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Abstract: In the biomass utilization process, the high-temperature behavior of ash significantly influences the operational efficiency of
gasifiers. This study examined the variations in the high-temperature behavior of straw ash and the underlying mechanisms using an
intelligent ash fusion analyzer, a Theta high-temperature rotating viscometer, X-ray diffraction (XRD), SEM-EDS and FactSage
thermodynamic simulations. The results revealed that the high-temperature behavior of corn straw ash is mainly controlled by
thermodynamic equilibrium, whereas that of wheat straw ash is primarily governed by kinetic factors. Both types of biomass ash contain a
high proportion of K,0 (>30%), which leads to relatively low ash flow temperatures (<1300 °C). Interestingly, corn straw ash exhibited a
higher flow temperature than wheat straw ash, despite its a higher K,O and lower SiO, content. This anomalous behavior was attributed to
the elevated levels of CaO (10.39%) and MgO (7.33%) in corn straw ash, which promote the formation of high-melting-point silicates such
as K,MgSiO,, K,Ca,Si,0; and CaSiO; at elevated temperatures. In contrast, wheat straw ash, with comparatively lower CaO (4.92%) and
MgO (2.82%) contents, tended to generate low-melting-point potassium silicates under similar thermal conditions. At high temperatures,
both corn and wheat straw ashes exhibited typical crystalline slag melting characteristics, with viscosity increasing linearly as the
temperature decreased below a certain threshold. The abrupt viscosity increase in corn straw ash slag was primarily caused by the rapid
nucleation and growth of silicate crystals during cooling. Due to the “chemical dilution effect” caused by the high P,0Os content, KAISiO,
persisted throughout the cooling process in wheat straw ash slag, which resulted in a generally higher viscosity and a sharp viscosity increase
at the final stage of cooling. This study elucidated the mechanism by which the ash chemical composition, through determining high-
temperature phase equilibrium and non-equilibrium kinetics, macroscopically influences the ash melting and flowing behaviors. This
research provided a theoretical foundation for further exploration of the high-temperature properties of biomass ash.

Key words: biomass; ash behavior; fusion temperature; viscosity-temperature characteristics; crystalline phase precipitation
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Table 1 The proximate analysis and ultimate analysis of corn and wheat straw
Ultimate analysis w/% Proximate analysis w,q/%
Sample
N C H S O* M A vV FC
Corn straw 0.99 42.78 5.86 0.01 50.36 4.59 8.73 76.88 9.80
Wheat straw 0.40 43.44 6.17 0.01 49.97 4.19 9.23 76.41 10.18

ad: air dry basis; O*: by difference.
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Table 2 The chemical composition of ash form corn and wheat straw

Content w/%

Sample

Sio, ALO, Fe,0, Ca0 MgO TiO, SO, K,O Na,0 P,0,
Corn straw 32.63 2.38 1.26 10.39 733 0.15 4.04 37.41 0.54 3.87
Wheat straw 45.44 0.74 0.48 4.92 2.82 0.04 4.02 31.2 0.29 10.05
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Projection (A-Slag-liq), I atm

: [N
CaO 0.9 0.8 0.7 0.6 0.504 030.20.1 KO
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b Si0,-CaO-MgO
(A) Ca0 Projection (A-Slag-liq), 1 atm
B: MgO

C: a-Ca,SiO,

D: Ca;MgSi,04
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F: CaSiO,

G: Ca,MgSi,0,
H: Clinopyroxene
I: Protopyroxene
J: SiO,

K: Slag-liq

Ca0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 MgO
Mass fraction

© Si0,-K,0-MgO

A: KMgO, Projection (A—Slag—hq), 1 atm

B: MgO 810, i/
C: K,SiO,

D: K,SiO,

E: KAIO,

F: K,Si,0;4
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(a): Si0,-Ca0-K,0; (b) Si0,-Ca0O-MgO; (c) Si0,-K,0-MgO.

5 F:T FactSage 1431 =JCHIF
Fig. 5 Ternary phase diagrams based on FactSage
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A: CaSiOy; B: SiO,; C: KAISiO,; D: K,MgSiO,;
E: K,CaSiO,; F: Ca;Si,0,; M: K,MgSi,Oq; N: K,PO,

A: KAISiO,; B: KCI; C: K,0,; D: SiO,; E: KCIO,

Intensity

@ ¢ ®) a
A
1050 CD D C B B B
> | VY W S
Z |1100C_E| E
E C 1] |
I _%® £ |1150 C E i
| 120C
1250 C
M
1300 C
15 30 45 60 75 15 30 45 60 75

20/%)

(a): Corn stalk; (b): Wheat stalk.

