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Abstract: To investigate the desulfurization effect and mechanism of fly ash as a desulfurized, single factor experiment and response sur-
face method were used to analyze the parameters of ash slurry solid-liquid mass ratio , SO, volume fraction, and gas flow rate, and the re-
action mechanism of fly ash wet desulfurization was investigated by X-ray fluorescence spectroscopy and scanning electron microscopy.
The results show that within a certain range, increasing the solid-liquid ratio can increase the penetration time, the total adsorption capa-
city of SO,, and the adsorption capacity of SO, per unit of fly ash slurry by increasing the pH. However, when the solid-liquid ratio ex-
ceeds 1 : 1, the penetration time and adsorption capacity of SO, will decrease. With the increase in SO, volume fraction, the adsorption ca-
pacity of fly ash slurry to SO, first increased and then decreased. When the SO, volume fraction was 750x107%, the maximum adsorption
capacity was 64.35 mg, High SO, volume fraction can significantly reduce the penetration time. With the increase of the gas flow rate, the
penetration time, the total adsorption amount of SO,, and the adsorption amount of SO, per unit mass of fly ash slurry decreased. The res-
ults of response surface analysis are shown by denoting the three factors of solid-liquid ratio, SO, concentration and gas flow rate as 4, B
and C, respectively, and their interaction terms as 4B, AC and BC, respectively: the primary and secondary order of the factors affecting
the penetration time were C, B, A, BC, AC, and AB. The primary and secondary order of the factors affecting the total adsorption capacity
of SO, is B, 4, C, AB, BC and AC. The primary and secondary order of factors affecting the adsorption of SO, per unit mass of fly ash
slurry is 4, B, C, AB, AC and BC. The optimum desulphurisation process conditions are as follows: the solid/liquid ratio is 0.87, the SO,
volume fraction is 472x10° and the gas flow rate is 1 500 mL/min. XRF and SEM analysis of fly ash before and after desulfurization
show that the sulfur oxide content of fly ash after desulfurization increases significantly, and the original surface plate Ca(OH), forms
CaSO, + 2H,0 and CaO - ALO; - 3CaSO, * 32H,0 in bulk and rod. The possible desulfurization mechanism is that fly ash dissolves a
large amount of Ca”>" and OH™ in water. SiO, and ALO, react with Ca(OH), under strong alkaline conditions to form cementitious materi-
als such as hydrated calcium silicate and hydrated calcium aluminate (C—S—H and C—A—H gels).When the sulfur-containing flue gas
passes into the fly ash slurry, SO, is transferred to the liquid phase, forming H', HSO; and SO?, and H' reacts with the fly ash slurry,
leaching Ca®", F¢" and other clements contained in the fly ash and catalyzing oxidation of SO, gas dissolved in the fly ash slurry to pro-
duce H,SO, and CaSO,. After combining with water molecules in the slurry, CaSO, was precipitated in the form of CaSO, - 2H,0.

Key words: fly ash; wet desulfurization; solid-liquid mass ratio; response surface analysis; desulfurization mechanism
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Table1 Chemical composition and mass fraction of fly ash
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Table 2 Single factor experimental design for wet

desulfurization of fly ash

RS RRH  ERORRIL ;C;;ﬁu ﬂéﬁf—ﬁ)
1 1/10 500 2000
2 1/5 500 2 000
4 /1 500 2000
5 32 500 2 000
6 1/10 250 2000
7 1/10 500 2000

SAPAS/SS0
9 1/10 1000 2000
10 1/10 1 500 2000
1 1/10 500 1500
12 1/10 500 1750
14 1/10 500 2250
15 1/10 500 2500
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Table 3 Response surface analysis experimental design
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Fig.10 Total amount of SO, absorbed by fly ash under

different flue gas flow rates
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SR TSR T SO, ¥ HRE T, M SR K
SO S STIMAR, fe kT B A BRI SO,
BiEEE A 3T R s, B R R, R
IRHEBAR S 3k BN AP, Ry RIS SO, A 1
P Jd B 7 490 ) ZE A R K I RURE 2 1T, S T % SO, 2%
S E B IR (O IR S N (1 T
PR KL D AR U ] 35 5 R A5 250 v 9 B AR AR R, Xl
Pk T & 9 H BT I A TR AR

22 b, SR RSN 1 500 mL/min B}, 28385 B [E]
AI3A 2 135 s, BN 0T R IR I SO, F5e KWL
H°M 10.41 mg/g.

