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Abstract
Coal mining and processing generate substantial solid waste, and its resource utilization is crucial
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for the green transformation of the industry. The research progress in the high-value utilization of
coal-based solid waste is summarized based on its physical and chemical properties: (1) constructing
hierarchical porous adsorbents for environmental remediation; (2) developing silica-aluminum-
based soil conditioners; (3) designing photocatalytic composites for pollutant degradation and hydro-
gen production. It systematically elaborates on the technologies and optimization strategies for re-
covering strategic metals (e.g., germanium, aluminum oxide) from the solid waste. Finally, it identifies
the secondary pollution and energy efficiency issues existing in the current resource utilization pro-
cess, and proposes an optimization framework of “graded component utilization - synergistic pro-
cess regulation - industrial chain extension”, providing theoretical and engineering guidance for
constructing a closed-loop utilization system of coal-based solid waste.
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R AR KR A = S S E . fEX — T 50T, R A A o = D B e 7 L R B
I PR (OB AT« AR R A B RS A 2, = AR (0 R AR B85 1] R L i 0 R AT I R R
1], Horp, FREBR A MR ERIEL 50 20, HARFH= Bt fAm[2]. KAL) & R HE
AR R B, Hm A R S Ria TS Gt KBRS KRR 3R il R A A S e,
R AW S SRR, A HYBE K NS et T K S R KSR 3]

THT W HERRT SR, SR R S E A R IR, S SEUE R AT L v kR 4 e
2. AR, EANAMERE TR T KSR [ PR 7 T A AR, AT A R TR LR TR AR
BRIREA ) R AT IK 38.7%) A Ll Z8 3B AR S A B 58 FE R Aifi~2.4 MPa) LK AR
BB KT 30% TR EE LI A MESRTE 17.2%) [4]-[7]. BEAb, R K R4 K& SiO2. Fe,0; il AlLO;
&, AR N IMERIREYR . EUR[8]. KB PR GG I ERAAR[9] KR IE R 101F0 B WSCA 1 4
JEAE[11]. B RS AL I F 1) 5 B AR A A (12 R AE B 1 R4S

2. BFRRNOUEEBEENA
2.1. MR IREIL LB RL

B 1 RTAL, R B B A A 32 B e s TR R A AR ALk i, B3 A R E Y Si0, il ALOs,
HH R 5 R R B A5G 13]. MRIRES . E. 5. BRAGELBIRT 404 F 2880 C 35, C Mk 1
BB IAR e r= A2, CaO & BAEIT 20%; [FIRY, FIMIEACR B SS9t mriee, H CaO &
2=2/0F 10% [14].

Wi 1R, ORISR KNS — . BONHUU R ERIE 458, HRMEDEH B, AT, EHik
T RERIBEFEER[15]0 By FEIR PR 25 280 2 52 M YRg st - RO I A8 A B A R R VR 5 = PRI WD G 45440 o MR IR
ST T S S ) JEL A YR - v 0 PR R B R TR, A KA S NS R A 1
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Table 1. Chemical compositions of fly ash (mass fraction/%)

%= 1. MERMUCER D (RED B/ %)

ZH A% Si02 ALOs Fe20s CaO MgO SOs NaxO K20 He

i bt 1.3~65.76 1.5~40.12 1.5~6.22 1.4~16.80 1.2~3.72 1.0~6.00 1.1~423 1.0~2.14 1.63~29.97

FHME 335 20.8 3.9 9.1 2.5 35 2.5 1.6 15.8

100 pm

Figure 1. SEM image of fly ash
B 1. #4R7RE0 SEM &

2.2. BHERHSENXFIA

2.2.1. MHRIRE 5T

AR, DR JEURLRIR ) 2 A B AR AT e, Ry B i (LA S 512 AT ORI [ 16]. Zhang
ST IR B RGBT 455 BRI Na-P1 U4, XF 8000 mg/L ik i b2 i R 7K MR B 235
REZE: He S8R . EEMARACHEERL, £ 700 CRIBER TR 3%hMRIRAIL . WsEiLE, 78
100°C F/K b 24 h G A BRI A 4010, XK Ni2* 2 BR 3815 94%; Panek 5[ 191 LRy BEACH Bk}
H]4% H EE R AR 728 m¥/g A Na-X 44y, 76 pH = 5. 100 rv/min #£3% 3 h &4 NP I S256, w Rk
W BFE K ) PO2* . Zn® L4 JE T

Adamczyk 208 5] NS AGTALEE, SR 3 mol/L NaOH Btk #iiE T 80°C I M. 8 h & Bt
FRALE N 92% 1k 41 4> F 97 s Chen 55 [2 1R F e 75 AN p 1A ) 48 HOM AR A RLo» 0%, Al AL TR
B — K IIESE R 70%; Marhoon %5 [22] 8 FI /K #vE BUE G B 2 A1, REA R BRAIER 1) Niy V H
&JBE T Teng SF[23 KB PSR IELE, KBRS HAMNE S G T 140°C IS 4 h il B A 2 L4
FIH) CAN BY 570, XA B &7 B R AP IR R s El-Naggar 5524 5% A 4% Rl $ HOZ: ) £
tH NaA-X 73 F0fi, BeA B EBRK R RS T .