Kl 6 e B XRD 5 1&l
Fig. 6 XRD patterns of quenched slag
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Table 3 Average grain size of the main crystal phases in the corn straw ash slag

Average grain size/nm

Crystal phase name

1050 °C 1150 °C 1250 °C 1350 C 1450 °C
CaSio, 40.0 62.1 29.6 22.8 -
Sio, 39.1 43.8 61.9 15.7 -
KAISiO, 192.9 91.0 60.7 205 -
K,MgSiO, 135.2 100.4 76.6 - -
K,CaSiO, 90.7 51.5 59.4 - -
K,MgSi,04 96.1 512 - - -

X — AR 25 LR, AE B KR R K [ R A
o A AE R L DX R) L T AR AT S O R LA
TR T AR AR AT Oy, T SO D A
By, AR s

FH LG Z T, 7N 22 6 FF R 2 A A 00 3l B X [
PN 2 I 2] KAILSIO, B B2 8 A7 78, e diobn RF %
B Y0 85/ (38.9-56.4 nm), o UL BH oL 1k Bl 4
(N 4 frm ). HAb AL KCLL K0, 5 £ 2 A
I J5 B BE (<1150 °C) H B, H. 5ok R F 3% i 42
/NG BEE TREE FRAR, JE A2 18 Sk 0 B W, &2
1050 °C By FEAR T 2, 2 B B s 740 41 bl s il v 2 1)
PG AR o /N REFF K e itoRn RS B T P A8 Ak 3%
H G, A B K FF K i 9 ) 2 AR AR
KA1 0, Bk, HZH 5 il 2R A0 X 0 o 0 A
KAISiO,(J# #: 1850 C)FE M K 1 A —FhF& 22 .
WP F T AH 1 SRR S A7 A, BN IREE XA
Sz HEAG B KRS A IR A B8R A S R Ak B A
WA N FL I Y KAISIO, a4 00R7 AH B 42 fih | B2
P, T BT SRR P EE I D) AN s B 7, S[R3

T AR AT i o 1 IR

W7 Fs, 5 KRS FE R/ ZE RS FF K i 75 =
T SR BT AR AR K Bl 2 DL R iR
MARBEEFELEH R ES. TR K £
ol T T o AT v v 3R I BB 1 BRER AT  RL Ak
| B AR 1 B R 2 /N A RS A K KALSIO,
AR RF S A7 A6 5 AR RS AR T, DU LR B
T - 2% (E R Al v B R TR R o R HR I
¥ . Aok K Bl T2 DL K IR A AR E AN
) 30T W ARG FF CAE R i R O BRI AT R A7 AE
BES.
2.5 S¥RRHMMEHEL R

g M X 3 A G 2R 4 B2 T BB B8 IE A [
T RRMT SRR T R, X R oK S /N RS AT
WV TR DEAT T 4 6 L BT -AE 1% 4 T (SEM-EDS),
gERANE 8-11 s .

W 8 7, K FS FF 30V K i #E SN i B
k11050, 1250, 1450 °C A faf X0 445 ) 7 A7 52 PR 4l 25
By B PR AR AIE o
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Table 4 Average grain size of the main crystal phases in the wheat stalk ash slag

Average grain size/nm

Crystal phase name
1050 C 1100 °C 1150 C 1200 C 1250 C 1300 C
KAISiO, 56.4 47.1 41.0 354 48.3 38.9
KCl1 45.5 24.6 - - - -
K,0, 43.2 249 14.8 - - -
SiO, 14.0 - - - - -
KCIO, 17.4 70.4 60.6 - - -

it AP
KAISiO,

K,MgSi;0;  K,CaSiO,

Corn stalk

Wheat stalk

KCl

1100 C 1150 C

1200 C

1250 C 1300 C 1350 C

K7 AW obs P s AR

Fig. 7 Evolution law of biomass ash minerals

(2) 1050 °C; (b) 1250 C; () 1450 C.

K8 FOKRFEFT K SEM &4
Fig. 8 SEM images of corn stalk ash slag
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VAN i o R TV 1 D 1 s o i o/ o
DL AR S 32, K i 0RE T B8 2 I 0F A A 3 S
XG2S IS
ﬂai_#bFED%MﬁaE'aMS*ﬁtH‘%iﬂ X} 1250 °C E oK
T FF LA I HEAT EDS T 314 X £ 5000, 45 5%
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wE 9 FroR . i B 9Ca) AT A1, T 45145 45 R R K
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Wik Si JET N N 59.80%, Hivk e KR, 5
FboR 19.30%, 3% —25 55 XRD 45 R AHAT, 76
IR T FORASFF s 5 2 i r R A AR A0 — 1k
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ki (K:Ca:Al:Mg =~ 5.96:2.37:1:1.21) i 7% i & 0
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Hi (K:Ca:Al:Mg ~ 2.94:1.06:1:2.41) | 3 ¥ 1 B
1 BRAE E R Eh (K,MgSiO,) ZH AR o 3 1 X A
B A SORE R AT B 7 AT AT, SR 7O
i AH 41 % A K,MgSi0,. K,CaSiO, 1 CaSiO,, X 5
XRD i il 19 45 3 0% — 20, i e Ui B AE 1250 C
i, K,MgSio,. K,CaSiO, il CaSiO; 45 fif #H . M &
b i, HIB R SR RST 8K, it — P Bk 1
fm PR AT Hh 5 R Ak 2 S B0Z R B X R] 26 T R it
LM ELERE,

WA 10 BEoR, /N 22 B FF K i BE 2 B I T
(1050, 1150, 1300 °C) A% £k H: f Ui 2% 46 73 AR IJ“JEE
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100

60
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(a): EDS; (b) atomic percentage of different particles.