2.2 MM ERAIRLE
221 RXIHEHLELER

7 LR R U0 26 LA L, X TR E 0 B R
K F5E 1t BBD B 17 k5. iR 545
R 4.

& 4 Box-Behnken R FTERER

Table 4 Box-Behnken experimental plan and results

W BT SOMABMUI0Y  ARWME/(mL - min)  ZEENEs SOMBMHE/mg BRSO MM/ (mg - g7
1 12 250 1750 12 450 229.86 25.54
2 32 250 1750 10 565 201.84 13.46
3 12 750 1750 5 640 323.24 35.92
4 312 750 1750 3970 227.53 15.17
5 12 500 1500 11255 368.60 40.96
6 32 500 1 500 9450 309.49 20.63
7 12 500 2000 7030 306.98 34.11
8 3/2 500 2 000 5785 252.61 16.84
9 1/1 250 1 500 19 325 316.45 26.37
10 1/1 750 1500 8 540 419.53 34.96
11 11 250 2 000 12 450 271.83 22.65
12 1/1 750 2 000 5895 386.12 32.18
13 1/1 500 1750 11455 437.68 36.47
14 11 500 1750 11110 430.49 35.87
15 1/1 500 1750 12 090 461.94 38.49
16 1/1 500 1750 11 005 420.48 35.04
17 1/1 500 1750 11975 457.54 38.13

222 MAE TR EHH

1) %5 325 B ) i 22 3351 28 o] 9 A 48, >R A Box-
Behnken A5 BI%} 5 4 rp A3 56 45 SR 90 AT IR 214
A, AT ISR DL ZE 3 ) T kg i 7 AR Y 22 90 Yk )
H5 R, = (5) Fim.

T =11527—-825.62A—3 843.12B—2 176.25C+
53.75AB + 140AC + 1 057.5BC — 3 271.63A-
99.13B% + 124.63C*

(5)
Horp, 7ok Ny (28 B E], AL B, C M5 #E
BV BT iE L . SO, KRR M B AR &, AB. AC. BC
JEAEHIR, A7, BY. €7 WRIN, 11527 B0
SRR I R A TSR EE T
(P<0.01), ADIFA B 2E (P>0.05), 26 I ZA M i1 ml 55

PR 2P0 R? Sk 0.984 8(>0.9), Ui B T I 5 52
DA 22 1) B HE SEPEAR BT R IE thes R R M
0.965 2, F LAY AT LLf#RE 96.52% AYm i {H AR 1k
A, BF CXF T MR B3 (P<0.05). HFE—IK
T 22 BB A% S e 1 A8 B AR B I ASOWAAE K/, T
45 PRI T S BB HSF (1] (14 52 T 55 553 09 Ay SO, AR 3
B> MO S ERR R ., —RIN BC Y PE/NT
0.05, &KW SO, B8 5 M It & 58 BAE ] 1 3%,
SO, BV B T e A B3, SRR S
B LS B A E . A7/ PAE/NT 0.01, 0
[P Y0 o L %ot 2 a8 i i) ) B M Sl R A

2)SO, W it i) 2230 5 B ASE AL . DA T
L. SO, B8k AR [ AR i, SO, W
S R (E S, 15815 m R S SO, b2 Rl £
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F=5 FEMEBEMEEAFRRERTESH
Table 5 Analysis of variance in linear regression equation models with penetration time
J5 2K SEJT A H HEE ¥or F P M
Y 2.115x10° 9 2.350x10’ 50.31 <0.000 1 ¥
A 5.43x10° 1 5.453x10° 11.68 0.0112
B 1.182x10° 1 1.182x10° 253.03 <0.000 1
c 3.789x10’ 1 3.789x107 81.14 <0.000 1
AB 11 556.25 1 11 556.62 0.0247 0.879 4
AC 78 400 1 78 400 0.1679 0.694 2
BC 4.473x10° 1 4.473x10° 9.58 0.017 4
A 4.507x10’ 1 4.507x10’ 96.51 <0.000 1
B 41371.64 1 41371.64 0.088 6 0.774 6
c 65 395.33 1 65395.33 0.140 0 0.719 3
B 3.269x10° 7 4.670x10°
FR B 2.300x10° 3 7.665x10° 3.16 0.147 5 PN e
i 9.692x10° 4 2.423x10°
2 2.147x10° 16

