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BRI s, & TR KSR
i, 7E 120 v/min R 80°C &4 N RELLIR G
24 h, ZJEHG AR R TR B0 A B,
FEFRUER R 3 K, TE 60°C F HAS T8 24 h, i
AR A HEHAS

FIAFRIEEMNA T PRI 2,00 ¢ A5 T 200 mL
PR ARSI 25 mL Jo/K ZEF 75 mL 4k
BNV (IR I 20% ) , FEAT B FE AL 51 008, 4R
JEH 0.1 mol/L FERFREL 0. 1 mol/L ) NaOH &K
¥ pHEHZE 4,2 )5, %18 MA 0.1 mol/L % NaOH
VW, pH (ETEE 9, HAF 20 s INZEHF pH EARAE,
1.3 #RiRAE

K X BHRATEH (AXS D8-Focus , 1 [ Af £ 57
D) SRR SRR EE R AT 40 HT, Cu BB, TAE R 40
mA , HLUE 40 KV, SR B AR 2T MG (Vee-
tor-22 , #8[% Bruker 2 ]) | ] KBr H 7k i If 4>
BIRER R 4> F 4540 . SR HIREE 431 ( TGA Q500
K TA 0] 4 HkE S B BOR AT R, MR A
FiE~1 000°C , N, S5, AR 10 K/min, SR
JHA R W% AL ( Gemini VII2390, 2 [ Micromeritics
ACERIN F) ) MR A B N, W RRF - BEHA 7oA, S B
M HE 2% AR R AL S5 A SR 4 B B (JSM-
IT200LA , H A1) 4 HAE df O BROUIE AR AE , 2R
RT3 M B 0 2 TR 2 B A

K HH Boehm i 22 VA0 5 A 5 R AT R L (B
SCHRAE, 2018) o FRHX 2.00 g AEARCA 200 mL LEHR
T SRIGARKINA 25 mLL Jo/K ZBERT 75 mL G4k #h
VSR (TR R BE 20% ) , Fe AT B PR 51 0 0 ARG
FH 0.1 mol/L $RB2H1 0. 1 mol/L NaOH YA pH 18
R 4, Z 55 MA 0. 1 mol/L NaOH ¥ , fff pH
ETHE 9, HAE 20 s W4ERE pH H A, KA
(D) THEFE AL R TE A (nm®) FIFRREEAEL(N) -

N=CVN,/1 000 mS (1)

Krp, ¢ WA ELME R (mol/L), V& pH
B 4 F+ZE 9 FrE NaOH I AIAF (mL) , N, N
BT AR AMAEES 550, m N T AR S B i (), S AT
MR AL (nm®/g) o
1.4 R/ AR RN

W R« K A1 3 AR A T E 60°C LA T
6 h 5, PRI 2 g 2247 RE O B 35 1L, PR HL ik
AT FER S (28°C TR 290 84. 3% ) M BE 35+
PRAsTh, R 15 min, KA A R RE i Y 35 57 ILEL
HIFRRE, R (2) THERE A ) B A

Frlp A = (W o - WA ) /
FE b AR BT iREx 100 % (2)
R PEREIA . K IR - 5 1A AR AR A
AL BETR W (28°C IR IE 210 32. 4% ) B 5
TR BERR 15 min K55G R ACRE A0 15 97 1L
HEFRE, SR 2 (3) THEAE Al I
TN = (JRONE AT B - O S BT ) /
FESH R LG iR % 100% (3)

2 ZR51E

2.1 B/WAEXNKRARKFHAENEHHRI
P RRIRI A AL HR A TR AL FE A Y
AT s R, T LUE Y, ROREE i rh B2 5
A Si0, \Al,0, DL KB CaO K,0 Fe,0, MgO Fl
Na,O %5, FE 5 1Y Si/AL(EEIR ) (R 5. 4, BAbPR)S
FESL Y S10, 7 i W REAIR, Si/AL(BER ) (HRE &
2.8, R B Ak T AT 5 B kA P A A3 S, AT [ AR
U RS L, PRAC RS RE S I AL O, B B R
11K, Si/ALCEER L) M4 5 28 11, 7, R B R &b B o] it
B A RS AL, DT b A1 O RESR LE

R1 RRBE FLEBAENRLESAHLE
ZHX wy/ %
Table 1 Chemical composition of natural, alkali-treated

and acid-treated zeolites

- Si0, ALO; Ca0 K,0 Fe,0; MgO Na,O Si/Al
KIRWBAT 75.41 11.79 4.51 4.19 1.5 1.18 0.890 5.4

