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Research progress onmigration and transformation behavior of hazardous

mineral matter in coals during coal combustion

WANG Xiaoshuai, TANG Yuegang ,MA Tengda, CHEN Yifan
( College of Geoscience and Surveying Engineering , China University of Mining & Technology—Beijing , Bejjing 100083, China )

Abstract ; Minerals and potentially hazardous trace elements in coals are the main origin of negative effects,such as environmental pollu-
tion, during coal combustion. There are so many minerals and trace elements in coals,and their transformation and migration during coal
combustion are extremely complex,which are closely related to their emissions. Based on the previous studies, behavior of common minerals
and trace elements in coals during coal combustion was reviewed from a coal geology insight,which can provide a reference for related re-
searches and for controlling emissions. During coal combustion, thermal transformation of minerals involves of the processes of breaking, de-
composition , evaporation , agglomeration , fusion , condensation , etc. Similar with minerals, emissions of trace elements during coal combustion
also show distinctive differences, mainly depending on their volatiling and combustion conditions. Fate of mineral matter after coal combus-
tion includes slag,bottom ash,fly ash,and suspended particles in coal—fired flue gas. Behavior of mineral matter during coal combustion is
mainly influenced by the geological characteristics of mineral matter in coals and by the conditions of coal combustion process. Temperature
and atmosphere are the two mostly significant factors effecting on their behavior. At present,there were some theories about the transforma-
tions of mineral matter in coals during combustion established preliminarily. Nevertheless, general regularities are rarely proposed and sum-
marized. And studies on original geology factors affecting on the behavior of mineral matter during coal combustion are inadequate. The
specific aspects are as follows. Enrichment and differentiation mechanism of mineral matter in nature and during coal combustion, potential
relationship between geological characteristics of mineral matter and their thermal evolution behavior,and the dual effect mechanism of geo-
logical setting and combustion condition on the thermal behavior of mineral matter require to be studied further.

Key words : mineral matter in coals; trace elements; coal combustion; enrichment and differentiation; migration and transformation
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Table 1 Minerals and their chemical formula commonly

reported in coals and their low temperature ash!”™

URZE4 2
A1 Sio,
ES Si0,
A KAISi; O
RHA NaAlSi; Oy
¥ CaAl, Si, Og
M=k KAL (AlSi;)0,,(OH),
PRt NaAl,(AlSi;) 0,,(OH),
RGN —
[Z{EPaE: (NH,,K) AL, (AlSiz) 0,,( OH) ,
BRI
Ly AL, Si,040(OH),
it it —
Jii = Al,Si,05(OH),
B HH A Al,Si,05(0H),
7] BI¥A —
BHRA K, AL (SigsAl 5) Oy(0H),
E)¥a Nay 33( ALy Mg 33 ) Si, 0,0( OH) ,
fgler (MgFeAl) o(AlSi) ,0,,(OH) ¢
i £ Je A1 —
LRI A —
HIZF 0 —
G NaAlSi, 04H,0
ax v CaAl,Si; 0,4 - H,0
REE WA (NaK) 4(SiAl) 3505, + 20H,0
Ciawel Na(MgFeMn) ; AlB,Sis0,,( OH) ,
iyl Z1Si0,
WY FeS,
SE30N FeS,
W 3R Fe(_,)S
g DSE=20n ZnS
L7} I PbS
ES B CuFeS,
LN FHERTT NiS
Z BT Sbs
D7 B CoS,
TR AN (NiCo) 38,
BEIRA CasF(POy),
SR A CaAl;(PO,),(OH);5 - H,0
i zlay e BaAl,(PO,),(OH)5 - H,0
M g SrAly(PO,),(OH) 5 + H,0
i WEEREl A C6A13(P04)2(0H)5
- RN Fey(PO,), * 8H,0
Y R (Ce,La,Th,Nd) PO,
274 (Y,Er) PO,
i (Nd,Ce,La) (PO,) - H,0

2k
U7l 5N
Tk CaCO,
Tl (XFRICA) CaCo,
i HET CaMg(CO,),
2 A= Fyal (Fe,Ca,Mg) CO,
i’: E3 ] FeCO,
; FER A (RN ) NaAlCO,(OH) ,
/] 3 StCO,
TRIR BaCO,
TR BaCa(CO,),
HH CaS0, - 2H,0
P H CaS0, + 1/2H,0
WAE CaS0,
CiGLYe) BaSO,
e Fe,(80,); - 9H,0
K& FeSO, - 7H,0
ILp/NEE/RTN FeSO, - 4H,0
K FeSO, - H,0
it
s AP (K,Na)Fe;(S0,),(0H),
Jint LA (K,Na) Al;(S0,),(OH)
% ToKTEH Na, SO,
W PHPEAH Na,Ca(S0,),
/] H L Na,Mg(S0,), - 4H,0
PERNIERN MgS0, + 7H,0
7RG MgSO, - 6H,0
e MgFe,(S0,)¢(OH,) 18 - H,0
BEHAR MgAl,(S0,), - 22H,0
ENA/ KRR A AL(80,);5 - 17H,0
WBEA/ A Al,S0,(OH), - 7H,0
FZWA NH,AI(S0,), - 12H,0
R FERRES A CaC,0, - 2H,0
#hk KRR A7 CaC,0, - H,0
BBk Tio,
LA TiO,
Pa y—AIOOH
KA Al,0, + H,0
=KEA AI(OH) 4
IR Fe,04
It RN Fe(OH),
ﬁ? B PbCrO,
:;J e R (Fe,Mg) Cr,0,
iAo PhSe
ELERIN FeSe,
T B CuSe,
LROE TN CuFeSe,
VaE:N NaCl
faEN KCl
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Table 2 Classifications of trace elements in coals according to

their physio—chemical properties
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Transformations of minerals during coal combustion
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Table 3 Possible reactions of minerals during coal devolatilization and char combustion!*™"
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coal samples under different combustion temperature!*”’
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Fig.3 Thermal reactions of quartz during combustion