TE: R=0.9848, R%,;=0.9652, R’,.=0.8216, Puu=28.79,

JCIRENETT R, =k (6) i
S =441.63 -29.65A +42.06B —24.57C—
16.92AB+1.19AC +2.8BC - 117.54A*~  (6)
78.47B* - 14.67C*

H S 6 AT, W N A S Y RT3 (6t
1 P<0.01), AT B3 (P>0.05), 2 BHIZAERIAR i
ZMATHEPY . R? K 0.977 9(>0.9), B T HUMAE 5

SN AE 22 18] A A SE AR BT R IE e AR R
4 0.949 4, FIH PLAIRIAT LR RE 94.94% 1 Ly {5 A7
fbo A, BFI C X} T IR B3 (P<0.01). [A]
AT S, 25 BRER T SO, WK Bt 1 57 i) 58 555 15
N SO, KRBV B> R > ki, 4° 5 B
1) PAEEI/NT 0.01, RENE LR LS SO, (K45
O SO, W B 5 s i 221

&6 SO, RMEBMEIRAERKREFTENS N

Table 6 Regression equation model analysis of variance for SO, adsorption capacity

J7 2K SEJT A F ¥or F P i
i 1.184x10° 9 13 154.47 34.38 <0.000 1 i
A 7034.11 1 7034.11 18.38 0.003 6
14 149.97 1 14 149.97 36.98 0.000 5
c 4827.87 1 482787 12.62 0.009 3
AB 114526 1 1145.26 2.99 0.1272
AC 5.64 1 5.64 0.014 7 0.906 8
BC 31.45 1 31.45 0.082 2 0.782 6
A 58 166.40 1 58 166.40 152.01 <0.000 1
B 25929.13 1 25929.13 67.76 <0.000 1
c 906.50 1 906.50 2.37 0.167 7
B2z 2678.47 7 382.64
ESPS 1 428.90 3 475.30 1.52 0.339 1 NTE S
HriRE 1252.57 4 313.14
o 1.211x10° 16

FE: RP=0.9779, R*\y=0.9494, R%.=0.7954, Pu.~16.7168.
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3) AT IR SO, MR Y Z2 T (Rl H AL
DA BT i L. SO, IR 4, SR H AR i,
P BT HE R SO, W B F Ry e WA D, 15 21 45 5% 1)
K28 5 PRI SO, W B & 22 ] 1 22 8 ik | A
2, X (7) Pros.

D =638-88A+3.78B—2.14C -2.17AB+
0.763 9AC +0.233 7BC —7.59A% — 6.69B* — 1.07C>
(7)

FE 7 vl 0, M RAE D A DA AR R 5 53 (B
=7

A P<0.01), KRAUTAS i 3 (P>0.05), KRR
F. R* M 0.9858(>0.9), Pl T L 55 ST {E = b
AR SEPEAR AT, R IR b BR8 R% M 0.967 5, 3%
B JH A R0 AT DL i 96.75% Hma (B 254k . 4. B Al
C X} T [HEZRPERUN R B 3% (P<0.01)o [A] Al J W i
2 PR AL IR SO, W BT £ 1) 52 Wik 523 55 U 2 <
WA >80, RBUM S-SR R . 425 B
PAHBI/NT 0.01, BB L 5 SO, FRS-4i0t
PN I SO, W Bt 2 s 2 AR PR

BAIRE SO, WM ENE A G RER T ESN

Table 7 Regression equation model variance analysis of SO, adsorption capacity per unit mass of slurry