Fl9  FRFEFF 1250 C KB REREIZ
Fig. 9 Energy spectrum images of corn stalk ash slag at 1250 C

5 um

(a) 1050 °C; (b) 1150 °C; (c) 1300 °C.

K10 /NERSFFBR K SEM EIR
Fig. 10 SEM images of wheat stalk ash slag
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(a): EDS; (b): atomic percentage of different particles.
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INAEFEFT 1050 C K RETE KI5

Fig. 11 Energy spectrum images of wheat stalk ash slag at 1050 C



RGJUF: D)5 I KA THAFFERITE | EFIE 4R (TP 3E30), 2026, 54(5), 20250278 (11 of 12)

3 4

TE A W) ot B8 R AR FH Ok 2 v, GO e AT N
M F AL I ITRLEE o ASHIF 9T 3k B R KRR FF
/N 22 055 A A Sy 780 A= 4 T DAk, o) JE R 1 s it
1147 22 RUBEERAE, RG] T HOR Ak 2F 4 —
B 235 A i A8 — 2 O 1 B OO o Tk L B8 L 86 )
Z A B VE AR

PR AR 0 0K B R B AR AL o B,
H, KO & i 4 F 30%, B 15 AlvERAIE 15 3 K
F 1300 Co KA FF I o T Al AT Ry 5 22 A
T2 Pl 3 5, HORK K53 & CaO (10.39%) il MgO
(7.33%) e S FEOKE = RAHAL S 24, E2
R S I RERR L (4 K,MgSiO, . K,Ca,Si,0,. CaSiO;)
R, PR, LU S R B (1241 °C) o /NEFEFF
JKHY CaO (4.92%). MgO (2.82%) &5 &K, 78 5 I
A ] AR AR AT B RERR AR AR . I, ok
FEFF A A T i K0 & =EFITEAIG Si0, 7% i1
LT, TSl B A TN RS K

F R T, T ORAS AT RN RS FE A R
R 25 i, Y I B A 3 R0 TR EE I, R A 2k
T FORAE AR AE K IR R AT
i R R AR B B (G0 KAISIO, /b BE R <) MK 1350 <C
i 20.5 nm #44 F 1050 °C 74 192.9 nm), %X & 55
L v e 0 A LU R BN R R N
FEIRAT N R E 2 8 i 2 R . #E 3 &5 1 P,Os
(10.05%)YE T, /=5 45 A KAISIO, i /K 75 /N 2 7
FRIE s R R T R B A A . FERR IR T R N2
ol P 08 v 1) 0 AT 1R 2248 HL R RS AR AR,
B HAR & b 5 21778 19 KALSIO, AR IR T K& Hr
Y K0, e (] 5 85T R 1A 8 1 O R A o4 ik oK A
R e BT

FF UL WY, B PR AR E RS FF AT N
14 2ok R v O VE M AR R R AR B, AT
I TN (Fe,05 55 ) A2 3 1% i 247 4 19 T2 1 A 2L
I TR DA R B RE M s /N2 RS AT R, Ak i K
A =T STl A N ol S AR 1 = e 1
KAISiO, i AT H 5 o A8 FL AT % 2%, nl 38 3 78 Jn
CaO/MgO, P78 AH~F- 1 8 4 #& K,O il SiO,, LA F|
I KAISIO, 2E L H 1

G ERUEN ]
PR 75 W A 45 v 5%
Sk

[1] ALAM T, HOADLEY A, DAI B, et al. Impact of potassium

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

(11]

[12]

[13]

[14]

