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Abstract

Abstract

Li-LSX has extensive application in gas separation, particularly, the process of
Pressure Swing Adsorption (PSA) and Vacuum Swing Adsorption (VSA), due to its
advantages of high nitrogen adsorption capacity, large nitrogen/oxygen separation
faction and easy desorption. Water ion-exchange method with mild exchange
condition and easy operation is widely used in industry. But it is difficult to reach high
ion-exchange degree and it has a low utilization ratio of lithium and poor recovery of
Li".

In this thesis, a new method combining the advantages of water ion-exchange
technique and high-temperature solid state ion exchange route is established, by
which, a high ton-exchange degree of Li-LSX is easily reached and the amount of Li
salt is decreased. Effects of many parameters on the technological processing of new
method above are discussed in detail, and the main results are shown below:

1. The best ion-exchange conditions in water ion-exchange process are obtained:
ion-exchange temperature: 90°C in aqueous, concentration of LiCl solution: 0.4mol/L,
ion-exchange times: 4 and hours every time: 2. In these conditions, the ion-exchange
degree of Li-LSX can be reached around 96%, which is satisfied for requirements of
industrial use;

2. When the ion-exchange degree reached 86.6% during two times of exchange
process in aqueous at 90°C, the Li" utilization ratio is below 10% by further exchange,
such as in the third and even the fourth exchange process;

3. On the basis of above ion exchange conditions in which (Li, Na)-LSX
ion-exchange degree is around 86.6%, a high-temperature solid state ion exchange
method is investigated and the best conditions are as following that: after mixed
mechanically, (Li, Na)-LSX and LiCl powder with a molar ratio of residual Na* of (Li,
Na)-LSX and LiCl around 1:1.5, the mixture is heated, according to the following
program: firstly, heating to 120°C at the rate of 1°C /min, and holding for 120min;
secondly, heating to 200°C at the rate of 1.33°C /min and holding for 120min; thirdly,
heating to 350°C at the rate of 2.5°C /min and holding for 180min; finally, natural
cooling down.

Meanwhile, the samples were characterized by means of FT-IR, TG-DTA, XRD
and SEM. The conclusions are summarized follows:

1. According to the FT-IR spectra, it is shown that the characteristic peaks of the
framework are not changed with comparison of the samples before and after ion

exchange process especially vibration peak of the Si-O-Al. However, because the
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radius of Li* is smaller than that of Na®, it has the smaller influence on the framework
vibration. For example, the peaks location of tetrahedron internal expansion vibration
is moved from 664.75cm™ and 696.37cm™ to 668.70cm", and a small shift peak at
near 696cm™ is shown; Meanwhile, the peaks location of tetrahedron external
expansion vibration is moved from 742.42cm™ to 746.53cm™; the peaks location of
double-ring vibration turn from 557.48cm™ to 584.95cm’™;

2. The TG-DTA curves displays that the peak of losing water is moved to high
temperature compared with other literature reported, suggesting that the adsorption
capacity for H,O is increased; Meanwhile, the collapse temperature of the framework
is increased from less than 600 °C to 700 °C, meaning that the thermal stability is also
increased;

3. In the XRD patterns, almost all characteristic peaks of Li-LSX move to large
angle, indicating that the crystal unit cell is decreased. The main reason is that the
smaller ion of Li" is displaced for Na* and therefore the framework is shrunk;

4. SEM images show that the particle size of Li-LSX is around Spm with narrow
distribution;

5. With comparison of the Li-LSX samples prepared by water ion-exchange
technique and high-temperature solid state ion exchange route, the structure properties
of the both are silimar with the help of FT-IR, TG-DTA. XRD. SEM analysis results.

