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T I A v U IR T A SR AT L i SR A Ak, &
IK ML FEAE RN A % X Na—P1 ¥ A7 I, X Fhir ik
1) 45 1) A R AE AR B A 43 B e R R 7 2 T A 1Y
I FH . Zhang 25V U URE R B R 04 D SR
Bl AT PR A H) B 3P ECR-1 73T i,
JEHTlKRM, JRGEMIEN 0.08 MPa B, 41
TIR AR A BEHE K Na™s KTy Mg®™, Ca> f1 CI”
BT R IR 99.99% - 97.32%-
100%. 100%F1 96.82%. He 210 IF fERR I 2,15
(TEOS) /K & S BRER (ANN) N JFURE, K FH ¥ i —
BRIV 2% 7 U R AL, FRd i R ALK B AL
T2, #il#& 7 RN H S NaA WA, XH
BT RIEF] 99.5%. 4 ERTR, FIHE ST
B A RL IR 44 PR ST i 4 U SR B - B A
JEE BT T R (4 I 5

FRAT AT (CG) A JHE 5 TF R 3 2 o A 1
— PR [E AR R FE Y, A A HE TS X PR B I ™ E R
wi B R B AL RO L IR A B
2w IR ABLRR 5 T LA AR B rp i, R f v

s 47 e A g i v =231, BT W] A7 A ) 6 i R S
W) B 5 TS A IR, 3 TR A A e B
IME AR, A8 DURAT A R JEORH ] 25 5 3R &
-k A0 25 HR AR 7 B A 4

BT CLARIAIE” BEEE, AR A A
JEORE, S8 IR A R AL, I AT R -
IKIGE S AR BA L R - A R A1,
Tr BKH ) RhBo A TAF 5 AETFRERERT A B AL
A FBE AR, IR BEOR K REBLE — € LR
Hei

1.1 SKIGTEHE

SRS CG SR T N 58 #ERS R HLIX, I
Mk 1 frox. B 18 CG MRiEs MK, CG
7E<20. 20~40. 40~60. 60~80. 80~100 pm
F>100 pm 6 A FIRAZ 50 508 53.56% 17.16%-
14.50%+ 9.51%-. 4.55%F1 0.72%, CG KAkt
N 15.62 pmo

#z1 CGHLFER

Table 1 Chemical composition of coal gangue (CG) wW/%
Na,O MgO AlLO; SiO, P,0s SO; K,0 CaO TiO, MnO Fe,05
0.05 0.17 39.23 55.22 0.05 0.84 0.38 0.73 1.00 0.02 2.19
W is mass fraction.
0ol J I GM)I5] 45 K 1L CCG-GZCM.
S / ,\ los CG MREBEAL: ¥ 200 g CG B T 594
i /,f/ b 106 800 CEIIRATLE 2 h JFAFBBEILTT £1(CCG).
}é 60l }P . Jlos § CCG-GM il #%: 4% 100 g CCG. 10 g NaOH.
oo, 10473 40 g Na,SiOs. 45 g H,O ¥ IEHE &5, BINE
=90 / e 1 1035 12950 mm. B E N 5 mm A1 20 mmx20 mmx20 mm
g S \ 102 8 , - _ " -
S u / CIE T RUEBRD ORI Z IR, A
L . A oo B AR AS L, F 70 CREAL 24 h, 3]
02 05071 2 5710 20 5070100200

Particle diameter/um

1 CG HIkiAR I A
Fig. 1 Particle size distribution of CG

SEMNE. PP B, WHEE, FIE. A
FEWE | RS ANRE LT Y B0k B it [ 244k )
AR AT, TCARIEERR B B b e e B A
BRAT, Seieid R KN 281K,

1.2 RitAEMRREY-HAESERNERK

il A b 57 3R A -0 A 2 A I (CCG-GZCM)

[ & 4E CG ks kerE i, R AYIIE(CCG-

CCG-GM.

