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Abstract: The structural properties of alkali-activated fly ash critically influence its CO, miner-
alization capacity. Understanding the CO, mineralization performance of alkali-activated fly ash
is key to improving the efficiency of carbon sequestration in coal-based solid waste. Lignite fly
ash from a coal-fired power plant in Shijiazhuang, China, was investigated. Structural charac-
teristics of fly ash subjected to varying concentrations of alkali activation were analyzed using

laser particle size analysis, scanning electron microscopy-energy dispersive spectroscopy (SEM-
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EDS), and infrared spectroscopy. The CO, mineralization performance of alkali-activated fly
ash was assessed using high-temperature and high-pressure stirred reactor experiments and
thermogravimetric analysis. Experimental results reveal that alkali activation causes fragmen-
tation and decomposition of fly ash particles, reducing the particle size distribution. At the mi-
croscopic level, fly ash particles exhibit regular spherical morphologies, with alkali activation
producing finer particles that expose more reactive calcium elements, enhancing carbon seques-
tration. Alkali activation disrupts the alumina-silicate tetrahedral network structures in fly
ash, with the surface of the fly ash particles covered by calcium silicate hydrate (C-S-H) gel,
which has a high degree of Si—O polymerization. At an optimal alkali concentration of 15%,
lignite fly ash achieves the highest carbon sequestration performance, with a CO, absorption of
8.9 g/kg and a calcium conversion rate of 27. 8%5. These values represent a 71. 2% increase in
CO, absorption and a 70. 6% increase in calcium conversion compared to untreated fly ash.
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Table 1 Chemical composition mass fraction of raw and alkali activated fly ash samples

o2 LAY i S B %
w(NaOH) /%

SiO, Al O, Fe, O, CaO MgO K,O Na, O SO,

OUE ) 55. 22 29. 36 4.48 4.04 0.75 2.53 0.63 1.15

5 55.07 29. 88 1.95 1. 04 0.75 2.50 0.55 0.45

10 55. 83 29.77 4. 40 4.06 0.81 2. 40 0.53 0.41

15 54.74 29. 38 1.92 1.10 0.76 2. 40 1. 40 0.42

20 55.42 29. 91 1.60 4. 05 0. 80 2.42 0. 62 0.38
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Alkali activated fly ash after drying
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Table 2 Decomposed substances and corresponding
temperatures in fly ash during thermogravimetric analysis
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Fig. 3 Particle size distribution changes of fly ash
activated with different concentrations of alkali

AN TR B 45 A BT A B O R A4 3 B AR
I 4 fis B D90, D50 F1 D10 7 Ky K
L S35 A 3 A AE. BE G B0 B 3G B0 Ak K
SR D90 K 2 BEAR o 46 By K 7Y 115, 0 pm
WEARZE e R 20 6 (I BRAL B1LAY 67. 0 pmis D50
BN B AT e DA AE By HE K 1) 30. 2 pm [
MRV B 20 Y0 M Bl AL B R K 19 21. 0 pm; D10
/NGRS IR R K B 2.6 pm FE
1o MR 15 Y0 W Bl AL R IR K 1 3. 4 .

B 15 A 2ok R o R R 5 R Ak kA A A
R A B K AR i TR 4 (Na, SiO,) F1 K 4k 45 2 4h
(NaAlO, ) . & 3 43 S5 IR BURE 2 TH0 V45 fiff 5 5 T A 554
TS BE K FLBR Y 5K UKL 2 1w R 0, o R N )
AR A S SUURE SO R 2 A0 A AL 5 R IR
SIS RS S AR B /N R R OB =
I7i] 11 FH A5 Ok 8 R4 43 A7 B AR



Z WA BRI TR R A5 BB Al P RE Y5 441

%52 M
140} g = D10
120 o =P
- = D90
100} T g
£ 5ol E
@ ©
= 60 g|
g z c
401 - 2 = =
20 & by i
0 o on
0 5 10 15 20
Ww(NaOH)/%