BRALFREE AT 57.59 17.17 9.87 6.71 4.10 2.21 1.66 2.8
B2 AP A7 88.64 6.44 2.64 1.04 0.525 0.312 0.140 11.7

1R AR AT A A B 7 R A B A1 1Y
XRD 3%, XRD El3E R KR 4 b E 254 &)
KA AT A B S RE S B XRD RS R A
RV ARG SRR IE AN BT B LAY Na-P
R A7 O RRAE 0 8 BF A A R0 75 ) A b A B Ay
Na-P 47, FRACFREE A1 19 XRD &3 bRk & b A1 F
IRV ()56 B RRRERATR , 2R B LA S BRI, i 2 2
P AL Bl s Ay 45 R A BRI TS

PR 2 SR BRI A B A T A R Ak B A )
TG-DTG 4k, Bt Al LUE i, 3 AN i 7E <400°C
YOI P 4 B T B A 2 0 X R BRI H
IKFIZE A K . 7E 400 ~ 600°C JE [F 4 H 30 2%
XY Tk A1 REREIE (Si—OH) B9 (Wang et al. |
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Fig. 1 XRD patterns of natural, alkali-treated and

acid-treated zeolites

2017) ., 7E 600~ 700°C 7t [l PN H B A 2% E g = 22 15
TR IR EE B9 73 7% ( Pives et al. , 2024) . B Ab B
A1 IR AL B A1 1 <400°C 1 400 ~ 600°C. J2L 710 6l P
) R 38 i T R AR A, X 2 B R/ AL B A
AL A (B B LB EE T 30 Wang et al.
2017) .

PR 3 R BRI A1 il o A R i Ak B A )
FTIR S orbrat it . KRR A LM b, 5k
3853 em™ AL FYREAEIEXT N T Si—OH % 1) 45 Ik
51,3 634 cm ' AL BYERAE 6 XF BT Si—O0 (H)—Al
A MPAEIR S ,3 492 em ™ A BYRFAE I I T FR v
BLRE e Si (AL)—OH 1Y 45 Ik 2h 1% F1 5 R oK
H—OH SR 4E 4R 314 1 650 em™" Kb R 4RAE 6 X}
BT W% B Zk—OH B9 i #R 35 ( Ates and Hardacre,
2012), 1 050 em™ Ak 9 ¢ AiF 06 XF B F T—O0 #
(T=Si FlAL) (AR AE YR B) B Ak 3 s A7 0 8 Ak 2 s
LA 3 492 em ™" Ab B R AF 6 35 3 A T 42
15,1 050 em™ AbLAYFFAEES A mFS 2 1 011 em™ Al
1089 em™ , 3xX R | R A 3T B0k A1 45 44 v Y
#h4r Si mk AL B, FEAELS 8 B B Si(Al) —OH Gk
B R,

[l 4 JE AR A w4k B Ay R R Ak B A 1)
N, W2 BT - JBrE it 2 LA A3 T | b 3T RRURIFLAR R
SYMTEE R, AT LLE Y B AL BRI R A B S R S TE N
AR TR B N, W B o 2448 R SR A A T4
5 P A FHLFIT b B VT R 1 R AR W A LRI A FL R
i, HP R AL FRAE S AL A A LB IR THE R
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K2 REARW AT BRALERSS A FIRALBEYE 7114 TG-DTG HhiZk
Fig. 2 TG-DTG curves of natural, alkali-ireated and

acid-treated zeolites
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Fig. 3 FTIR spectra of natural, alkali-treated and xacid-

treated zeolites

., LR E o KRR kA R A B A ) AL
A5 F 3.8 nm Ml 3.6 nm ZEA4T, 1M R AL B
AL FESAAT 1.3 nm M 3.9 nm 24, [bFE
T FRURN FLAA R 40 B 235 2R S /s, i A B8R 0 0 Ak L
A7 Y e 2 1 A4 39. 6 mP/g A1 189. 0 m*/g,
B T RARE A 20. 3 m*/ g, BROAL B A A AL
RBUR T AR A, A FLARA I & T KRk A
i b B A SR FLAR R = T R AR
S SR AR A7 Bk A T A R Ak B A 1)
SEM M5l EDX BEIGHr 25 R, AT AR, KK
A7 RS AR FLIUPIR ks R MO LR 21+ LK
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Fig. 4 N, adsorption-desorption curves and pore size distribution of natural, alkali-treated and acid-treated zeolites