CCG-GZCM il £« /K AGLFEAE 250 mL &
VUG M P AT B e R K B s RS AT . AT L
IO HL R AP FT 100 mL 1 mol/L [ NaOH V7%,
7E 140 ‘C/K# 12 h, 13%] CCG-GZCM.,

1.3 FEFAEMRREEY-HAEERNRIE

K FH H AP 2% Rigaku ZSX Primus I X 2%
RHHIEAUXRE CG I S iy AT RAE . K
FH 18 [H PH 11 22 52 Helos-Rodos ZY 0GR 43 A 4
Hr CG IIRRLR T o 2K FH H A % Rigaku SmartLab
SE i X BFRATHHMX(XRD)M 2 B S 8 28
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M 2% 5°~80°, HfHEZE 10 (°)/min. TAEH
Wit 40 mA. TAEHJE 40 kV. K 35 E 228G /R
FH¥ Nicolet iS20 B ZL ARG (FT-IR) I i€ #F: i £E
400~4000 cm" 7 Bl P T fh 2 5 M AR A . R
5% [ ZEER KA AR BB K-Alpha %Y X 528 B T AE i
A(XPS)XT T it e 1 70 F 2 B S M & AT 0 #r . R
F H A H S SUS000 %37 Jk i 41 4 B8 7 & ol 8%
(SEM)MLEFE M ITES . R K E & wAlds ASAP
2460 B4 H 3l b3 AR A FLAR 2 B AR it 1
N2 W it B iR 28, ik vF 515 24 5 K (Brunauer-
Emmett-Teller, BET) LR A J fLAE 50 Ao KA b
AL N5000 B840 AT WAkt REvHI € RhB %
WO, PTG 200~800 nm, WG E
76l 0.0~3.0. 2K F 5 LR BT R 2 TGA/DSCI
A B — 22 s B AU(TG-DSCO) X #E i HE AT 28 &
M, MERTEE 30~800 C. KWL IKIA
YAW-300 2 sk ML 42 i 4 3 3 R 77 58 AL I
CCG-GM 1 CCG-GZCM KPR, il ]~
20 mmx20 mmx20 mm, JIEFEZF 1.5 kN/s.

14 FEFAEMRREEY-HAE SRR
141 4gikdsE AR R E i
AT I Al Kol &8 o MR, J8H 200 mL 255
FI/KTE 0.08 MPa [ L2551 K Fig Ve, R)E7E
ASTA] 1 5 5 47 . (0.02~0.10 MPa) R4 10 min ¥
£ 1 IR4EKIER . CCG-GZCM K4t 7K & i K (1)

m

Axt

J=—1x100% (1)

A I AAAGER, kgm >h's A MR R
REM-a E A NG RO, m*; t ABE
INFIE], o
142 BEAEIRLE B SR DUAS R GeRbiE
WONAREESS G, ALHE S 1% 8 S0 A1 2y 2556
B IE = IR v 5 Kl & AR v — 2.
W G RHAME NS B, B0 10 min I 1 KIBIER,
EE ). 2 E IR 7E0.02~0.10 MPa) A A
PSR R AT, SRS OB BETHINE RhB
RGP HIRE . Ykl LBRERRH
RQ)iHH:

R:MxloO%:AOA;Axloo% )

Co

A ROABBHIERRRR: o NARHIHILAHRE
mg/L; ¢ AUERHREBHIRE, mg/Ls Ao G
FIRIEEIOEIE s AL TR IO .

2 EREH®

2.1 B AEMRREY-HAEESRIRIE

2 N CG. CCG. CCG-GM. CCG-GZCM
] XRD #. CG Hifi%E. mld g, 29.520
A REAE Vg BT AR R A WAL AT, 33.28°. 35.66° 14
il W T AR 9 ARERAT PR B Fep0512 22 800 °C il
MBse 2 h J5 CCG, ml& A RFEE J1LF 56 42 7H
s MAE 15°~25°Z [AJE R T 1 A5z B R
U, X 3 I e U4 A 7 e e B 1 o R R R A R T
s B A, BT 25.44°H0 27,5040 YRR AE g
53 A A R AR BT R R 4L 4 - CCG-GM fil CCG
XRD ##, CCG-GM H R BifbEh 7R 80 1
FROEVE LT 524 2%, A ERIREVER R T CCG
fT 5 o B B B PR AK, X EZERFE N NaOH M
Na,SiOs 1E AT A IR T CCG A i)
SR . BRAN, BT 15°~2504b B BR BRI 1)
20°~40° KA T WK%, KRR T RET R
&R R T R B AP, CCG-GZCM i 1B
YUK NaP1 a0, i & 1R dr 4 1
F NaA WP, 2 B3 i SR A7 K S i o il 4% 1
CCG-GZCM.