D) FEERT Y, B2 B R
R —2R T B RIS R 5
WA e -5 1R)255 . MR ATE 450~500 °C A 4s
B - OH BT, B BTG & 248 19 W T — M =5 04
A2 950 ~ 1 000 °C B, i &5 & A A R y -
ALO,, 5Lk A1 FI 7 dh Ao Bk £ I At 77 4 A
1 600 CH A LAREABAEAE , 3 A il 4 i kb4 Rk 2 1L
THEERESS A i A A AT RS B A R
PR SR i HA T 26 (TNAS BN B ERER) RO B R
B ERTERRER | 50438 A Tk 40 R R 7F JRE AR IR 8 34 45
TR T BE K A s S e R RN R
1,1 500 °C /247 2k —O0H ¥t s, B i = 1%
A ,7E950~1 050 °C , — B MR M A MBSk, 5
A AR TR BRI 3
PR B R A T 2 R T8 Y BE R, (A5 0 0 7
PITEL 200~ 1 300 °C B4 @lUE o5 38 A5 9 B, 31X
IR B TR A S5 R T A K e i TR
JiE , IE T ] REAE I RESE

NI fEA R = A, T A R = A ) 3R
et Rl sE st 2 AN i B A

CaCO,——Ca0+CO, 1
MgCO,——MgO+CO, T

B 5 TR T, A SE e AR R A, 900°C A2
BB A K (Ca0) , £ K AT LIS B8 1 7K 43
TR, R HIE I Ca(OH) , , H 2 A1 43 #IE I CaO
MgO" ™ | 5 IR B8 i 3 A v, 3R B v o 1 7 A Y
CO, 2410 1l B 2 5 sk R 6 1) o3 it (11 4) &1 4 3%
W, CO, M BE vy, 41 iV FH A B ) 3 {75 CaCoO,
MgCO, 4t B TH i . P AR 4 JEHL IR
TS, v] LS 5T 0 R S AR AR 4
SEZ T, 855 6 oC R nl AR O T AR B BT 45
A1 BRI T DL S R R, A s 0+
BCHTRE A, a1 000 CHEE T, £ K 51 =
U - T IE B AR B K A A K A, X e A TR &
YIFE1 400~1 500 °C K A=K ™ s B it LAE, 38 7T
SR BB WA RV B (R AR ) 1T R
SRR R T 95 fl %) 0 ek R ER 0 Tt T YA A

[62]



F BRI AT SRS R A 4y B AR AT ISt

2021 456 9 )

IR K B A S o g
SR GRS, CaO T FE S B 7, 47 2 W ARG 3
T B R B S SRR A R, %
R A AT £ SRR e R

00

80

60 -

FHCOMRFKE/%
S
(=)

AE
53
(=]

T

0 1 1 1 1 1 1
660 700 740 780 820 860 900
RE/C

E4 CaCO; MgCO, MRS 5 R 5% — FAHTHIK By % 21
Fig.4 Relationship between decomposition of

CaC0, ,MgCO, and concentration of CO, *’

5502 e i e R i B LR AR RO AR Y
FEYIRECRT 43 B 5 10 A A B RER AR kAT R
ERALA S Ca=S-X A (X AT LLJE Fe, Al,Si, Mg 55) 45
4 3@:76—77] R

O AFMEATE ., AF NI F 0] RS
H3ABEY BB TE 150 C AL, A
(CaSO0, - 2H,0) Kk L 45 KB B A 8 (Cas0,)
55 2 B BE, 7E 830 °C A2 A7 B, R A1 F 40 vkl AL LS A
=AAARRR ;S EIRE 55 3 BB, 980 C AR A I, i 5
SAT OSSR NP R CaS 41k

7y

k. 552 DRI 3 By BCAERT ] LA Je 5 T
RAEMREE RN S IR SR 6, 1130°C 24 1Y
e B oM oe 4 o B AR £ AR
FEWKLUF 3 Mg
CaS0,——>Ca0+S0,
CaS0,+4C0 ——CaS+4C0,
CaS0, + 2H,0 ——CaS0,+2H,0

5) B MR, BT MR S
PRI 00 S B, H b B a2 5 AR B AR kT
RIS i) 2Pk 2 — R 555 A
T JC R (Sb, As Cd, Pb Hg 55) HE ik, M fili i
U IR PR R AR RN, R
IR AT, Forb B 5 AR R A A
SO, ; Z2 8 32 A il BE T €O, , J& — P g #A
B BABEI AR, & Fe B2 D R T AR
WK WERRA LU S O7 0 4 | e 2 ELAAOIE )il b
W) O T I AU (T GBI E E A ) | ax sk
B, — WA R AR RO, e 2408 RO ) — 3
GyRORTSRL S AN A RS B AL IR TR, B
B Y rhoRO R W] Re S A A B RS -
Py BE S B R ER S A AR B TC LA S
I I— RN AR ), NI Ay BE™ A58k
L SR B A 0 e — e
WIELANTET I FIMED ) 2 OB X AEAE , N AEBTER
B RIME SR AT AR s BoR,

BT
ro2C A K AELA, Kt 6
BIR, B G mE<1326C (&35
VL BT RETRE G @ &
T PR B
g
R SRR )
]
K 0.::0.:4
(a) Hkieist Feh i 6 BB (AL, R
e
RS i
R R T RERT R
Bk Rl AL A
526~626 C @2@ 1091°C  §
BBk o — BT TR