4 A [E] B BE 4% 1 1 B A S s A i 1L A Ak
Fig. 4 Particle size range changes of fly ash
activated with different concentrations of alkali

2.1.2 I AR R 22 RE 4 0
BRVCFE 04~ 20 % 9 WA F AL B K 9 SEM
AN 5 BT TR R e BOULRUE T 3

&F

s » a
(¢) w(NaOH)=10%

(d) w(NaOH)=15%

DU ER AR TR, BRI BORE 3 B2 L 22 B4 St Al
(8 AL R A7 AE D B4 5 CaO, B0 IE 1 K 4
JRAGAE 15 B Ml 45 . 2 2 3k AN [) ok B 1) ik
TG AL A RS S A B S0k 2 T I 55 . W0 28 A
Wik C-S-H %W .

16 S B A By K th 2T R SiL AL A Ca
(1 RE T 2 . By K BROE 90RE 1) 26 10 JL T 58 &
T OSUANALJTER Xk f i k) Ca TR
DR G 50 AL oy 8 AL S]] /) o SR AL B
T3 b Ak P VR B T e o o IR TURE 43 IR 4 5 L Ca
JCE 43 2 AR T UL BT b RT3 Ok B K
Ak, REETHE LGN Ca T E AR TRAG L E

“QV\

(b) w(NaO
) P

T (e) W(NaOH)=20%

5 AR L 2% 1F T BRI AL BB i) SEM £ 5t

25 pm

25 um

(a) w(NaOH)=0%

25 pm

(b) w(NaOH)=5%

25 um
(c) w(NaOH)=10%

25 pm

(d) w(NaOH)=15%

25 pm
(e) w(NaOH)=20%

SEM results of {ly ash activated with different concentrations of alkali

25 pm

25 um

25 pm

25 pm

Pl 6 AN Tl 03k B2 4 41 T 03 A oy BE R 3% THT RE 335 475 1

Fig. 6 Surface spectroscopy characteristics of fly ash activated with different concentrations of alkali



442 S SRR NEE = 114

%54 &

2.1.3 GRS AR R AR 2 L AR AL

L A3 AT FTIR B3 55 P 35 59 % 7 453 3]
B TR AR R X A L B E o 0% ~
20 Y0 W RIS LR K FTIR BS Gl 7 s, K]
BV FE 45 8 N 1 B80T Ak R K B A R DL R AIE U
Y9k 3 415 em ' &b O—H B 5 W
CaCOH), B /K 545 7K .1 065 cm™ ' &b iy Si—
O—Si BEFERRELH ¥ ,778 em ™' 5 537 em™ ' AbfY
Al—O BEBRE LM 412 em ' 4 Si—O—Al
HEERRE IR L.
o w(N_aOl-(l))/%
§ —

—15
—20

Si—0—Al

O—H

1 1 1 1 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Pk /em™

7 AN TR B i AR B K FTIR & 1%
Fig. 7 FTIR spectra of fly ash activated with
different concentrations of alkali

5] 8 JE 7R T AN IR Bk B2 2% 4 T B Ak R O IR
rh E R R A O A 0 S R O B A R B e
WK O—H 8 RILTF R RAESK T+
Bl 15 b b 3, Ry MK Ry Si—O—SiL A0
Si—O—AlL ST, A0 X T B 46 k3 JE K, B vk g oy
20 Y0 I BE Fb B3 B R B R R L 45 IR R AN A 4R

TR LR (A 4 B> 7 0.57%,0. 20% Fi1 1. 41 %.
O—H
2.0t . 81— O—Si
Al—0O
Si—O—Al

i 1.0f

%
n
/IDIII

0.5r

0 5 10 15 20
w(NaOH)/%
B8 TR [a] ek B A R T B AL R K
AU RER Y B AR

Fig. 8 Changes in important functional group content of
fly ash activated with different concentrations of alkali