! 1. Kaolinate  2.Quartz 3 Silicon Phosphide

4 Hemtite  5.Brookite 6. Mangese Sulifide
7.Zeolite Pl 8.Zeolite A 9.Unname Zeolite

! L CG
2
— ‘\Jjj..isﬁmzf_,gjl 21 212 24 |

M A AN L

2
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2
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22 2 P 5
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88 2) DN77 977 77777 71 1 7

Intensity

10 20 30 40 50 60 70 80
20/(°)

2 CG, CCG, CCG-GM #l CCG-GZCM K] XRD i
Fig. 2 XRD patterns of CG, CCG, CCG-GM and CCG-GZCM

3 43518 CCG-GM 1 CCG-GZCM (] SEM
S . B 3a FTE] 3b AT WL, CCG-GM [
WL TE 55 ER TG 58 T 1 b 57 56 A 4 J TR A — 44 B
B2 ALEE M R B R S SR (B 30),
CCG-GM 72 H H 5t &A1) B FI 35) S HERL R 11
CCG-GZCM R mIES WK 3d MK 3e Fr,
CCG-GM & JifiKkhdetbfa, SEMBAER T HE
(333 A fbL . CCG—-GZCM I T 3 a0 i 3£ Fiow
HEWRZR THERW AR, BaZEELN
52.1 pm, PN EH G 8 1 1A SR 5 -G At IR R A
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NaP1 A7 FHELHERAMI L, R G BER AL 7= i

(d) Surface of CCG-GZCM

(e) Surface of CCG-GZCM

PE A T AR R 47 () 1 S

(c) Cross-section of CCG-GM

(f) Cross-section of CCG-GZCM

B3 CCG-GM F CCG-GZCM #J SEM I8 J
Fig. 3 SEM images of CCG-GM and CCG-GZCM

Kl 4 y CCG-GM Al CCG-GZCM [f] FT-IR i,
CCG-GCM HiZ FA7T3700~3100 cm ™' #1 1642 cm'!
(IR AL 433 T R 5 R & 4 b K 43 F—OH. [
FRENAIES thIREN), AT 1451 em ™' (WU 2
CCG-GCM H NaOH 575 H CO, WA FIRIR 3k
RN, AT 1001 693 cm ' T 448 cm ' ALfH
W E T Si—O—Si(AD I A TR 4 i 51228,
AN, 7F 870 cm ' F 580 cm ' BT B FIL IR IS
St 7 DU TR R AN\ AR, BERH CCG-GM BT
RS A2 % CCG-GM fl CCG-GZCM,
CCG-GM & g /K tb b A Z A5, T
1001 693 cm™' Al 448 e A AR ST HY i) BE /N B
¥, i 2d ) CCG-GZCM i XRD A W,
WA E AT BN PL WA, T 2 A AL
T 991, 662 cm ' A1 437 cm™ BT AU T B 1
NP1 AT TOL(T=Si/Al) Y T A4 [ A St FR v e
zh, 605 cm ™ FEIT IR FIER P14 AT
FEXCREERO, 22 ERTg, i CCG-GM £ J5ifr
KA G #1467 CCG-GZCM.,

CCG-GZCM

Transmittance

—
(=
(=]

1 1 L L " L
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Wave number/cm™
K4 CCG-GCM F1 CCG-GZCM ] FT-IR i¥%
Fig. 4 FT-IR spectra of CCG-GCM and CCG-GZCM

5 4 CCG-GM #I1 CCG-GZCM [f] XPS it .
Hi &l 5a F1E] 5b 1) CCG-GM I CCG-GZCM [1] XPS
AE R AR 0K £ 2N Nay Siv 0. Al #
KM LRI, B RSP A i O LR iE & LA
Si—O—Si. Si—O—Al. Si—O—H Fl Si—O—Na(Li
oy K)SAb 25", il sc 5K sd it
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CCG-GM 5 CCG-GZCM 1] O 1s XPS ¥54Hit k4T
SPIERLE ] 1, CCG-GM ' Si—0O—Na. Si—0—Si

il Si—O—Al FEE &, 1 CCG-GZCM H Si—
1400 000 | =
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1200 000 |-
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= —
CH _
= 600000 | h
Z ” "
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< &
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Binding energy/eV
(a) XPS full spectrum of CCG-GM
350 000

Chemical bond Binding energy/eV Area/% Expenment

oo [ TER W) e
Si—0—Al 532.12 23.19 \mSI*O Sl
Si—O0—H 533.01 425
250000 | ™o 536.54 4.70 \ Si 0 H
j 1 " Other
2 200000 + \
1
E 150000 - \
100 000 | / 1\\

