003, 57(9/10): 1477-1482.

(3 T H%)