2.2.2. MHRRENELHR

AR, BB 2 AR & T2 IR AWK B . Liu S5[25 R DIEGR I + JRAL
KA ERCT Ag@AgCl 7% TiO MBI B G AR R, X5 P B (1) FEf# 3 HT 100%, 73772 AgCl-
TiO/ M KN Ag@AgCl 1) 1.56 fi5, 1.33 £%; Zhou F5[26 I IR - BERIELEM AR 112 41K TiO,,
HOGCHEAIE IR TE 2 42%: Yang 55 (27 DAS A0 BRI BR 9 Bk 51 3 TiO,, HmMEAL s B R 15 m
37%. SULEE, ZnO/K K. BiaWOKM K ZnS 5% IRE ThREL RN K 90K 2 G A BN ZnS/A-FA) 1)
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KOG BE S5 32T 28] BRAKIMG I AL - BORRESh, BB g2 T2, B iR O iS5
MR R B C AT iR % U812 20 i [29]

2.2.3. BN TREAER

IR s A B B B AL RS A R, SREOR A s A AR I E R 2 —[30].
Horr, SR R @A R, W TR BE AT . Hernandez-Exposito %53 1]5R H & T 17,
PLARIR Wy A28 7 #2816 pH o 4~7, WA IEIS 8 e £ 14 R 8E , [RI e #68 92%. Dardona 55[32]
SR AT BRIR TRAL B S , 1A HURER AR SEER RS + e B st s 4, B M 5 85 10 wi%.
Xing Z5[33 1K FHBLIA B RE B[R] HBTA-TOPO XHU T2, SZHLM A K rR AR 4 70 (I SR I, AR
1% 99.68%; Cao 55[34 R H—H /K - Bk sy L2, FEMBRE MR P IR, HEMHEREREN 76%
RFE 91%. S5 EGRIZIEFENEESRRH . Bl AERSABRK; Zhou 2535 1R FHME KIS e
BREH ALY, TEHIR N8 R AR EE A S S e PR R T, S G B R RLSY B s Xue SF[36] R A AL
AR JEHEA, GAFEHOR MR PR, B RmE, SCIE M TR IR,

3. B ANSEXFA
3.1. BT AR EER

ST A R T RS T DI R o 7 A (R PR AR A PR 57400 I AT 2 X PR e ™ E (75 54371 th
2 AL, AT A B N Si0 A ALOs. HAET, HERT A FEA TR H38]. HIH[39]. ik
B[40] EM[41]. BEPAHESHEE. . WEMEANICR. B BEHE Rl E. fam
R ATFARRIR AT ML I 5 R B R 42], RS &R o R AR M E43].

Table 2. Main chemical compositions of coal gangue

=2 BT ARNEENERS

JEAT AP Si02/% ALO3/% Fe203/% Ca0/% MgO/%
KA 2 24~56 14~34 1~7 0.5~9 0.5~6
WA 53~88 0.4~20 0.4~4 0.3~1 0.2~2

hER K 10~40 3~10 1~10 40~80 1~4
Rk 40~55 35~45 0.2~4 0.1~0.7 0.1~1

3.2. BT AEMRSELTIA

AT 2 AR, R RIS, KN —, RIRESAN .. SHEA i EEZT R - &
WA VIR R o BERT AT AL 22 7 5 70 3O AR AL, DRI REAT At 3 e T 8 20 i [ 44 o BT A LR
RIS, 75 B MREEBE A T 3RS 5 0 KA 5 B KK ALK BE 7

3.2.1. RTaESFH

BEAT A EZ M ER A, BA 1 BRI, o Fimm &4t 7 KRR .
Jin ZE[45 VMR R JERE, SRAKABRGE L, % H NaA B A Zheng S5 [46] LR A NEEER YR,
KA R EAR RS I IR T2 AT A R b, i i s K A& %% t ZSM-5 4- i, v
A TR T #6458 Zhao Z6[471RF “W R EM” %, TEABINA F M0 &1 T AT A 5
1 R m e 2 L 2 4 R HE R SRR B 771
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Figure 2. SEM image of coal gangue
2. BREFAH SEM [E