50 000

Binding energy/eV

(c) O 1s fine spectra of CCG-GM

O 1 L 1 1 L L L L 1 L
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0—Si. SI—O—AI 1 Si—O—H F &R, ik
L2 3 K A A T R 4% T MR A -
54N,
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Cls

700 000 -
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Intensity
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O 1 1 1 1 1
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(b) XPS full spectrum of CCG-GZCM

Experiment|
~Fit
—Basehne

90 000 | Chemical bond Binding energy/eV Area/%
Si—O0—Na 530.69 329
80000 F s o s 531.94 3423
Si—O0—Al 532.65 28.97
70 000 - Si—0—H 53355 33.51

60 000 -
50 000 |
40 000
30000

Intensity

20 000 pememe
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Binding energy/eV

(d) O 1s fine spectra of CCG-GZCM

K5 CCG-GM il CCG-GZCM [f] XPS
Fig. 5 XPS spectra of CCG-GM and CCG-GZCM

K 6 A CCG-GM(H 6a)f1 CCG-GZCM(K 6b)
140 Ny PR R — ot B 45 3 28 A FL AR 43 A i 26 - CCG-GM
I CCG-GZCM RN TV BYSEE 26 H3 R J5
W, R 2 PR R A FLEEHT, FLE S A
B2 R, 2 FRAEAE 4~50 nm V0 [ P9 B 5% B AL
By, IR B FLAKFLAE F LR A Pt o Fn sk A7
TOURETE S PN 1R B AL HE AR BT, 2 i JE P il —
SEAE T, XL H SR A -k A0 52 A I ) s e ]

LR, cCG-GM F1 CCG-GZCM [f] BET H. 3%
AR ISR RN FUIERF IR 2 Fizr . CCG-GM

1) BET WLRMA “FIIFLAE RN FLEFR 50 N
3.99 m¥/g. 17.92 nm. 0.0179 cm*/g, Tfi CCG-GZCM
1) BET LR “FIIFLAA RN FLEFR 500 N
22.62 m?/g. 6.18 nm. 0.0350 cm¥/g. CCG-GZCM
L CCG-GM B A B K1 LL R AR ALK A,

B~ AAREUN, Z2AHT CCG-GM LK AR
J& S8t

K 7 A CCG-GZCM M =i #| 800 C Y
TG-DSC #fiZk. TG #iZkE/r CCG-GZCM 171t
2B ERRM B . 7555 1 BB 30~253 Cil
FlN CCG-GZCM Jl ik 10.25%, DSC ik
LI #0E (-91.01 J/g), HBLX —IMREEIHFT
CCG-GZCM Hf P IRk 15 k7, 45 2 B B 253~
800 ‘CYyElHN CCG-GZCM Jii &4k 3.59%, DSC
i 2 A HH I B S PR TR AR R TR R . B o SR AR B
CCG-GZCM A A 1t 5t i 3k e v,

22 BIAEMWRBEEY-HASEEMNMEEE

CCG-GM Ml CCG-GZCM WL ing 3
7R, CCG-GM 1 CCG-GZCM #7038 5 23 il 9
18.84 MPa £l 47.01 MPa, CCG-GM & /K 4k 5
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PUESRE R0, K CCG-GZCM BA R I
E@: LN
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s 4r
s
=
o

0 1 1 1
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(a) CCG-GM

)
=

—o— Absorption
—o— Desorption

[ 00035

N
[\

[ _ 00030
o0

o
=3
S
1
U

r 2 0.0020

volume/(cm?*

 © 0.0015
2
L 8 0.0010

[ 00005
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0 O NSO
T

Quantity adsorbed/(cm*-g™)
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(b) CCG-GZCM
Kl6 CCG-GM HIl CCG-GZCM 15 Bt b 453 Ze L A%
I3 A 25
Fig. 6 Adsorption desorption isotherms and pore size distribution
curves of CCG-GM and CCG-GZCM

%2 CCG-GM # CCG-GZCM K BET {ER. FH7L
FEFFLIAR
Table 2 BET surface area, average pore size, and pore
volume of CCG-GM and CCG-GZCM

BET surface area/ Average pore Pore volume/
Sample | . |
(m>g ) size/nm (em*g )
CCG-GM 3.99 17.92 0.0179
CCG-GZCM 22.62 6.18 0.0350