Keywords: LSX; Water ion-exchange; Solid-state ion-exchange; Structure

characterization
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Fig 1-1 Silicon(aluminum)-oxy tetrahedron structure of the Cell
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Fig 1-2 Schematic representation of silico(aluminum)-oxy tetrahedron structure
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Table 1-1 Different cages structure in X zeolite
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Fig. 1-6 Schematic distribution of the cations on the zeolite framework

FARE, MANANRITRARPEET B BUXNN 2 MNARE, TSN &P
8B EANILF 16 ANNAERE, W16/ SILE; S2MEAEPET, BE
XA B EMERS TR, 81 B BE 4 MEEMAATH, BNERME 8
A B UEHE S2(LE 32 (8x4) A, S3RLEME B EFAB S2 L E 2 HIATT
FARXIRL, B4 B BH 8 MATTH, BT HANRAEEREN 4 245, Fif4
AXN 44 SIME, WENMRBEEE 32 (8x4) A S3ALE, S4 M B /\EHE
FREFE S3 M EHATHAFLL 0.lom, B S3 AL EXM, #3t32 4 S4. S5
MEEFTZIHZE, HEREWEM, BMERE 4N\BBAE, B40N\E
BRES 4 M RH, FTUSISRE 16 4xd) A S5HEE; BMRRE 8
ANBEEE SN UME. BRIMAEFHSAZETIHAKDUREGEFHE
A BEEBRE, R ERUENABEINEBETFETREINMLE, FAEHM
BUNE-ELEMBFHE. P FHERIIEFREIR TR, B
MIBREHETHEE, FETLERAHBFRIMEBLERE,

WREHBA T TFHFAESHEFHEAR, NaX BBRAEF TR —BHEA 13X
RIBASFIE, CaX A4S FR—BIFRA 10X Bk A5 FIF.

13X BHAR S FiRaIIER
X BHE S FHRTRESBEEBLAT 15), IWLERETSY 1~12

fty X BUBER 5 F AR A IEREAT B A 24 FIR(LSX) » iX& Lowenstain SMCURT £
WHIRAKEESR L. X B A £ Bt RS ARESE LA,



21T X WA TR

1.3.1 3B MR

MRARM X B A 57/ AH LT HIE:

1 BERER, FEHAK X BnESFRANERE, BR 15K, HEA
BISREH K 3m7/g;

DEFESHALEMAAETE X, BWATEMMEE TS FEEMmEMm,
X RIS FIRERERE N 1.31g/mL;

3 X B A A FR R, HERAHREREN 700C, REMK
BEE R 26.2%:

4 BTFHAEFELEABS, SEHASN—MEFLNESNE.

1.3.2 %A 5 FiF R M1 R

M F— % R B AR CGoRER. BEHRS) , BEARDEENE
B PRI E SRR .

1 BEERM: —FERT, WA POXLAMILERRRKS T, XK
AFELEHIAE FHAKIER, BHTE 350CHR 400°C T MAKMREK
W, WEHREKS. X, BRERNELBILENS TS THEA
W% e K LR RO LR, TUERE KA E#NLER S TREEEF, X5t
BANBRI“SFHHIEI . B SFHELFHRRERNDRFERE
Fi, PIFARIAK, BA SR, BHEE SRR,

2 EHRM: BEAHSBORMERE, HHRMK, B, ZERERES TR
HIRBOFERS . FRENBARNABTRAMECHMRIEREM, a7
R4 5 BUE TR F A0 8 T s A MM A, BT LUK B o Uik o T
RS R IR, ST RERMRE TG, R, FiafEILRRR
AR R . E R, W R AR AR R4 TRIMER, AR
fn AT (TR B FRIAR L, B 7R IR RUBIRIR B R IE T, TR A BRI
E.

1.3.3 # A5 Fira g itse

BT HERMERTAA, TUAMKLEENRHYR, HRELER
REAEELREHAT, BTA A XA B MR AL BE . HANh A R
;BN URTHESTFHRT, AFREEUANER EFARENE, B
A LR FIEBE FRRMN. $AEETUTRATELERNESR (0P
Pa%) , HHABIBARENME, REREERN TR HERHE.

R AR R BRI T REEEL LIRS T LR E
KAEFR

1. BREMXENERNZ W



SR AL R B R 7E B AR R R R T L BT, BEALFIE Y S 4 LTS
MEREADMEL. HTHRAEMS, 9% LHOREER AR, Bk yE
IR B AL IR, LRI RETZHE BILADER. RGNS
FALAHA, SBAR RN S FRRK DR BB KRR X
REALAE I LU TR, — 5 A R BRI BR.

—RE&ET, BANKEN KNG EESER, BT ERE LS |
BUAREMAEL, MBEAS, SHERERESZ—UTHAREHERNR
AANMEE.