3.2.2. B AETIEK R

JERT A A U R I BB 5 5 I R 2 B A . BRI nDRERT A T R e L 115
BE SRR G R R . Ly S5[48 1T . CaCOs 5 E KFEFHRA FEBERT, 1E CaCOs
5 KFTH P E RN R, )4 5Tk 5 B 22,97 % I TESE AR, Wang &5 [49 1 i H ik 1] 44 ST 47
SRR AR, AR IR I S 2R o SRR TR, AR EERR T R 54K Zhang S5[S01R FH BRI
RS ZEAGES Y F [ A0 i RS Co(VD AL 8, hE &R is e a5t TR &.

3.23. R aELELHE

R, SR (R RE e i B LG A R 2 s O AR R T (R 264« Guo S5[51 il 7K #izk
BT A YUK E L E AR, X I B AR R K 90%; Bian Z5[52 R AL ITRFIK HAE
Kkl % AgsPOSTIO@45 TIfi(MS) = e Z A AL KL, o] W% R X 100 ppm HEEFT 50 mg/L 57 | 3%
JE R4 ) B A Y- 3 19193 46 2 22 15 min A 22 min.

3.24. Bt TRER

B TR ARBUR AT A B AR E R — . Ho, AR A R SR AL T BRI R IR
BPER PR AR BRIZ AT AL BRI APENIATN, REE TR M, TSR 5 TR
I IR E I H (ak = 1.4~1.6) 5V HULE (240°C~260°C), FIAH4RRESN B 2 B0 300 Wang Z5[53 1K HIHH
BRI, R GRS RIS, R A A N EREE R o 5 U7 R DRV, SR 96% LA |
TEAGEEFRT 97% DA F AR RIFREL; Luo F[S4LR R beit b - FEENAIREL - iR A& T2, fEftE
FAET, 3RAF 69.5%01 AlOs: BHEF[SSILASE /R Z W &R ml L8 SRR, 5 IR IR 142 I B (G 7 B8 il 46
REAE 5 R ARG, JEIH R SR .

4. BSUENHERREA
4.1. ESUENLFER

TS R R AT TS AL R TP R B P2 . KR WL 3R A AR A RS IR R
VT A . A PRI, S B IO LRIE Y, A N B KET I, Bl AR HE S R TE T
TR TTIE 30%LA_[56]-[58], HHEE 3 ATAD, MEAAE R EZR S DAEE. 58 B E, AbEH D EM
SREMNY . B, gEEKS. SRE. PESHR L EREE, HE 3 /T, BB E
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Table 3. Main chemical compositions of coal gasification slag

F 3. REUWENEENERS

I5%x SiO2  ALOs Fe:03  CaO K20 SOs TiO2 NaxO MgO  P20s SrO He

EE 53.673%25.929% 7.185% 5.219% 2.331% 1.582% 1.422% 1.136% 1.074% 0.137% 0.09% 0.234%

Figure 3. SEM image of coal gasification slag
Bl 3. RS UER) SEM
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4.2.1. BSWEESFIF

BAMEE SRS RO EMIK, EEHENFLMES59]. Duan Z5[60] LU AR, 523
TRIRFE R R 22 BR, WM P #5175 10~40 min, 7F pH = 4 BF LR BetE, ORI R B 7 B4 Rk
FEPE; Liu S5[61 AR « BREREA N RE, SR TG T 7 [ ARV ) £ Hh B ZSM-5 413 s Ma 55[62]
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FLEEH, FFE— D TR R, B AR b R IR RN B M RE O (1 SBA-15.

4.2.2. BESHEELIRG R

W R, SALE R E MR 850K Al A ORI pH (B IEE b E &8 [64]. Xiang ZE[651HF ALK
W, S R R I S S E A P FE A, AT DR LI SR S 7 P Zhu S5[66]3@
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A, AR KGR KRR Fe SM MBS @ AR AT, FIR$F =Fh LR REE:

4.2.3. BREWEESELIR

IEEESR, BTG HEAL AR R R AR B AR S IR R 0 00 R o Zho 25681 DARE AL 40
RIS LA SE B B OB AR, DR TiO, il s IR BN - et R A kL, WP A 5B FH] B, fEALTERE
T4 TiOy; FERF[69) LA IE A N H AR, KPVEH % ZnO/CGS S AHFEL, ] i R B I TR AL
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Table 4. Comparison of characteristics differences of coal-based solid wastes
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