BB 5 Ak 3 R o, A O R R R (Si—O—Si) Al
AR ER (AL—O) 7] 2k il A 1R 55 7K 16 4 (C-S-H) F
ALK A B A 5 T #E Xl

SiO,+ CaO+ H,O — C-S-H, 4

AL O,+NaOH+ H,O — /K{LfE LR EE. (5)

C-S-H Bk 7 2H B [ 7€ i R & A
AN TR LA A 45 AR FHAIE SR A BEROK A BE I R
T U AIG 1 R B2 2040635 rh Bl C-S-H Bk
Jiz iR Si—O %%%Aﬁi*bn C-S-H &g v LL oy
Q.Q,Q,Q I 4 Bl R 4 b ok i b
870 cm WJ&E’JWW“‘%;E Q' 1y Si—O S i 45 % 2y
FFAEDEE 5 L F R K AL 80K 5976 em T i3 A I
W Q° 1 Si—O B BN B A 45 4 2 e AE e, =
B K AR P2 A4 51 081 em ™! AL 160 em
BT A W AT 0 43 301 o QF N Q1 A SO B 4 R
SRR, E il CS-H BRI iAok

e 9 }fj‘r%,%iﬁ%fﬁﬁ?ﬂtﬁﬁtﬁ 4 Fp Al
M CSHEKRSRBEARF Q>Q >Q >Q,
WK C-SH B Si—O0 #EAGREES
JE. B BB B N O Vo B TE A 504, By RE R TE B
WAE R T H A Si—0—Si, Si—O—Al 1 Al—
O— AL ST 2L, 45 4 1Y T 1A Bl A 4 0 T A 1) 2% 25
MR, kA g R o B i AL COHD, 88
AICOH)*~.Si(OH), ™ 8 SiO, (OH),” ™ 45 1
TR, BB R R Si—O—AL B & B KR T .
B VR BE M 5 204 T ZE 20 V0 B Ry K Hh g A G
C-S-H #E e . C-S-H #E i 78 s 4b v i ol 10 %6 i
R AN E SO R AR CSH B S
A Q:0.35%,Q%:0.55%,Q°:0.77%,Q"
0.63%.

1.4 —=—Q'
——Q}
Si—O—AlIZE R —A—Q
1.2+ ~Q
b A\ \
8 = C-S B
m# 0.8
&
0.6}
0.4}
02— 5 10 s 20
w(NaOH)/%

9 FET FTIR BB TE L B iy C-S-H BER & 2728 1k
Fig. 9 Changes in C-S-H content of
alkali-activated fly ash based on FTIR

2.2 WIENMERY L E R RE
2,21 [EIRR M B IRy £ T8 Ak
AN T e 2 2% 1T 1A T AR B K 22 A



el Z WA BRI TR R A5 BB Al P RE Y5 443

I il i A R A B AR T R i R T RS R R e . 3R TR AR B SRR A Al SR
AR AN AT 10 s . B w SH BRGSO B 2 AR AT BR IR G, BE A P A K SR 2 B 8 O B
ARG e I T Y BT A0 8 e A EIKIR O 0. 25900, 45 G K 5 A A ALY B i AR BOT 3 5 L