Ty 2R A HHEE ¥ F{E PE B
Al 1261.69 9 140.19 53.89 <0.000 1 e
A 619.92 1 619.92 238.32 <0.000 1
B 114.03 1 114.03 43.84 0.000 3
c 36.73 1 36.73 14.12 0.007 1
AB 18.76 1 18.76 721 0.0313
AC 223 1 2.23 0.897 3 0.375 1
BC 0218 4 1 0218 4 0.084 0.780 4
A’ 242.81 1 242.81 93.35 <0.000 1
B 188.35 1 188.35 72.41 <0.000 1
: 486 1 4.86 1.87 02141
[ 18.21 7 2.60
Jefl 2z 9.51 3 3.17 1.46 03521 ENTES
iR 2E 8.70 4 217
=8 = 1279.89 16

TE: R*=0.9858, R*;=0.9675, R%p=0.8705, P, =22.4226,

2.2.3 v EE ST

1) 45 P 2 AH AR I 2 B[R] A 52 [T o
L. SO, B BRI A It 1 7 PR 28 LA F G 2
75 I 18] R S e 25 SR AN &) 12 s i8] 12a AT, 24
SR — e B, 7RISR B 0.5 ~ 1.1 g/mL 1
VLRI, 2B E] B SO, AR A E s /N T 38 K, 7
SO, IRFMECH 250%10°6 ~ 750x10°° BIFE N, %55
FIF i) i (75 98 o L 118 8 A 2 L S A 0 0 U 4 3
H11& 12b AT AL, 24 SO, A4 — 5 I, 76 [ 5
A 0.5 ~ 1.1 g/mL A3 B, 2 15 1) ] Bl A< AR I i
(R /N T 38 R, FE SR B4 1500 ~ 2 000 mL/min
(A9 J0 BT PN, 2 35 s ) e ] 9 o i L 1) 38 R 22 B 5
B JE U A RE S I 12¢ AN, X0 T R e — e B
1E SO, R 4388 R 250%107° ~ 750x107° f4 715 Rl 1Y,
B 175 s 10 ol A=A B ) /N I 398 K, FE SR I i
1 500 ~ 2 000 mL/min 95 PN, 235 i A Bl SO, 14

FRATE M8

2) 4% [ Z A E A X SO, WA . [T
Joife b . SO, PRFR 2 BRI 1 19 R A8 B AR FH 6
SO, Mt sz g L an & 13 firs . fEl 13a ArAl,
MR B, ZE R R LR 0.5 ~ 1.1 g/mL
(I RN, SO, W BB Bl SO, AR 2RIy 1 A S IR i1
JEH IR RS, T2 SO, RFIAMECH 250%107° ~ 750
107 HISEE BN A, SO, T8 F-Fk i 751 3430 Jo e A 8 K 2 B
M SR R A s R 13 AT, 24 SO, AR TR
—E W, 76 W% LR 0.5 ~ 1.1 g/mL 35 B A,
SO, W -2 Fifi A I 2 A 8 K Us /0N, 78 SR
41500 ~ 2 000 mL/min (5 FEl N, SO, W [t Fif [
VT S B 1) 39 R S R e G I e A A e B 13¢
AIHT, 2 [V — 5 B, 7 SO, IR FLAR ECK
250%10°° ~ 750x10°° AT FEI Y, SO, M i ek B A4
AR, 7R R 1500 ~ 2 000 mL/min
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Fig.12 Influence of interaction of various factors on penetration time

FIYEHE P, SO, MR it BE SO, (RF MBS R S 3
b i) SR
3) 4% PR AN ELAR F B0 R SO, R ff
BIRZIR o STV LE | SO, AR BRI 1 7
P9 32 HL AT 6T B 5T B SO, W Bt 1 52 1 25 SR
416

& 14 fins . FE 14a AT, MR —Ew, 78
W B LR 0.5 ~ 1.1 g/mL FRISE Rl N, B BRI
B SO, WL Bt FE Bt SO, MRFR A B 3G R S B St fe
U B, AR SO, R4 B0l 250x107° ~ 750%107°
BRI TP, SO, Wi B2 B 161 8T 2 L P 398 R 2 B 1 ke



By AEAE B TR NI AR B AR A S LR

2025 457 5 1)

SOZ“&WI%/mg

Sozg&ysﬁi/mg

s
=]
=
‘?é
£
o
wn
0.5 0.7 0.9 1.1 1.3 1.5
[l ¥R L
(a) ABXZZH.
2 000
1900

—_
oo}
(=3
(=]

AR E/(mL - min ™)
3
(=3
3

05 07 09 1.1 13 L5
I B L

AR E/(mL - min!)