B

(b) KRB FEeh b EE BT 9
5 MBI A B

Fig.5 Transformation of pyrite during coal combustion

[81-82]

213



2021 4F55 9 1A

# 2 A F H K 5549 %

JEIR T AME  NTE BB FE SR be i B AN [ 1) 38 Ak
1 IMEES Z I R AL, SAMERSER
6], N TE SRR FE R I e 2 18 Hh 2 il , NS R 4R
k. PITER By A TR AR X AR, 25 52 i i el ik
HaHL il 9 S5 B S 2R G T B AE 330 ~ 650 °C
I, Bk 2 K AR A i, B 2 BN IR [RI 3G K, I o
BRI W R R (Fe 40 S) , SR T TEME 7R IR B2
I FR AR AL S SR TR T T — A 0 AR R R
(Fe,0,) ,#84r & S A AL W 76 o A & vl 5 5% ok
oA R ER IR il T S kA S A R L R
X TR e R b R R AL B 5, 32 AL
SEFAE N, TR AR PR W) H B L AR A
R A T AN U T AN A=Y VAW ED S B A T
BEIL R YT N B ) R R R AR A1k
R IHANE AR AP RIS Bk BE o3 A e 1 4 /b
B XA [l AN [v] ol S5 B 858 0 o AR ] i 4 26 R
WY PGE AT A BT s B = A — N R N &
2 AT AR 38 e ) 4 52 56 2 SRR 58, DA &8
FELLZR G 4T T SRR 1 OB A B 2 i
22 BErMREETEMETENTITHE

WEBTFR VUG , Wiz ki St A7 20 F 5 — R 5
A EME TR LT AL, AR,
BT IREIRTS Y 0 R IR 2 — |, T R A I B R b
PR ¥ RO A F R TR S KRR &, 0
F Hg 0%, #r DV Bk b 5 ) 55
R, SRR — R HEA RS, XI5 5 TR
FEL A 149 AT A B B ) R AR,
HIRBEDIRpE (LRI S 2 B IR R ) 2
AR EE T PETEfEE ST E (W As Be ,Cd, Cr, Hg,
Pb Se .Sb %5) 1) AN RIR, BB A B A F
il T R ARG, (HR e i s BB Al (5
BEOLFEAEIRBE B W B R, X IR R I 1
TASRL/INELE R T R R R R A D
T R RS A 4 B it FLAR 2 B8 AR U B HE il 1
it (A5 e R L 2 i T R R HE B 15 Y 1 R B
Hr, IEIT 30— R [ A R As
HRE R F o AR Se HhEE AOKGLA T
TR 880 S R E U T R W HE L
HAEAE P KR AR WAL F R 5 b i
ATT7e A 2 b AR IE B A IR, # RR A A 3 7
HOUE PR FUL, A A o T R eI R b
R AIERS AL A8 ST AR AL A A R
BUEASE, B R, iR TR EEE 4 4
Form)  HURLIES K AR GO | B 25 7 A2k V7 W 00k 26 T
214

CRiARk/IN, b AU R, TR MG & 4 ) B LR
BRI

i [E 2 # CLARKE 75 19 {H 20 ) AR P B rp i
TR TERR b AN B B R AT R K 35 3
K(E6) NFELE T EKEITE, i TEAR
LR, HOEJE BRI IR , 53450 40 A T RS
YRSE L TR LA | BT S o SO, a L L
AR & ARV EE, HH & 2 24k R, i B
TOREARAR BN R R R 9 A3 i T 2R AT R
BRA RGERH COIGR I R RIREE 4 MK o &,
W ELE M FEARANTE (A B, 22 LSS TE U HE
AREIHE

Hg.Cl.Se.B.Rn.

Hg.Br, CL.F.Rn Br.C.F.L.S

As.Cd.Ge.Mo.
Pb.Sb.Tl.Zn

As.Cd.Ga.Ge.Pb.
Sb.Sn.Te.Tl.Zn

Ba.Be.Bi.Co.Cr
Cs.Cu.Mo.Ni.SitAc
V. W

Be.Co.Cu.Ni.P.U.V.W

Ba.Cr.Mn,Na.Rb.
Bi.Ta.Sr

Mn.P.Th,Al,Ca.Cs.Eu.Fe,
Hf.K.La.Mg.Se.Sm,
Si\Sr Ti Zr.

FERVEIZ I

Eu.Hf, La.Mn.Rb.
Se.Sm.Th.Zr

(a) CLARKE/}>2

He MERBRMETFETEL WX

Fig.6  Volatile classification of trace elements in

(b) HOWER%}3

coals during coal combustion" "

KEFH S H IS A %K HOWER %24
TESE[E CLARKE™ FIfi 22 MEIJ'® i3 25 5 R 5T
SRBYFER b AR TR R T i T R AR
A, FEXTEE ) 50 Z R T R BT TR M
SEPT 6 B, M EET I RESHER
PEICR  TERRPEd B R B A, 5 BE AR S 1 5 5
MR MU R | IZIOC R el &, b )E 8
BEETE QR ERE KRR S MR TR ARG A
MooE, FESM TR MK P . 5K, R K
HE ) TR R S MR TR

A 2 AT SR B BRI 7= ) v i Bl T
F IR Zn FEIEAFIRKSH, Co Mo, Th FIBk
Eu Tm DA &M s 70 28 07 1) T 76 1K (ROR B
JR) HE4E W Lu  Tm U, Sh Pb Li 765/ [E#RHE =
Wy ef il 4 L 5 R B8 4k 1k B G R Ao BT
Xt RIR AR K R e R i, A S B TR, A
Ba; £7 86 5 216 KO 5 A7 8 0 2 5 A0 1) 1 R
BB, 40 Cu; A5 BE T 28 AY & 48 10 1 1k 5 MR e 2%
FeBERDARSE 40 S Tm Eu W 2570 SR T 2