2. FHE TR E I Z

BERNAHORR, BAGELAEEDORELTREASFHLE
b RERBERBEFENSM L, F RS PR RS EEEE R,
Hep, PR TRERA N AL TR .

3. B LU AL TR R M L

BXRBAEE —CHENTEE, BELSE, . FUKER. BN
MR, ARBAT, HaBurnmuRgubhE—SHBERER KB, EHE
REEE LAk, EME EFHEBIRKER X E TR, SERAERTILR
b, BRAMETFEED D, HNEEPLHERD, 58T EE TR,

4. BEKN LI RE R Z

WA B IR D AUE T B 6 S A HIOBOREE . FAL S B EhF LRt 2 —
AMRAGERR, R HEBEL . B LA A TR IR 5 i v 2 [ %
%, BREREFELKSBAHELEAEW,

1.4 X B A o Firayi i

BURRBTEFRROTR, BBASTFHEENNET (—BRAIPET
RAET) BUHERT, NTISEHRS TR,

LB ABFRBMFTERE, EEEKERERE 19, @A,
BEHTBED), EKBRTHIENFRALRIEE, BAE X BHpas+H, B
BIRL A B 07 i KRR k. R BRI %,

1.4.1 KIBRAZIRE

KRRk R B B TR B, BV A AR R EEBTHAR K
MBRRFRES, E—ERETLRETLR. IR FTEERSEETE
KB LSBT (RS A0 REFE, KB pH B ENABE
WA RN, EROTREALR: BEAZEE 100T; BIENEHIHESK
/NEE: HEURAE 0.1-0.2N.

EE TR RPN EREBRETHRE, THARRR S KT RYESL



BT X URATY TIRCER

FEET L. BRTBERBALT — IR ERATSIE. ik, REHHT
BLRXBUBZREETH, TETHRERKBAREETEN, FESELEE
WELET, #HITKE, EERGEEITFEXK,

FRERE SR TR KBRS BREB R T ET 6% X HE, HE
WA T LR AR XA ) B A R BT B BT D RSR A S AT B B IR
X, RET LIHFAAE, THEKXT 96%, BRFAERKHIKEMML
BEHR®, B2RXEE, THEREDLEZ THE.

KERAZBIER R R AR RN G BBERAFRERKAREUAZE, A
TREAR A, Moreau!""V% A8 H T 63953 B U B9 ML & sk PRI IR B ol 4=, 1B
RIXF B FERMFIERERR, AR 2N SiEhkas AP0
KB HE S SRS PE TR AT TR TR, EREW, X FERRL
AR ERHRAE, MAXKES T RXHRAE. Bl FERTHRAMENE
FERTEBEVEAT
1.4.2 BEXHE

FIRE BB ARTIRE 75, TLBEREBFRETFiN. RAEE TR
YR, WA R Y. Bl 3k sk SRR £h &R AT DR SRAZ LB B AR B A s b
R, BESRTEBUE SRR L AUR T A S W BOIREE . TEE SRS,
RAEMEFRRRNEITI, EF—HorRhRORERAEN (BEEESHE
FRAMZBRBEER) , FHETREREERERRA .

1.43 ERRZ#%

BER, BEBFRBRCERANBES FHRARP—ANSIATHEREE. H
FHARSHREE ., EEBRELBHAE (FTELK) B2 B, @i
B— R FERREE, EREREFYI(NH;, HCl). Karge %5 &iRE T B %
5% #(Contact Induced Ion Exchange)”®* ), BI/K- &8 B A 54 B S04 iE 1
BEABEFXHR, RNEZRTHITRE, EFRIEERETYRAH. BTFEEH
BAHUASE SR, BMESREERELTFAFTEST.

A F A WA T AR KBBRE FLHREFUTMRA: (1) EREZER
TEI—PEARNERETHRE: Q) BXEMETASKEEER, BET
£ BB FEKBFBEFKE ENEFRLIE, MEELEHETFEE &K
MHRAN AL Q) TELRWERULEYMBAMHANEGE, BHTHE; @)
BRIEBKENEER: ) FEFEESSREFHRKER.