450 550 650 750
SO, AR/ #/1076

(c) BCX H.

B 13 & B A A SO, H & W%

Fig.13 Influence of interaction of various factors on adsorption capacity of SO,

HAFE Ut E 14b AL XY SO, BN —
i, FE TR A 0.5 ~ 1.1 g/mL BTSRRI, SO, 1
I EE it AR i ARG RN ), AESUARTE A 1500 ~
2 000 mL/min FIFE N, SO, W - Fif [ 5 & He A
GRS B SRS IS B H I 14e R 4 [T

Ji R e — e, 78 SO, A H R 250%107° ~ 750 x
107 (970 1B P, SO, MW Bk il AR I 5k A9 38 K 1 i
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Fig.14 Influence of interaction of various factors on adsorption capacity of SO, per unit mass of slurry

224 FARALR I IE 445.61 mg 5 39.32 mg/g.

T LR AT B R A S A, B T S UESSE AT SEMEX AL S AT 3 UCOPAT
A 0.87, SO, IRBUMECH 471.95%10°°, AR > I, G5 R 8. IR 5 P (B = ] (Y158 22 1y
1 500 mL/min. FEIZ&AF T, T 09 2832 i 4] | SO,

TE 4% LI, 2B BUAE A se e 2 ] 2o AR iAo i
2 ot LA % BT S B SO, TR 4051 4 14 405.56 s, A, IEIH AR AR B A H AT AR
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Table 8 Parallel experimental results
RE EWERL SOMAFR MR/ o BN SO SOMEKHE A iSO, A SO,
N s AE0°C (mL-min) Bl RER  mg  BER% WHHR(mg - gl MR/
T1 0.87 472 1500 14 555 1.04 450.03 0.99 40.11 2.02
T2 0.87 472 1500 13 885 -3.60 429.28 -3.67 38.26 -2.76
T3 0.87 472 1500 14 440 0.24 446.44 0.19 39.79 1.20
23 MEIGEEREIIE
2.3.1 XRF 5#7 T
e 9

SR GE A BN T A AL, T 58 A 17 S o A
JKIEAT XRF 4387, 5 W& 15 frR o BT Ei S #
IR B9 AL 2F 2 F B Si0,. ALO,. Fe,0, 1 CaO,
b BV 70% LA b, IR A R MgO. K,0 Fl Na,0
LHEALY . SMERETH L, BUER S R B SiO,.
ALO; Fl Fe,O, % 1t A T B A%, H1 40.66%. 21.74%.
12.35% [ % 31.57%. 16.71% F1 10.86%. CaO 5
M 16.16% T+ 2 17.71%, Ak P & & W EH £,
3.26% F+ZE 17.85%. SiO, 1 ALO, & F[&n] it 2
F T i it 72 PO A B IR Tl 1 B IR AR 1 350 R
T, VA 1R K P 5 19 3% B AR, 3 BUE 1 Si0,.
ALO, F TR, DT B i R IR (%) 7K A 5 oy A
FEP RS ALERANIE 16 Fis: 76 HIR 00T, Rt
SR THT W TS PR 7 A s A, R 2540 32 B R, &
FONFB TG E T RE AR RERRER & AR Y TR
S Fe JUER 38 5 30T A 8 I 1 B A
i Fe,05 HUFKAL. HRTABFFE £ W Fe’ "Xt SO,
M A ARG VE L, B VE R — R R 22
e 2R N AR, RO AR (8) BT R,
FARE BRI SO, 1Y 25 BRid & 2L
FIEVE o B S A & 388 fin U2 7 A ot 7
SO, Fllky #5E K v ¥ 23 S AL 85 KN, AE Y CaS0s;.
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i 60 - k0
b [ Tio,
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E g0f { LSO 6719
N [ ca0
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Fig.15 Chemical composition of fly ash before and after desul-
furization and mass fraction of each substance
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Fig.16 Schematic of acid-excited fly ash reaction mechanism

CaSO, F1 CaSO, * 2H,0 BIETERE K .