F BRI AT SRS R A 4y B AR AT ISt

2021 456 9 )

R, i Bk A BRA RS, AT LI BURL4E
A 1 i 7T R A HE TR B A A AT RS AT LAY
B ik oo = HE B R Kb (XK R T R
Wi B AR TE T BRI AN K T ATh ] 23 6 PR AL
VA Rk R R R R TR R
PR AR TR A AT A BIAS [R) 72 B8 A 4% & vk, A B R iR
I WE 1T R, X FESMEITTRAGHY
FRAS PR AR AR | S sl &
HEICER Z 0] & A B A 22 SO FR e T2, A4 .
JE R T1 RS RN R] R A A A O, HE
SIESE OIS T o0 RN Y C YRS L LT
() 5 B2 A3 LA AIE 3 B I T I e R R R 2 ot
TR AT RS A% K/ SRR R B AT 4
{ﬁF%[ZZ,%—lOO] .

H AT, X i T R AR B AR AR
FEAL PR RITR H B8 LT B HSE e R rF
5%, AR XHREE T R PR TR A B R 5
AR I r 8] 774 22 8] S N ) R GEF 5%, Bk 2 AN [A) T
EALPOEZS i IDNEY (95 32 UK kM DI EI RS O IA D s
[N
23 TYRAITHEMESE

PR R I ven il DR S el A IR A o
PR 2 S A sl B 53 s o P 2 R 8 TR X
IO RIS R T T SR B A M RN AT R
FEE 2 AT R A K OB RA & Ky Y i
A RVERT, R BB A HLBUE fLRE 0 R
X EERE WAARE e iRk ELNE .S
B 5 HC At ¥ & 1 OoC R Z [\ kAR AR SR R
LG8 447,0L 99010 QR T2 55, Wik be R e 11
P2 S G W7 M 4 1S W R 05 R <
HNHACAE 000897 3 S B W) (R R ) R
PEAAT R Z RN B DG R 6 ARS8 ) ot
S TR0 B AR IR HE TSRS ), P A AR A SEBR S

1) BB o B SR 5 e oA L o A ™ ) o AT A
TR AN R 22—, —BORUL, IR &
WA R g A 2 T - B, HR b
Xof D o i BRI, AR B 22 T TR RE , R X T
PRI R ARE b ™ W Jo T Al 1) BT 22 T SRR A5 e
FE ORI ™ ) i G AR A s i b, A
SEEE T AR EAE S0 S B b S 1
AER™ ) 57 5 R HE T Z ) i DG 3R IR A5 Hh A
TV 1B SR 4 HE 5 v K S50k ) o 2R A 1 55 0 B A
K, BB T 1o (R R — UK R R — T AR ) |, JR L T
R R CBUR I RE BE TR B e AT e
a3 LN R B ) o A R R T g

RIS BT T3 4 o B Ak B At 5 1
W2 AT A et — 2 5%

DT LA T, 0L AT BRI
WY AE s 2R N S A AL 455 1 T
K H AN, BRI PR SNERD 1, BRI ST
i NTED YT 432 TR — e TAOMET ), B ik
HB AL B AR AN ], 55 28 B ORE R AR A —FE
YRR K 22 8 U5 T N AE AT P 1 3 £k , i R S0k K 22
Sk AIMET BT R 5L AL S AN TED I A
FEARIA T REAZ 5% el ik ok A T R (s
W AMED PR R AR ) R W A 2.1 1
TEAN R 7E IR B A IeA

3) A, WY E b RN E R R
—  AJE R R AR T ) ST AR A e P R )
RIgR 22— 47094 R i B T v, B W 4 R R
AN RN, I 2 BRR SRR BiFR SRR E Y
P ARS8 S AP R G A G TR DL 2.1 15 A AR
TCR ML ERS KA, 4 Ca JTTETE 600 C LA
TRARNK A5 K600 ~900 °C |, ¥ K& FLE & # T
B, 51000 C LA, Ca FEAIE L5242 W TA
R EE T, 0 WA B 5T, v] Ry IR 465 7 4 il 2
BERLS I R IR TOU T, TR ERAT N SR
Z R EARSE R 0, n] IR T 20 A EaE
TR MHECEE A FH TR 1w 4R it —
EMS%

4) RGESRA ., RGESFT 0 TR e A
AR £ E 2 AT 1 B8 D5 1k 2 [
A Q5 R Z A BE R AR RN X RS
SURBUBRI 2 S0, B O8I 7= Py L T
ARG B R — e AR S AR
WS, B YRR — ALK Fe,0,, 734N, REEA
G COL MR, X R ER 2R 1 A g th 5 — =2
FIRZI 2T R R ) R G AR I A AR £ HAth
S PR 2 ST A AT A A S PR 2 ST R
SRR R A AL, T AR A 3 T R e R 4
B S BRI A

3 HiEERE

FAR TR F A Y AN BE ST, A
X Y RS AL AT TS, O Sr T — L8R
i DL ) P A L R AR e R R AR
TR R AR BAT b 1) 2K S 3, R AR %
ARG AL LA RS A AL R G  Sh LRt
FEUA B AR AT T R S RF I T4 A
PHEBIRE T IR R IR oA 5 B ) T 2 114

215



2021 4F55 9 1A

#EHMFHAK

549 4%

TR RS TR IR, H AT XHZ SR
WFFEATAEAE LA B2 ]