[15]

on bio-ash slagging and resultant slag flowing characteristics
under mild reducing environment[J]. Fuel Process Technol,
2023, 243: 107672.
LI X, ZHI L, SHI W, et al. Effect of K,O/Na,O on fusion
behavior of coal ash with high silicon and aluminum level[J].
Fuel, 2020, 265: 116964.
BLASING M, MULLER M. Release of alkali metal, sulphur,
and chlorine species from high temperature gasification of
high- and low-rank coals[J]. Fuel Process Technol, 2013,
106: 289-294.
GUO J, HE C, BAI J, et al. A new viscosity model for the
high-iron coal slag based on the bond distribution[J]. Fuel,
2024, 357: 130043.
LI F, ZHOU M, ZHAO W, et al. Ash fusion behavior
modification mechanisms of high-calcium coal by coal blending
and its ash viscosity predication[J]. Energy, 2024, 288:
129829.
ZHANG H, SHEN Z, YU L, et al. Melting-dissolving kinetics
and mechanism of high silica-alumina coal ash particles
deposited to liquid slag wall in entrained flow gasification[J].
Chem Eng J, 2024, 500: 157286.
KONG L, BAI J, BAI Z, et al. Effects of CaCOj; on slag flow
properties at high temperatures[J]. Fuel, 2013, 109: 76—85.
HOU Y, ZHANG S, DANG J, et al. Viscosity and structure
relationship with equimolar substitution of CaO with MgO in
the CaO-MgO-Al,05-SiO, slag melts[J]. Int J Min Met
Mater, 2024, 32(1): 70-79.
PATTERSON A L. The Scherrer formula for X-Ray particle
size determination[J]. Phys Rev, 1939, 56(10): 978-982.
YAO X, JIAO F, GAO S, et al. Co-melting mechanisms for
municipal solid waste incineration fly ash with fine slag
from coal gasification and coal gangue[J]. J Environ
Manage, 2024, 367: 122035.
JIANG C, LI K, ZHANG J, et al. The effect of CaO and
MgO on the structure and properties of coal ash in the blast
furnace: A molecular dynamics simulation and
thermodynamic calculation[J]. Chem Eng Sci, 2019, 210:
115226.
ZHANG X, BAI J, VASSILEV S V, et al. Effect of
phosphorus-based additives on ash fusion characteristics of
high-sodium coal under gasification condition[J]. Fuel,
2022, 317:127930.
WU G, YAZHENSKIKH E, HACK K, et al. Viscosity
model for oxide melts relevant to fuel slags. Part 1: Pure
oxides and binary systems in the system SiO,—Al,O;—
Ca0O-MgO—-Na,0-K,O[J]. Fuel Process Technol, 2015, 137:
93-103.
SCHOBERT H H, STREETER R C, DIEHL E K. Flow
properties of low-rank coal ash slags[J]. Fuel, 1985, 64(11):
1611-1617.
WANG Q, HAN K, QI J, et al. Investigation of potassium
transformation characteristics and the influence of additives
during biochar briquette combustion[J]. Fuel, 2018, 222:
407-415.


https://doi.org/10.1016/j.fuproc.2012.08.010
https://doi.org/10.1016/j.fuel.2012.11.014
https://doi.org/10.1103/PhysRev.56.978
https://doi.org/10.1016/j.fuproc.2015.03.025
https://doi.org/10.1016/0016-2361(85)90380-1
https://doi.org/10.1016/j.fuel.2018.02.156

RGN DT i A THRAFIERFFE | B R (P50, 2026, 54(5), 20250278 (12 0f 12)

[16] LI F, WANG X, ZHAO C, et al. Influence of additives on [17] WANG Q, HAN K, WANG P, et al. Influence of additive on

potassium retention behaviors during straw combustion: A ash and combustion characteristics during biomass combustion
mechanism study[J]. Bioresour Technol, 2020, 299: 122515. under O,/CO, atmosphere[J]. Energy, 2020, 195:116987.
{EEBRN:

ZER 1 (1985), T+, WFoE #U4%, W9 7 1)
RS ARG IR AL 5 R BE R AR B
Ky LIEBCR S5E 8 AR KR U 50
FEPE N FHELRB ST, lijg@sustech.edu.cn.

RFE(1997), WAL, BF5E 7
B RORE B R AL R s IR R AT
12331078@mail.sustech.edu.cn,

XUEH(1964), Wi+, PERE 2R, DF5E 77 10 R
SRR H I AR R LR S
YR REE . BHIS LR, liuk@sustech.

edu.cn,



https://doi.org/10.1016/j.biortech.2019.122515
mailto:12331078@mail.sustech.edu.cn
mailto:liuk@sustech.edu.cn
mailto:liuk@sustech.edu.cn
mailto:lijg@sustech.edu.cn

	1 实验部分
	1.1 实验材料
	1.2 灰样制备
	1.3 熔融温度测定
	1.4 生物质灰熔渣黏温特性曲线测定
	1.5 激冷灰渣制备
	1.6 激冷灰渣矿物质组成分析
	1.7 激冷灰渣形貌分析
	1.8 热力学计算

	2 结果与讨论
	2.1 生物质灰的熔融特性
	2.2 黏温特性
	2.3 生物质灰的高温矿物质演化规律
	2.4 生物质灰熔渣的结晶特性
	2.5 生物质灰的微观结构演化规律

	3 结　论
	利益冲突声明
	参考文献