KA AR R CCG-GM ) 4l /K i & 4
Kl 8a Fro~, [ i 67 Jk —0.02 MPa 3 i E
~0.10 MPa, CCG-GM f4li/KiB & 9.7 kg'm >h”'
BNF| 41.37 kg'm >h', REMEEMBIE, X
154 Darcy P KL 2 FLA 5 03 15 R K
TIRFERI RN A SR BB & M RE S IE L ) o

£ RhB & 0146 pH (T, B9 7 CCG-
GM TEA A S I E 155 & 10 mg/L RhB ¥R i%E ¢

AbFE 30 min J5 B BRFEABIE B RN, 250
Kl 8b. RhB ¥4 (11753 @ 2 Fifl 5 5 I 67 e 384
HELME IS, ERTaKEE, X—HR
A A& RhB 167535 it 72 b 3 2 i 35 2 90 £
L (1 FL & 1 1 0 A% R BE AP gk Ak, B AR
M—0.02 MPa 1 1n%]-0.10 MPa, RhB [ %%
BEIAE] 99%LA 1.

100 e+ 114

Mass loss: 10.254% 112

< 95t 110
£ 90+ : 16 2
g Mass loss: 3.59% el 14 3
2 85| SR
jun)

= L] 0

80 ~91.01J-g" )

253 C 14

7

5 1 L 1 1 1 1 1
100 200 300 400 500 600 700 800
Temperature/C

B 7 CCG-GZCM KJ TG-DSC HhiZk
Fig. 7 TG-DSC curves of CCG-GZCM

&3 CCG-GM #1 CCG-GZCM RIFERE
Table 3 Compressive strength of CCG-GM and CCG-

GZCM
Sample Loading pressure/kN Compressive strength/MPa
CCG-GM 7.54 18.84
CCG-GZCM 18.79 47.01

Kl 8c AARFENILFE T CCG-GZCM 4ii/Kif
o REY, WA 5EN-0.02 MPa 303
~0.1 MPa, CCG-GZCM fatizkid e 10.99 kg:m *+h™'
#m#E| 53.98 kg'm >-h', MHT CCG-GM H—&
FEERRTE, Xl T ALK EE R CCG-
GZCM B4 BIFFLME S8, & 2 nl A1,
CCG-GZCM 1 BET bk m & . FLAA R b
CCG-GM H K, AT PLIEB X — M.

K 8d & CCG-GZCM TE RhB ¥ W46 pH {E
A, AR E 77 X 10 mg/L RhB % 4E
AbFE 30 min J5 25 BRAEANS 18 B 1R o B A 2
1 A—-0.02 MPa 31 £]-0.1 MPa, RhB ¥ %r%
M 100.00% F B#E] 98.67%, 1X &K N R4 61 &
(R 140 RhB 7E 22 45 47 BIOOR 0 98 1fi S 801

7E 5 i 47 T 9—-0.08 MPa. RhB i #0144 pH 18
%R, CCG-GZCM XA AW AGH E RhB 1A 0%
42 60 min N 25 BR R ANS I IE &= 150 W E 8e AR,
B4 RhB ¥ 10 mg/L B4 I0E] 50 mg/L, 7E%E4L
AbFE 60 min B, RhB M EFRFEHE 97.78% K F&H
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KA S5 SRR AL FLIBUR S0 RS R A S L B AR

971

82.73%, [FIIN, X025 BR T B DL GBI 5] (1 4
ITTAR B AR 2 . BEAh, B AL BRI [R)HE n ,
RhB ZFRF o LT BRI, I i A i
RIZHFLIEA IR, B RhB ¥R IR A 2 55 i Al [a]

45
¢ Flux of CCG-GM
40 + Linear fitting
3¢
=30
g
o 25 F
=
® 20+
=
=ast
10 o
5 L L L L L
-0.02 -0.04 -0.06 -0.08 -0.10
Transmembrane pressure/MPa
(a) Water flux of CCG—GM under different
transmembrane negative pressures
60
¢ Flux of CCG-GZCM
—— Linear fitting
50
=40}
£
%D 30 +
2
=
=20
10 -
—0.02 -0.04 —0.06 —0.08 —-0.10
Transmembrane pressure/MPa
(c) Water flux of CCG-GZCM under different
transmembrane negative pressures
100 -
98 |+
96 —=—10mgL!
S o4 ——20 mg'L™!
B '[ —4-30mgL"
Sl —+40 mg-L!
g oo [ —* 50mgL!
E 88 |
86 |
84
82