1) KA 9y o A ORI A v 1) B I A B AT
5 BB 5, AR RIS B ST R R TR
4 R AT A 55 22 8] R T A0 O R il = B i 0
BN B RN Rl A7 S R B B R, e R e AT
CERER T AL A AR S AT S Y (R AT A R R
ARSI (B A AR) AN RIRARARES 5 A LA
o3 (ARGl oy ) AR S 5 T7 X A0 3, 7R 72
HROR T 2 b AR T 25 ORI I AT 9%/ T3 41 5% (ARG
A LS AR ST T R ATS S ANV I

2) KRIRE S R A T ) oA G AR e A LA B
R R AR R W B U 2 — 2 e
A A M JEURERR e 7 M ) B )~ R Bk
PR, i SR AL, O T 2 Al o B2
TR S A R, 22 10 1) Sl PR 45 e o
i, 255 MU 5 T ) 5 e 00 S LSRR
AR TR S TR ) S Sh A AL LA B = R 40
W

3) RGN — K A T ZBAR 3 23 A o
FAGER, Z T L 2 AN N A ET YA
ARSI A LR DA IR Bk = L B 4%
PERI L 225 AR ) SRR T A% e A 14 DI RS2 M AL
il AT

£ 2 3Lk ( References) :

[1] International Energy agency. Coal 2018: analysis andforecasts to
2023 [R]. IEA Publications & Data,2018.

(2] sigtih Bk LBk 9. WEEEEOR [M]. JEaT A= Tk
Witt,2016.

[3] World Coal Association. Coal & electricity [ EB/OL]. https://
www.worldcoal.org/ coal/uses—coal/ coal —electricity.

[4] R ANRIREEZGE R, HEARIERIE 2019 44 FH R4
Pt R R A R]. dbnt: FRK LR, 2020.

(51 M. B GeitSeA 4l [ EB/OL]. (2018-06-15).
http : //www. chinapower. com. cn/bigdatayear/20180615/113546.
html.

[6] GUPTA R P,WALL T F,BAXTER L. Impact ofmineral impurities
in solid fuel combustion[ M]. New York : Springer US,1999.

[7] WARD C R. Analysis and significance of mineral matter in coal
seams[ J ] . International Journal of Coal Geology,2002,50(1/4) :
135-168.

[8] WARD C R. Analysis,origin and significance of mineral matter in
coal ; an updated review[ J . International Journal of Coal Geology,
2016,165:1-27.

[9] FINKELMAN R B, DAI Shifeng, FRENCH D. The importance of
minerals in coal as the hosts of chemical elements:a review[ J].
International Journal of Coal Geology,2019,212(1) :103251.

216

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]

[22]

(23]

[24]

[25]

[26]
[27]

[28]

[29]

SUAREZ-RUIZ 1,CRELLING J. Appliedcoal petrology[ M]. Amster-
dam ; Elsevier ,2008.

GARY M,MCAFEE R,WOLF C L. Glossary ofgeology[ M ]. Wash-
ington,DC; American Geological Institute,1972.

HARVEY R D,RUCH R R. Mineral matter in illinois and other

U.S. coals[ J]. ACS Symposium,1986,301 ;10-40.

WARD C R, BRR R. Bha# B [J]. [ AME H 5,
1989(6) :7-20.

WARD C R, CHEN Jialiang. Review of mineral matter in coal
[J]. Coal Geology in Abroad,1989(6) .7-20.

LI Zhongsheng, WARD C R, GURBA L W. Occurrence of non—

mineral inorganic elements in macerals of low—rank coals[ J]. In-

ternational Journal of Coal Geology,2010,81(4) ;242-250.

KISS L T,KING T N. The expression of results of coal analysis:

the case for brown coals[ J]. Fuel,1977,56(3) :340-341.
GIVEN P H,SPACKMAN W. Reporting of analyses of low—rank

coals on the dry, mineral —matter—free basis[ J]. Fuel, 1978,57
(5):319-319.

PARR S W, WHEELER W F. Unit coal and the composition of
coal ash[ J]. Proceedings of the American Institute of Electrical
Engineers,1909,29(5) :25.

WA BB S RS EL M] . JEat Bl R, 2002.
STACH E, Murchison D G.Stach’ s Textbook of coal petrology
[ M]. Stuttgart; Gebruder borntraeger, 1982.

R, hEBEAE M. RN PR R, 1996.
LESSING R. The study of mineral matter in coal[ J]. Fuel 1922,

81(S1) :6-10.

VASSILEV S V,VASSILEVA C G. A new approach for the com-

bined chemical and mineral classification of the inorganic matter

in coal. 1. Chemical and mineral classification systems[ J]. Fuel ,

2009,88(2) :235-245.

VASSILEV S V,TASC()N J M D. Methods for characterization of

inorganic and mineral matter in coal ;a critical overview[ J]. En-

ergy & Fuels,2003,17(2) :271-281.

TAYLOR G, TEICHMULLER M, DAVIS A. Organicpetrology [ M ].
Borntraeger, 1998.

FEME S, d o, s EE P R TR (M), bR B S

1 ,2004.

Wi B, B4R sk M]. dbat Bl it 2004,

TN e et 55 AR TR kb M. b

AU Bh A, 2006.

A RIS SR AEE A BT F T R BT R B

XEFRBEGRIP LT ] B BRI AR 47,1998 (2) :20-23.

ZHAO Fenghua, REN Deyi, ZHANG Junying, et al. Recent

advance of study on hazardous elements in coal and significance

for environmental protection[ J]. Coal Mine Environmental Pro-

tection, 1998(2) :20-23.

R, Wk R S B R T T O R A

TS FIAIE B[ T]. REERL 44,1999, 19(4) :

433-437.