NG (Ates, 2019) AL SR FE2E5% Si ALLO L C %590
PRSI Si/AT(BEHO) N 5. 4. AL B A7
U A DRGNS SRR TR TR TS & NI e s 2 1
A TR Ak A 11 5 8 O Na-P A0 BT 85 B Ak Bk A
FEM BRI Si/AL(EEIR L) (HFFRE 1.5, X2 hiAb
PR A S5 R S B SN, FRAL I A TR
TEAE RAR B A L A A — A8 Ak s 1 R T Siv AL
(BEJRHE) B TH 2 20. 5, 33 J2: PR Ah BRAH 75k 47 45 4
R AL FPE( Wang et al. , 2021)

e 2 KR AT AL B A7 IR AL BRI A7 H
P RIFRIEAEOR 2 o #F S R MR IL S5, WTLE
HR ALk FEL £ 2 T PR T AR PR AN BIORN B 3 B R
BIA 11, 17x10" F1 4. 426x10"7 | .3 T KR A1
FEREY 4. 445%10" F10.903x10"7 iR &b 339k 47 ¢ 1Hi
BART TR AR FEAN RN 1. 673x 10" R T R AR b A
FE& TR IR EL SO 3. 162107, B & & TR
SRUBATRE S . 185 AU Ak 33U Ak 3 AT £ R
SR T A 9 T 1) 8 AN B, v i Ak R 5 % T R
FEANEY I 2 T ORSR A AR AL BRI A AR, X
B T — J T e Ak B AT E H 4 A H ES r
Si, BB IL S B 5 5 — J7 I, B G Y Si/AL (BRI,
SRR &, A 4 A K & B3RS (Tabor et al.

2019) .
2.2 B/RAENRAFBAEREENZI

& 6 FAR A | Bl A 3 3 Ay AR Ak L s o 1 T
W -HOR e, FTUAE i, A 3R A B 5 b A (1)
W H AN i Y R TR AR AR, &
1 745 min WIR S5 , Bl BRI A AR A0 BRI A 19 508
O 9. 419% F1 5. 30% , W = T K AR Wk A 1Y
3.56%, £ 1 735 min BORJE , GAh R A F1R A0 3R
AT TR 5. 85% F1 2. 64% , .35 5 T R ARl
110 1.95%,

P& 7 SR TSR A A Ak B A R Ak B A1 )
IR - 2k . B 7 oT LR Y, 3 FPEE S 7E
3 ANIEIR R P EL AR S 0 R 0 — S e A
PR, ELRRAL B s A7 0 W IR - OB PR B T
A A

itk — 2L R B S AEAS TR B 45 1 1 IR -
R RE , AL EE TRALEN Ak ah | AR AR
FRER 5 i it Ak 7 W R 4 A BRI O 32, 4%,
57.2% 74. 8% 84.3% 1 97. 6% ¥ 3 Flish 41 KL 5 4
S R FE A3 R A T W S 0, 22 05 PR IR
JEM BRI AT O S 56, 25 SR & 8 iR, gk
ST LU Bl 5 0 R A B, 37 A R i 1 T
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Fig. 5 SEM photographs and EDX energy spectra of natural zeolites (a, b, ¢), alkali-treated zeolites (d, e, f) and acid-

treated zeolites (g, h, 1)

F2 RABA WAERAMBRLESANESMCERE
EN g2 gHEREREEERY
Table 2 Number of hydroxyl groups per unit area and
total number of hydroxyl groups on the surface of 2 g

natural, alkali-treated and acid-treated zeolites

R HEL Ny N
KRR 4.445%10" 0.903x10"

BRA H A7 11.17x10" 4.426x10"

R A B A 1.673x10% 3.162x10"

HORWIEIN, S22, A R B AR, W A A
MR ANWTREAG XL 3 i il B IR 8 R A 2k, R
SR AT TEAN TR BT A W AR F 1 ) AP T IR
Ak SRR A B A A, 2 T TR R ALR B T A A R

FEIRARBEAT T - O M RE . 7T AH S TR Ab B
ATRE i, DAL B A R S E AR R B R Y B
(AR RO 12t 7 TR B B, AH PR 57. 2%
B, AR A | R A B A R Ak 9 Ay 1) V8 it 4
WK 2. 88% 4.12% )% 8.51% , 32. 4% ~57. 2% i Bt
IR N 1. 1% 1. 39% & 2. 69% , TERORR B,
AEXTIRRE Ry 57. 2%, RAR WA | 1R Ak 380 41 A Ak
PR AT B SRR R 2. 11% 3. 12% M 4. 53%,
74. 8% ~57. 2% By Be B0 15 5371 R 0. 68% 0. 82%
K 2.57%.
2.3 BR/WRACIEXS i A RR - ORI R AR
B SR EKE SRR L RIS R
2 AR5 UIRH G b A A2 v A 41 T K R 488 40
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Fig. 6 Moisture absorption-expulsion curves of natural ,