10 20 30 40 50 60
Time/min

(e) Removal rate of CCG-GZCM at different initial

concentrations of RhB over time

Flux/(kg-m2-h")

Flux/(kg-m2-h")

MIZE K, RhB JeRUBURL & o P8 0 ORI FLIE, R
LI, T B RO AR IR, A — s
AR, T RhB S ORI 3 B0 B

TR
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Table 4 Comparison of different composite membranes

Membrane Raw material Application Flux/(kg'm 2-h ™) Treatment efficiency Reference
Geopolymer-zeolite Circulating fluidized Separate Cr(VI) ion 8.21 85.45% [7]
(Li-ABW) composite bed fly ash (CFBFA) from Aqueous
membrane solutions
Self-supported ECR-1 Silica fume and Seawater desalination 0.75 Na“ (99.99%). K" (97.32%). [19]
zeolite membrane metakaolin Mg (100.00%) Ca>
(100%) CI (96.82%).
Self-supporting NaA Tetraethyl orthosilicate Desalination througha  3.86 99.50% [20]
zeolite membranes (TEOS) and pervaporation
aluminum nitrate process
non-ahydrate (ANN)
Metakaolin-based Metakaolin Black liquor treatment 286.62 TSS (96.00%) COD (91.75%) [32]
geopolymer membrane BL (98.97%)
Geo-rGO-TiO, Metakaolin, TiO,NPs, Seawater desalination 2.29 91.00% [33]
Nanocomposites and rGO
membrane
TiO,-immobilized porous ~ Commercial-grade Removal of antibiotics 1771.00 (TiO, 0%) 20.00%-40.00% (TiO, 0%) [34]
geopolymer composite kaolin in hospital 1217.00 (TiO; 2%) 31.00%—58.00% (TiO; 2%)
membrane wastewater 974.00 (TiO; 6%) 52.00%—66.00% (TiO, 6%)
499.00 (TiO, 10%) 74.00%-86.00% (TiO, 10%)
Zeolitized diatomite/ Natural kaolinite and Seawater desalination 7.82 99.60% [35]
kaolinite geopolymer diatomite
Silicomanganese Silicomanganese slag Oil/water separation 1114.70 =98.00% [36]
slag-based geopolymer
membrane
Defective Fly ash Filtration of organic 340.00-440.00 97.00% [17]
analcime/geopolymer pollutants
composite membrane
Pervaporation membrane  Laterite Ethanol-water 3630.00 98.00% [37]

based on laterite

zeolite-geopolymer

separation

TSS—Total suspended solids; COD—Chemical oxygen demand; BL—Black liquor.
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Extended Abstract

Introduction The treatment of dye wastewater remains a formidable challenge within the realm of industrial wastewater
management. The existing methods for treating dye wastewater include adsorption, electrochemical oxidation, photocatalysis,
biodegradation, and membrane separation. Among these, membrane separation is particularly advantageous due to its energy
efficiency, high efficacy, and ease of process control. Separation membranes can be categorized into two primary types, i.e.,
organic and inorganic membranes. Inorganic membranes have attracted significant attention due to their high mechanical strength,
controllable size distribution, resistance to high temperature and pressure, and chemical stablility. Despite these benefits, the
advancement of conventional inorganic ceramic membranes is hindered by their complex preparation processes and high energy
demands. This limitation underscores a urgent need for the development of simple and cost-effective inorganic membranes. A
promising innovation in this field is a geopolymer-zeolite composite membrane, which is synthesized through in-situ hydrothermal
conversion following the formation of reactive silica-aluminum materials under alkali or acid excitation. Coal gangue (CG), as a
solid waste from coal mining primarily composed of SiO, and Al,0Os, can be used as a raw material for the production of
geopolymer-zeolite composite membrane. In this paper, A cost-effective geopolymer-zeolite composite membrane was prepared by
a polymerization-hydrothermal method with CG as the main raw material for the separation of RhB in water. The objective was to
propose a novel utilization strategy for CG and to lay a foundation for the development of membrane separation technology.