FENG Xinbin, HONG Bing, NI Jianyu,et al.Chemical mobility of

potentially toxic trace elements in coal at surface conditions[ J].

Acta Scientiae Circumstantiae, 1999,19(4) ;433-437.



F BRI AT SRS R A 4y B AR AT ISt

2021 456 9 )

[30]

[32]

[33]

[35]

[36]

[37]

[38]

[39]

[40]

AN XA SR 2208 A5 IR S e DT R AR I LA
FAYIHKLT]. MR ,1999,6(S1) :17-22.

REN Deyi,ZHAO Fenghua,ZHANG Junying,et al. A preliminary
study on genetic type of enrichment for hazardous minor and trace
elements in coal [ J ]. Earth Science Frontiers, 1999,6 (S1):
17-22.

%D AT IR S S P S ah e T S (T U E A
I3HT B HH R A= LT ] 072740, 1999,19( 1) :34-40.
FENG Xinbin, HONG Yetang, NI Jianyu, et al. Multivariable a-
nalysis on the distribution of potentially hazardous elements in
coal and its geochemical significance[ J]. Acta Mineralogica Sini-
ca,1999,19(1) :34-40.

DAI Shifeng, REN Deyi, CHOU Chenlin, et al. Geochemistry of
trace elements in Chinese coals:a review of abundances, genetic
types, impacts on human health, and industrial utilization[ J]. In-
ternational Journal of Coal Geology,2012,94.3-21.

SEREDIN V V,DAI Shifeng. Coal deposits as potential alternative
sources for lanthanides and yttrium [ J ]. International Journal of
Coal Geology,2012,94(5) :67-93.

DAI Shifeng, WANG Peipei, WARD C R, et al. Elemental and
mineralogical anomalies in the coal-hosted Ge ore deposit of Lin-
cang, Yunnan , southwestern China: key role of N, —CO, —mixed
hydrothermal solutions[ J]. International Journal of Coal Geology,
2015,152:19-46.

DAI Shifeng, FINKELMAN R B. Coal as a promising source of
critical elements: progress and future prospects[ J]. International
Journal of Coal Geology,2018,186(1) :155-164.

Fiz R AR, b s RO )], BH S
5, 1994,22(4) 16-20.

WANG Yunquan,REN Deyi. Research advance of trace elements
in coal[ J]. Coal Geology & Exploration,1994,22(4) :16-20.
FAERY, ZR 0. FREE T o ST R R AR A WF RS [T ).
REJRERBEARY,2003,17(4) :3-5.

WANG Xuesong, QIN Yong. Study on mode of occurrence of trace
elements in coal in China[ J]. Energy Environmental Protection,
2003,17(4) :3-5.

DALE L. Trace elements in Australian export thermal coals[ J].
Australia Coal Journal ,1993,39.17-21.

FINKELMAN R B. Modes of occurrence of environmentally—sen-
sitive trace elements in coal[ A]. in book ; Environmental Aspects
of Trace Elements in Coal. Kluwer Academic Publishers, Dor-
drecht, 1995.

SWAINE D J, GOODARZI F. Environmental aspects of trace ele-
ments in coal [ M]. Energy & Environment, Kluwer Academic
Publishers, Dordrecht, 1995.

SWAINE D J. Why trace elements are important[ J]. Fuel Pro-
cessing Technology ,2000,65/66( 1) :21-33.
FERIAI RS 1. PR BT« SRBRIR X 24 A e 1 52 i)
[M]. dbxt: B2z R, 2009.

23, E BRI M. JERt B R, 2013.
LIU Yinghui, GUPTA R, SHARMA A, et al. Mineral matter —
organic matter association characterization by QEM -SCAN and

applications in coal utilizationutilisation [ J ]. Fuel, 2005, 84

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

(10) :1259-1267.

R, ERHT, D], 5. B Y B R IS i1k
STLI]. HERMESE 2R, 2003,31(3) :215-219.

LIU Guijian, WANG Junxin, YANG Pingyue, et al. Minerals in
coal and their changes during combustion [ J]. Journal of Fuel
Chemistry and Technology,2003,31(3) :215-219.

KUTCHKO B G,KIM A G. Fly ash characterization by SEM -
EDS[J]. Fuel,2006,85(17) :2537-2544.

TOMECZEK J,PALUGNIOK H. Kinetics of mineral matter trans-
formation during coal combustion [J]. Fuel, 2002, 81 ( 10) .
1251-1258.

HURLEY ] P,SCHOBERT H H. Ash formation during pulverized
subbituminous coal combustion. 1. Characterization of coals, and
inorganic transformations during early stages of burnout [ J ].
Energy & Fuels,1993,6( 1) .:47-58.

HURLEY ] P,SCHOBERT H H. Ash formation during pulverized
subbituminous coal combustion. 2. Inorganic transformations
during middle and late stages of burnout[ J]. Energy & Fuels,
1993,7(4) .542-553.

ZYGARLICKE C J,STEADMAN E N,BENSON S A. Studies of
transformations of inorganic constituents in a Texas lignite during
combustion[ J ]. Progress in Energy and Combustion Science,
1990,16(4) :195-204.

WEN Chang, GAO Xiangpeng, XU Minghou. A CCSEM study on
the transformation of included and excluded minerals during coal
devolatilization and char combustion[ J]. Fuel, 2016, 172 96—
104.

SRINIVASACHAR S,HELBLE J J,BONI A A, et al. Mineral be-
havior during coal combustion 1. Pyrite transformations[ J]. Pro-
gress in Energy & Combustion Science,1990,16(4) :281-292.
SRINIVASACHAR S,HELBLE J J,BONI A A et al. Mineral be-
havior during coal combustion 2. Illite transformations [ J].
Progress in Energy & Combustion Science, 1990, 16 (4) ;293-
302.