WEBBE TR X BEA, B TFRAEB TR A RE RIR MM
EALTHRETT AL RIE, AT ERBHEBAHANEENR . B BIERENE
HEFRREARG Z A, X EFELE R TRERNN AR —RER



ST RFETHW 78 L

XTI,

Toufar % APSEI BRI MIERB TRHRER IT%MBE ST, EXFH
THERIBR S B R E FII R H R BRI RF R R. HEZEPPHAT X &
BASFRABEBERZAMNEREFIR, EBTEFREOEWEE, #*
FB T BARR IR KRR BB RN TR E LR FLA U R D 2L %
HHMER.

B LA EJUR RSB IR LASE, A FIR M S F R BB H K BR B
BV RERHES. KEHFEESRNSBATFHEF S, RE4BETFL
BT, BRETETK, RERBTK, EHERENERYE, HUTHAEE,
RAER T ZXAKBEBRLT SR, WEHBER, BATREEESRERCEE
TRAEAENSE, BAUTEXHIEFETHITETISR, BER, B8R
AERER, B EROERFHESFRRIERNA.
15X BB AR FIERFRIEFE

REDFRRETEORE: RENE. WHIT. LEHARST. RS
5N BEHETN URBEEWREENES. S TELBE D FRIRE, NA
BEHRHBHBEEFFRIDLIEACPHE AR, X HAHTHXRDBE R, 450 iE
EFET-IR)FE B RNMR)E A%, Btz 50, BF MR, B
BT BMECYY, TR RIS AR U R R ESCVER RERE DS T
RS T R

ICP A X ER T B F AT B F R B KA i i 2 B34, s ki
R, ZHENPNR T TR BIKHETH, B THES FHRARELEE,
FARE, XFHEHENIFEREDNT 5%, FREE 98%-105%. UL T4 N8
LR FERAEMERRERIEF R,

1.5.1 X ST (XRD)FE AR

B XRD SR EZATIERBEH RTFAR) , ZEHMEA BER.
GREURGGEBHSEFANARZL), BX—HKARBCHEHBY, ©
BIEFBRE. 704 RERMELE AN E S & th TR T#— SR T ™,
BN 2 N USTM 38 o — 2 5 B B ik S T T A S O AR i, HB R T
BYRHESEREMETRZ BIMEEXR, W:

IR (%) =5.86439-0.02771xE FRXHEY%
EER (%) =5.95036-0.03027x 5 FX#HhE%

1.5.2 LM HIEFT-IR)EEA

ERRDTREHSHRRIESE, LIS ELR—FATHRHFR,
ERX—TERURITREBE S FREH SHETENHR, WS FHEE

-10-



01 E X R TR

BERFHG . BRTRARS N —EHETERRFHMELR. 5 FIHEE
BALGH . REMYE. ELESEE.

1.5.3 ERA%H; £ IRONMR)F A

EAZHIER (NMR) BREMEHRATHEFHNERKE. BREWU
KA RE M RRs 54N RS ECEE FO R AR ERTE S HER
B4 M. Feuerstein Z % RREIZTHE K LiNaLSX ) T R1E, TMER
ETHBEFEMRES X BBAL>FRIGLBME, MERETESFXHRIT
B, RAME EFRAEFHZHRIGUTE, 1. Plevert™ it | B A R R AR
T Li-LSX AR B Li MES 4 FZ EEIER, NS T8 8 F 7SR
Mo e EBER.

L6 X B AN TIREZS T ERNLA

X MHESFRHERRARHN, XEeEaa. #a”, s enTig
el R AT, SRV RO A RO BARTR B 4 B S
Flo WHAREERTES, SHEEORERMAAL, EAARTRNES. &
PHRBLHEE IR EBRER N BEMRA.

1.6.1 TENBFE

BEE TR R, ESMEASSEETWERERSEERERKEMET. 28
SHEAEEREXLERNEFEFR. TV EFSAESBETEFERFSES P
25 T B k1000302,

HA S ES (AMRERER FARSNERBANES (ARMNESH
B HHR-196CH-183C) , LMBHMIBEEETHE. XM7EE LHL 20
FERFENAF WA, BRifERS+amH, BhTFHREEAR. efm it
BEERTZERE, NNERMEMENA, S EHEEKRFLIR K,
FERMENARE .