SO, +2Fe** + 2H,0 — 2Fe** + SOZ‘ +4H*
SO, + 0, + 2Fe*" — 2Fe* +S02-

(8)
\ 1
4'5'\: SO, +H,0+ 502 - SOi_ +2H*

2.3.2 SEM 47

JI L T J A0 R R A SO S an 16 17 B o i
BT, 4 HE K Sy BRIRASOR , 2 1HT B 25 A R AR 1)
Ca(OH),o Mt J& B A J5E I 25 Ay J ~F-R, 2 T itk
(1) Ca(OH), I 2%, A K& HUOIR FEF IR W) 5t A= 1o
SE4 130 XRF Kl 4 555 3k o b mg e, 1 pl i)
HulRAng: FeikY i CaSO, + 2H,0 F1 CaO + ALO,; *
3CaS0, * 32H,0(55.4).
233 M ST

2 LRI A5 R, IR Ik B A L
FRA: 2RI AIK S, B & R et ) o s v
KR Y Ca™ F OH, T B 5 45 A o ol 1 3% TR o
FERXRNVIREE T, Ry B th B B IR S5 M B IR, Si0,
ALO, % H EW A5 Ca(OH), I W X i C-S-H 5
C-A-H. iXEeAb 5% mlm i 1 ok b R i ARy =4
PR,

1 B SE AR W R, SO, WY
2R WA 5 PROE A A 77K A2 B HLS O, H,SO; AN
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Fig.17 SEM comparison of fly ash before and after desulfurization
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FiF A B CaSO, 5 HK W K 43 F 45 A L
CaSO, - 2H,0 JEA M il . 1L 4h CaSO, - 2H,0 it fig
5K 4k 45 2 45 45 & £ il CaO - ALO; - 3CaSO, -
32H0(8G A7) fa AP, 4=t (12) 528 (13) fis .
25 b, By BB AR AL 1A 18 Fis .
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Fig.18 Wet desulfurization reaction of fly ash schematic
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Ca0 - Al,O; - 6H,0 + 3CaS0, - 2H,0 + 19H,0 —
3Ca0- Al,O; - 3CaSO0, - 32H,0
(13)

3 4 i

-l

1) R FH 48 o A8 2 vk 0 R B L L SO, IR 43
BRI R I St A 75 g PR 28 S 56 R 3. >4 1 ¥ o
Feoh 1/1 B, it a] . SO, B it 55 B Ry K
HW) SO, MHEAFRIE A 11 770 s, 492.56 mg
1 44.22 mg/g; 7EAN R SO, R H0kp B 5 0F T, B
& SO, RF 80T i, 2RI AR S, SO, el W Fff i
FILEAA BT i by SE D B SO, f S IS T J B
RAFaF, SO, RBUIHCR 750107 HEHUS T ek
Wi 64.35 mg. A MR T, ZEERE], SO,
R B 5 AT JB e A R VR B SO, i AR
SN 1500 mL/min B, Z5BIHE Y 2 135 s, {7
i IR EXT SO, Fe KB R 10.41 mg/g.

2) I e O 18 43 AT, A5 380 S5 AR S0 A5 TR
R 0.87, SO, KRB ECH 471.95x107°, SR &
1 500 mL/min, 52560 E -5 TN 2 ] B 152 22 7
4% LI, BRI A

3) X5 BB AT 5 B B K iE AT XRF A1 SEM 43 #r bk
7 RS BB K S0, ALO, F Fe,0, & 4 fif
Mk, Bk & e B £ . TOUE 5728 1 i °F-
AR, MR Ca(OH), A HUIR AR Y 1) CaSO, -
2H,0 H1 CaO * ALO, + 3CaSO0, * 32H,0., £+
(1) SO, T SHE K I Ca® R, LARTH CasO, -
2H,0 MIER5E BB e o
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