QUEROL X, FERNANDEZTuriel J L, LOPEZ Soler A. The be-
havior of mineral matter during combustion of Spanish subbitumi-
nous and brown coals[ J]. Mineralogical Magazine,1994,58(1) :
119-133.

BRYERS R W. Fireside slagging, fouling, and high—temperature
corrosion of heat—transfer surface due to impurities in steam—rai-
sing fuels[ J]. Progress in Energy & Combustion Science, 1996,
22(1):29-120.

WANG Haigang,QIU Penghua,ZHU Yun,et al. Effect of residence
time on coal ash behavior at high temperatures in reducing atmos-
phere[ J]. Energy & Fuels,2011,25(12) :5594-5604.

TANG Quan,SHENG Wangqi, LI Liyuan,et al.Alteration behavior
of mineral structure and hazardous elements during combustion of
coal from a power plant at Huainan, Anhui, China[ J]. Environ-
mental Pollution,2018,239.768-776.

OLIVEIRA M L S,BOIT K D,PACHECO F,et al. Multifaceted
processes controlling the distribution of hazardous compounds in
the spontaneous combustion of coal and the effect of these com-

pounds on human health [ J ]. Environmental Research, 2018,

217



2021 4F55 9 1A

#EHMFHAK

549 4%

[59]

[60]

[62]

[63]

[65]

[66]

[67]

[69]

[70]

[71]

[72]

[73]

218

160.562-567.

SWAINE D J. Traceelement in coal[ M]. Sydney Butterworths,
1990.

WEN Chang,GAO Xiangpeng, YU Yun, et al. Emission of inor-
ganic PM,; from included mineral matter during the combustion of
pulverized coals of various ranks[ J]. Fuel,2015,140;526-530.
REIFENSTEIN A P,KAHRAMAN H,COIN C D A, et al. Beha-
vior of selected minerals in an improved ash fusion test: quartz,
potassium feldspar, sodium feldspar, kaolinite, illite, calcite , dolo-
mite, siderite, pyrite and apatite [ J ]. Fuel, 1999, 78 (12):
1449-1461.

GRIGORE M,SAKUROVS R,FRENCH D, et al. Mineral matter
in coals and their reactions during coking [ J]. International
Journal of Coal Geology,2008,76(4) :301-308.

WARD C R,FRENCH D. Determination of glass content and esti-
mation of glass composition in fly ash using quantitative X —ray
diffractometry[ J]. Fuel ,2006,85(16) :2268-2277.

CREELMAN R A, WARD C R,SCHUMACHER G, et al. Relation
between coal mineral matter and deposit mineralogy in pulverized
fuel furnaces[ J]. Energy & Fuels,2013,27(10) :5714-5724.
MATJIE R H,LI Z,WARD C R,et al. Mineralogy of furnace de-
posits produced by south African coals during pulverized — fuel
combustion tests [ J ]. Energy & Fuels, 2015,29 (12) : 8226—
8238.

MOORE D M,REYNOLDS R C J. X-ray diffraction and the i-
dentification and analysis of clay minerals [ J]. Clay Minerals,
1999,34(1) :210-211.

0’ GORMAN J V,JR P L. W. Thermal behavior of mineral fractions
separated from selected American coals[J]. Fuel,1973,52(1):
71-79.

FRENCH D,DALE L,MATULIS C,et al. Characterization of mineral
transformations in pulverized fuel combustion by dynamic high —
temperature X—ray diffraction analyzer[ C]// Proceedings of 18"
Pittsburgh International Coal Conference, Newcastle, Australia:
2001.

FILIPPIDIS A, GEORGAKOPOULOS A, KASSOLI-FOURNARAKI
A. Mineralogical components of some thermally decomposed lignite
and lignite ash from the Ptolemais basin, Greece[ J]. International
Journal of Coal Geology,1996,30(4) :303-314.

SAKUROVS R,FRENCH D,GRIGORE M. Quantification of mineral
matter in commercial cokes and their parent coals [ J ].
International Journal of Coal Geology,2007,72(2) .81-88.
LA 1 HE, R SC AR SIS R R A
WARBEFEL ], SRR 2274, 2011,39(6) :407-412.

KONG Lingxue ,BAl Jin, LI Wen et al. Effect of lime addition on
slag fluidity of coal ash [ J]. Journal of Fuel Chemistry and Tech-
nology ,2011,39(6) :407-412.

MATJIE R H,LI Z, WARD C R,et al. Chemical composition of
glass and crystalline phases in coarse coal gasification ash[ J].
Fuel ,2008,87(6) :857-869.

MATJIE R H,FRENCH D, WARD C R, et al. Behaviour of coal
mineral matter in sintering and slagging of ash during the gasifica-

Fuel Processing Technology, 2011,92 (8) :

tion process [ J].

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

1426-1433.

wrRoR . B Y B A A R AR T R [ D] et
Fr AR (dEET) L2016,

RATIHE SRS TR TSR, A5 ORI R 1% 2 R AL L
FIRRTSELT]. hEHRAL TR, 2007,27(29) :12-16.
ZHAO Yongchun,ZHANG Junying,ZHANG Fugiang, et al. Evo-
lution mechanism and chemical composition of high calcium fly a-
shes from coal combustion [J]. Proceedings of the CSEE,2007,
27(29) :12-16.

ZHAO Yongchun,ZHANG Junying, TIAN Chong,et al. Miner-alogy
and chemical composition of high—calcium fly ashes and density
fractions from a coal —fired power plant in China[ J]. Energy &
Fuels,2010,24(2) .834-843.