Methods Coal gangue (CG) (Zhunger, Inner Mongolia, China) was calcinated at 800 ‘C for 2 h, resulting in the formation of
calcined coal gangue (CCG). The CCG was then uniformly mixed with other additives in a mass ratio of CCG:NaOH:Na,SiO;:
H,0 (100:10:40:45). This mixture was poured into polytetrafluoroethylene moulds with the diameters of 50 mm and thicknesses
of 5 mm. The samples were cured at 70 ‘C for 24 h to produce coal gangue-geopolymer membrane (CCG-GM). Afterwards, the
CCG-GM was hydrothermally treated in a 100 mL 1 mol/L NaOH solution at 140 ‘C for 12 h, resulting in a coal
gangue-geopolymer-zeolite composite membrane (CCG-GZCM).

The prepared CCG-GZCM was incorporated into a custom-built terminal filtration system, and its performance was evaluated
via measuring the pure water flux, membrane flux, and RhB removal rate under varying conditions (i.e., system pressure, initial
RhB solution concentrations, and pH values of the RhB solution). In addition, the circular utilization of CCG-GZCM was also
examined to assess its reusability. The selectivity of CCG-GZCM for the removal contaminants (i.e., RhB, methylene blue (MLB),
methyl violet (MV), methyl blue (MB), methyl orange (MO), and eosin Y (EY)) was determined.

Results and discussion The XRD patterns reveals that CG primarily consists of quartz and kaolinite. Upon calcination at
800 C for 2 h, kaolinite in CG transforms into metakaolinite, thus froming CCG. For alkali activation, a broad diffraction peak
of CCG initially appears at 15°-25°, and then shifts to 20°-40°, indicating the conversion of CCG into a geopolymer, thus forming
CCG-GM. Subsequently, CCG-GZCM, with a main phase composition of NaP1 zeolite, is obtained via in-situ hydrothermal
transformation of CCG-GM. The FTIR spectra of CCG-GZCM confirm the presence of NaP1 zeolite absorption bands. The XPS
spectra further identify Na, Si, O, and Al as the predominant elements on the surfaces of both CCG-GM and CCG-GZCM. Note
that CCG-GZCM exhibits a larger specific surface area and pore volume, compared to CCG-GM, albeit with a smaller average
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pore size. The TG-DSC spectra indicate that the weight loss of CCG-GZCM primarily occurs at 30-253 °C, indicating its good
thermal stability. In addition, the compressive strength of CCG-GM also increases from 18.84 MPa to 47.01 MPa (CCG-GZCM)
after hydrothermal transformation.

CCG-GZCM exhibits varying removal efficiencies for different dye types. At an initial concentration of 10 mg/L and a pH value
of 7, the pure water flux and membrane flux to RhB solution of CCG-GM and CCG-GZCM increase linearly with the increase of
system pressure, while the RhB removal rate decreaseslinearly. At a system pressure of —0.08 MPa and a pH value of 7, the RhB
removal rate by CCG-GZCM gradually decreases with the increase of initial concentration within 60 min. Conversely, at the same
system pressure and an initial RhB concentration of 10 mg/L, the RhB removal rate by CCG-GZCM gradually increases with
increasing pH value of the RhB solution within 60 min, and the maximum is 99.11%. However, when the system pressure
maintains at —0.08 MPa, at an initial RhB concentration of 10 mg/L and an initial pH value of 11, the RhB removal rate by
CCG-GZCM decreases with an increasing number of cycles, reducing to 94.25% after 6 cycles. In addition, CCG-GZCM
demonstrates different removal rates within 30 min for different dye types. It achieves a high removal rate of exceeding 99% for
cationic dyes including RhB, MLB, and MV. In contrast, the removal rates for anionic dyes, including MB, MO, and EY, are
70.00%, 25.82%, and 42.69%, respectively.

Conclusions The pore structure of geopolymer membrane was modified and converted it into CCG-GZCM with larger specific
surface area, higher pore volume and smaller average pore size by a hydrothermal method. The CCG-GZCM was characterized by
an amorphous geopolymer matrix with NaP1 zeolite and a minor presence of NaA zeolite on the surface. At a system pressure of
—0.08 MPa, an initial RhB concentration of 10 mg/L, and a pH value of 11, the CCG-GZCM achieved a remarkable RhB removal
rate of 99.11% for 60 min. In addition, the CCG-GZCM also demonstrated a high circular utilization efficiency for RhB removal,
maintaining a removal rate of exceeding 99% for cationic dyes for 30 min. The CCG-GZCM could be used as a promising
approach for the effective utilization of coal gangue, having a significant potential for application in water pollutant treatment.

Keywords geological polymer; zeolite membrane; Rhodamine B; coal gangue