. 0. 342 0 Bk R 5 I Sk 43 O 1 5 L 0. 671%.
FLHK S Ak AR WS 2.2.2  [E R SRR PR S B
1004 g ATl BB X I TA) R AT 0 W] A B Bl S AR
R4 2 o . "
10001 o W(N:OH:/F'[% H M1 i 28 (Derivative Thermogravimetry, DTG)
—0 Pt NI HEAT O 4K IS B0 T J5E AR ot Ak s A 2 3
5
99.6 - . .S I N
\ — 1o BF R B HE A R A B8 0
S 09af — DTG fi £k fnfEl 11 B /R, i I al 0 56 1 s 1 7k
el \§_ BRI DTG 120 5 5L 3 4455 1 675 82
105 CHE. 5 11K 140 365 55 2 W e 155 C I
98Ar \ T SE G KA ALY o il A 0% 55 3 I AE 638
0 160 2(I)0 3(I)0 4(I)O 500 6(I)0 700 8(I)0 9(I)O 10IOO C I}Hiﬁ: ’ Hﬂﬁﬁ@ﬁ%@é}ﬁggl }:‘E DTG ﬁj\ﬁgm% EP ’ éﬁ%7k
e 52 AR Y 3 A DA Tl Y BT AR L 10 B BT A Ky
10 RFIBRIE 5 (T WIS BRI LIRS 72k T Ak & KB ) C-5-H
ALY RN ) 4 TG i £k N L\ — e N e
- BREKTALRAEN TC B BRI 5. TR 4 430 IR LA Bk ok TR B
ig. 10 TG curves of fly ash activated with different
concentrations of alkali after mineralization reaction LGB L B 2 30T 150 B Ak S5 0 R K i TR S it TR
sy I N 3 B = J 2y
th Pl LOTT 1 B AL B R e e i e PR AR RBOR S
0.015 ok 0.015¢ sk
O[Q Bk S Wy ol ek ikt A
= -0.015 f\ xf‘ﬂ/ = 0015 N ,««/""/
E \ o WU E \ N
£ —0.030f | 00163 %/min £ -0.030F Yo -0.0175%min ¢
\;; =0.0271 %/min % N o
E -0.045} \ E —-0.045} 0.0304 %/min
~0.060} —0.0455 %/min ~0.060L AN
[ ~0.0572 %/min
-0.075 - : N - ~0.075 s \ i .
200 400 600 800 1000 200 400 600 800 1000
t/°C 1/°C
(a) w(NaOH)=5% (b) w(NaOH)=10%
0.015 ok 0.0151 ;
“h) @Gk
OL( kSR oleshk ARkt s
~ A !‘\“ NN o~ /_\r._f/
g -0.015, 1} / N -l = 70.015\ <
- _0'030_%\;? . of, ~0.030]- ™K ~0:0155 %/min |
=1 4 1 -0.0242%/min i < ~0.0245 %/min
= -0.0450 ™ | T -0.045) ‘
= 0.0398 %/min 5
=0.0601 ‘ -0.060} i
™ . | 0584 0/
~0.075 ) ) ) _0'0.706 %/mlm ~0.075 . . B 040l584 A)/mlln
200 400 600 800 1000 200 400 600 800 1000
1/°C 1/C
(¢) w(NaOH)=15% (d) w(NaOH)=20%

B1L TR Ao B A% R T B A R B A R ) ) DTG il 2
Fig. 11 DTG curves of fly ash activated with different concentrations of alkali after mineralization reaction

A [r) e B B A BE A S KB AL IS BE B B B Y60/ min., GG AL T L R34k S AR L 22
MS0ERTEE 1500, AlK B EKGEAMMY 7 BRI A B TR KT CO, i L.
i V(35 B T UL B TS FL PT 3R R BE K ERAE 2.2.3 R TR B BT Ak A R i Ak I s g
Wy 5 kL T IR 3 i DA D TRg 30 AER X 1 A Rk RE R 5 AR R BT AL JE 19 TG 3 %l » LA
WA 150,20, 10% #1500, DTG W 43 551 2 Beal(2) ~ () Al A By R & A6 S i % CO, 1y
—0.070 6,—0. 058 4, —0. 057 2 Fl —0.045 5  WRUCHE K& Ca Y%Ak 38, AN ) B B 4% 14 T Bl % 1k



444 S SRR NEE = 114

%54 &

BB CO, WA LW itk BEan il 12 s,

14| COMYEE 27.8% 130
-9~ Cafftf1L% o

12t {25
o 10} - 8.9 g/kg o S
i S
e ) 16‘3%_ 120 P
b o Iis &

Al

= 6rs2 g/kg =
=3 {10 &
o
O 4r

21 415

0 0

w(NaOH)/%

K12 A e Bk BE 4% 0 1 B8 Ak
YR X CO, By Ak W Wi 1 fig
Fig. 12 CO, mineralization absorption performance
of fly ash activated with different concentrations of alkali