FONT O,MORENO N,QUEROL X, et al. X-ray powder diffrac-
tion—based method for the determination of the glass content and
mineralogy of coal (co)—combustion fly ashes[ J]. Fuel ,2010,89
(10) :2971-2976.

VALENTIM B,SHREYA N,PAUL B, et al. Characteristics of fer-
rospheres in fly ashes derived from Bokaro and Jharia ( Jharkand,
India) coals[ J]. International Journal of Coal Geology, 2016,
153.52-74.

GOTOR F J,MACIAS M,ORTEGA A et al. Comparative study of
the kinetics of the thermal decomposition of synthetic and natural
siderite samples[ J]. Physics & Chemistry of Minerals,2000,27
(7) :495-503.

SRINIVASACHAR S,BONI A A. A kinetic model for pyrite transfor-
mations in a combustion environment [ J]. Fuel, 1989, 68 (7) :
829-836.

BOOL L E,PETERSON T W, WENDT J O L. The partitioning of
iron during the combustion of pulverized coal[ J]. Combustion &
Flame ,1995,100( 1/2) :262-270.

HUFFMAN G P,HUGGINS F E,DUNMYRE G R. Investigation
of the high—temperaturebehaviour of coal ash in reducing and oxi-
dizing atmospheres[ J]. Fuel,1981,60(7) :585-597.
LONGWELL J P. Mineralimpurities in coal combustion; heha-
vior, problems, and remedial measures [ M ]. American
Scientist, 1987.

XEEEE FBXAR , M 2%, BErh R FE M oK 5 AR
(1], EdERE 6 Tk 7], 2004(5) :78-80.

LIU Guijian,ZHENG Liugen, GAO Lianfen. Some hazardous trace
elements in coal and human health[ J]. China Non—metallic Min-
ing Industry Herald,2004(5) .78-80.

FINKELMAN R B. Modes of occurrence of potentially hazardous
elements in coal:levels of confidence[ J]. Fuel Processing Tech-
nology,1994,39(1/3) .21-34.

e, Ul . SR TR IR B IRALA[T ] A
£ ERfE2A AR, 1997 ,16(4) :27-30.

FENG Xinbin, HONG Yetang. Environmental geochemistry of
trace elements in coal[ J]. Bulletin of Mineralogy, Petrology and
Geochemistry, 1997,16(4) :27-30.

FINKELMAN R B, OREM W, CASTRANOVA V| et al. Health
impacts of coal and coal use:possible solutions[ J]. International

Journal of Coal Geology,2002,50( 1) ;425-443.



F BRI AT SRS R A 4y B AR AT ISt

2021 456 9 )

[88]

[89]

[90]

[91]

[92]

[93]

[94]

PRI UG 270, FERRII, 45 SN 3 56 9 b 2 9 008 L B0
WS BHEHEL )], HBTEIT,2006,52(5) :650-655.

DAI Shifeng, LI Weiwei, TANG Yuegang,et al. The source, path-
way, and preventive measures of endemic fluorosis in Guizhou
[J]. Geological Review,2006,52(5) :650—655.

DAI Shifeng, REN Deyi,MA Shimin. The cause of endemic fluo-
rosis in western Guizhou Province, Southwest China[ J]. Fuel,
2004,83(14/15) :2095-2098.

DAT Shifeng, LI Weiwei, TANG Yuegang,et al. The sources, pathway,
and preventive measures for fluorosis in Zhijin County, Guizhou,
China[ J]. Applied Geochemistry,2007,22(5) :1017-1024.
DING Zhenhua,ZHENG Baoshan, LONG Jiangping, et al. Geolog-
ical and geochemical characteristics of high arsenic coals from en-
demic arsenosis areas in southwestern Guizhou Province, China
[J]. Applied Geochemistry,2001,16(11/12) :1353-1360.

LIU Jie,ZHENG Baoshan, APOSHIAN H Vet al. Chronic arsenic
poisoning from burning high—arsenic—containing coal in Guizhou,
China[ J].
119-122.

Environmental Health Perspectives, 2002, 7 (3) :

CLARKE L B. The fate of trace elements during coal combustion
and gasification ;an overview[ J]. Fuel ,1993,72(6) :731-736.
MEIJ R. Trace element behavior in coal—fired power plants[ J].
Fuel Processing Technology,1994,39(1-3) :199-217.

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

HOWER J C,HENKE K R, DAIShifeng, et al. Generation and
nature of coal fly ash and bottom ash[ J]. Coal Combustion Prod-
ucts,2017:21-65.
AR PR D R TR IRAPE S KA B R AT
[D]. P9 PHERHE R, 2017.
CHANG Lin, YANG]Jianping, ZHAO Yongchun, et al. Behavior
and fate of As,Se,and Cd in an ultra—low emission coal —fired
power plant [ J]. Journal of Cleaner Production, 2019, 209;
722-730.
LOPEZ-ANTON M A, DIAZ-SOMOANO M, OCHOA-GONZA-
LEZ R, et al. Distribution of trace elements from a coal burned in
two different Spanish power stations[ J]. Industrial & Engineering
Chemistry Research,2011,50(21) :12208-12216.
SINGH S,RAM L C,SARKAR A K. The mineralogical character-
istics of the ashes derived from the combustion of lignite, coal
washery rejects, and mustard stalk[ J] Energy Sources,2013,35
(21) :2072-2085.

b O, X4 5. A/ A . AR L F e M. b

AU AR Tl A, 2005 1-35.

LR, BB se S R WE IR [ M. Jeat iR

SR, 2003.

PR, B L R M. JET MU D AL, 2011,

219