alkali-treated and acid-treated zeolites
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Fig. 7 Cyclic moisture absorption-expulsion curves of natural ,

alkali-treated and acid-treated zeolites

T A 1o e FH AR HE I B 2L K AR R IR R T )
(Wu et al. , 2020), Al—O & 40% f 3 A7 4 0
60% (MBS THEILH A, T Si—O B 32 3 o e i X
15 Si—O—Al 4 1t Si—O0—Si MM IR &
WAV R 7K 5315 W P 3 T/ 5 AT A A B A P e, 1
LR EIR I TV il R R (VaEE s e N A (17 E5
AT (Si/Al=1~2) BSEKRE— BT eERE A (Si/ Al =

3~10) FIEREWE A7 (Si/Al= 10~ 00 ), WhA FTH—fK
A P ROE R IS A, B Si—(OH)—AL Al
Si(Al)—OH, Si—(OH)—Al i & — ik T 552
A Si/ ALE R R0, Si/ Al {E IS, Si—(OH) —Al Y
BB Si(Al) —OH A & i T8 A2 4 B4
BRE BRI, AR EE 22 Si( Al —OH & il
SR L b R R A e, ok e,
A, A L T RRURN AL 25 R 0 I 0 23 i K P I A
S bE e AR R g, FL B R B b A XK ZE R
SRR A3 1 A R R e g B S K M

10 b —9— Reaub i g
R it -
— o A F 06 e 3
e AL B BT TS e
8 | —a— REALFR A
eolher. B BRI Py

ta

20 40 60 80 100

B HE
e[/ %

Bl 8 KARUL A AL B A IR AL B 41 75 5 FHIRIE
A IR~ O T 2k
Fig. 8 Moisture absorption-expulsion curves of natural ,
alkali-treated and acid-treated zeolites in five different

saturated salt solutions

RARB R AW RERR LA 5. 4 2247, ek i
A, HER MR RS B AR (0.903x10"7 ), He e i FRL
(20.3 m*/g) FIFLER BEFR /N, T BOH R AR M R -
IR e A, A X R AR R & A R AT R Ak B
J& A A B RERR LA P R (R IR AR e e =
20.5) fHH L F 1w A (189 m?/g) FIFLER JF B #4%
L [ BB Si(A)—OH ]34 (3. 162 x
107) i A e il SR /K M T o, WO — 0
REARXT B, B A B, R AR A 0 Rk R EEOROR
FEAR (RIS IR E 1.5) , RE RSB B
BTN (4.426x10"7) , LR EFL(39. 6 m*/g) FIFLIRE
A P R , DTTAE J 5% 7K 1 I 25 4 v RO — e
fE T
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AYAT b R ] 37 b X SR 4 T A Sk A 9 %o
G2, ok H A T Ak BN R Ak B AP T IR Ak B
Xof TSR A T A7 2L B 5 ) R Y i ) 5 g B HL AL
LN SR s I

(1) £ 3 mol/L NaOH WAL BRIG , KAR B A ik
AR Na-P Wb, R IAEFR LU 5. 4 FEE =
1.5, RMRIL A BT 4.9 %, LR A 20.3 m*/g
A 39.6 m*/g; 4 6 mol/L HNO, A BRJS , KARAE}
R TG R 2 A, R IAAERR U4 T = 20. 5,
RIS BT 3.5 A%, LRI AR 2 189 m*/g,

(2) WA RN A BRI R SR W A1 19 55 Y 1 AR
MR T RAL R, TEMRIR R 84. 3%
AT, 41 745 min WIS, B Ak B A1 FIR Ab BE
WA BRI 9. 419% F1 5. 30% , & KRl A1
(3.56%) 1y 2. 64 155 F1 1. 49 15, {EREE{RE N
32.4%5FF 2 1 735 min RS , B4 3 A A
i b B Ay ) TR A 23 SR 5. 85% FTE 2. 64% , 5 K
SRUBAT(1.81%) 1Y 3. 23 f5F0 1. 46 5, TEAHXNRJE
K 57. 290, KARWB AT T Ab B 7 AN Ah B A A
32.4% ~57. 2% By B WO W2 S 528 1. 1% . 1. 39% I
2.69%;74. 8% ~ 57. 2% By Bt B L 1 & 43 0 ok
0.68% 0. 82% K 2. 57% , FIR kA1 FIR /B b B 35
A1 FLA 0 S 9 3 — RS M R PR R
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