Hi Pl 12 7] UL B R B R il Ak BV FE 4 #
SR A WX CO, By it e Ca B 55 4L 31
LA BN T D s . YRR E N 0 iR T =
15% 1, CO, W42 7+ 3. 7 g/kg. Ca 4 55 1k %
PRI 11,500, ARk B 15 2048 T 2 20 Mo, CO,
W G 2.1 g/kg, Ca Y RE AL FEAIG 6. 420, H
e BRAL B B Oy 15 01 #}kﬁ%mﬁﬁtlﬁiﬁﬁﬁﬂ%
fit,CO, WYk 5 8. 9 g/kg, Ca By ¥4 1k ik 3]
27.8%6 M L F AR WE AL B K CO, W i o 2 T
71. 2% ,Ca AL REETE 70. 6 %,

2.2.4  BEIE AR B AL TE ke I3

PL NaOH i 17 16 70 » 4 55K 0 % Ak & 9 4k

Ak R 5 R R

SiO, +2NaOH —-Na, SiO,+ H, O, (6)

Al O,+ 2NaOH + 3H,0 -2NaAlO,+ 4H, 0O, D)
Na, SiO;+ NaAlO,+ H, O -=NaAlSiO, +2NaOH, (8
CaSO, +2NaOH — Ca(OH),+ Na, 30, , (9
Si0,+ CaO + H, 0 — CaO «SiO, « H,O(C-S-H) , (10
Ca0O «Si0, » H,O(C-S-H)+ CO, -CaCO;+ H,SiO, , (1D
Ca(OH),+ CO, -CaCO,+ H, 0. a2

BTG Ak v] 2 TR K X CO, B9 B Ak W Wi P
AE  J5 B B0 AR K i S1O, F1 AL O 2
MiAE R T Na,SiO, #l NaAlO,, fifi J§ Na,SiO, F1
NaAlO, 57K [ I i NaAlSiO, , fdi 45 B % 1k 2%
T PR A . B b o AR R SRR R i CaSO, 5
NaOH S+ 4 i Ca(OH),. Si0,,CaO 57Kz
A S i R h K Ak W BE I (C-S-HL BE B, e &
Ca(OH), 5 C-S-H BB 515 CO, S T8 iUk
g CaCO, ¥ CO, mRUFE AL AT E IR 1.

B3 Ak A1 TRy K 6F C O, f 07 Ak 5 I3 4L B 2
B 13 fiizs. & NaOH 3% B 36 1k )5 - %‘i%l‘*ﬁ)ﬁ

()Y EAHL L 73 A1

m?iibﬂ
by PECast A4 ‘ @

C S H

(c)C-S-HEE A= ik =

NaOH

VLI f

3 A1 AR A58 i UM B8 228 A A o UKL ¥ 20 U i S
PHES I BT B /R 1L AN A 13a T 7. By K
WOk 2l St O—Si LI L Si—O—Al i
W 2L B o KL % T B D R R Ca JE R B
ARG - 3 B 3 T o3 A B ] A Ak S R B JEURE
CaO Ry HREIG N, WnE 13b ez, [ i , Bk 6 A Je » #r
B RURE 2% T B i 5 2R A 9 C-S-H BRI ¥ ot
WP 13c fron. LLE 3 J5 T P E G [ 4R . AT fie
BB A [ e B » 42 T A B CO, 1Y 4k
EHAFPERE AN A] 13d PR,

@ AL

@ CaO
. % @ CaCo,
{l35id Wi & C-S-HEHK
e @ si—0—si
Si—0—Al

P13 BT A X RE B AT P 8 gk Sz B 4 i 2 415

Fig. 13 Promotion effect of alkali activation on the mineralization carbon sequestration reaction of fly ash
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