25 ERR Btk (Pressure Swing Adsorption f&iFK PSA) & 20 tH4 50 ERKA
FREDH, BFHAFREBEAE. BB, SEREEER A, EERXFHY
BN T E SN A U B B E N A ©, EECBEEnE KL
H, &R, EBMFERBESTL. BEAEHAREERTZ, FEEPE
BANHE: SUEEERMETZERE, FEEEMEEER: SutBHFIvEaE,
W Rt RE B BB A B RUR, BAREW AR, REFHRM R ZREN
HEHRET .

PSA ZHHIEFRANBMA S HBA S T, ER—FETRURIERM T,
FLERE B, A RARABERKNECHIRES S TRERER
B MUERBRKWSTF. XA TFREENARKERETEHFERE, BER
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R TARE T MM 243

BRI, RERILERANASHHAMRT M RILEH, EFHEMGS
TS e ma R AT ™, Hh A BRI X BR 4 FIE S A B E RN
&I, BRRER S AR R AR ML 21k X B A 4 F % (Lix) I3,
AR B BIMEEE X BB AT/ (Li-LSX) 381,

1.6.2 B ZR5INH 3 R M1 37 14 & A 22 0

25} Tu298K

os
S W B w ® e o om 0% B m
BHien Bhthan
B 17 BETHRAEBONRME B 1-8 £E FHRMRRMA R
Fig.1-7 Adsorption of different Fig.1-8 Dsorption of different
zeolites under high presure zeolites under low presure

LiX 5 NaX fitL B E S8, BHRERESEHT, KRHAEME
PR B LA™, BIE R Lit8p 2 BUR Na™ B8 3060 X U 40 FI67E 30°C
RIRE LM EE T U B, KBRS IR LiX e NaX H FRFmES S
SOE (B 1-7 518 1-8) , B LiX #A% Ny TR H A8 NaX (13X) & H 50%

(% 1-3) .
R1-3 ISHJE HIXBTT B0 16 R RIUR 25

Table 1-3 Selectivity and adsorption of ion-exchanged X zeolite

B RNO) e
LiX 86 7.6 1118
NaX 100 4.9 24
EX 100 2.2 587
RbX 56 35 30.0
CsX 50 1.3 263

KR KM A-18C, HRO0.IMPa, 4 BARLELEV(O,) V(Ny)=25.75

BRLX AN TFHREMABNRT LI'THE, RHEXBREAXT 70%, K
B B A S R Y, H b, Kimer % ABA HMTEELE 70%~88%,
Yoshida®% 75%~90%. B #itb&—8 B =R B A H X 88%. Chao &



WX R0 TR GGE

NCUSZ 22T 5 93 549 85%- 94%F 99%K, b A 4 FIRZE AN FIESR F A A
DEER, U—MKEEAE, ZE2ERED74 4.0, 6.2 8109, AKAE
EM43 514 0.55 mmol/gm. 0.93 mmol/gm F1 1.03mmol/gm.

#1-4 BRMNESHYEER
Table 1-4 Physical properties of O, and N,

VEIER O N;
N FERE R nm 0.39X2.8 0.4X3.0
PFNNFER /m 0.346 0.364
1816/ (Debye)® 0.0 0.0
VOiBHE/Erg® * cn'*X10%) 04 15
BAES (em®X107) 158 174

B 5 T 00 R R B R SRR b A 2 T I R P R B 2 7 TG SE B S 4k )
B, SEASMA, RANRERR, ARLRgER, EMASSHETRET
RERBEEERBTES (£14) ¥, XiAM, LIREZREIMESBET
(R 1-5), BAFEEER, 5RREATR, WEREZWEERD, AMHRT R
Wbt FERETEBTEERMATERRENM?, Monte Carol Bill45 £ K,
BB TFESRANREZRIMERTE, Ca¥ N, WHFRE Ca¥-0, /1 4 %), K
i, LIERSERAEEL, BE5RSMERAER, U LX $BAaMESR
MABNIZE K. Papa ZAPHALTLIE LiER Na*, fIRAS 2 BIgER 7
HATHESZRIMERS, BE Li'-N, #4EEL Na*™-N, X 1kcal/mol,ii Li*-0;
1 Na'™-0, WARE, XZEFEN Na"BEHREAKTE, &R DT

£1-5 HEWNMBETFER

Table 1-5 Radiuses of some kinds of cation

FEEF ¥z (A) P&+ ¥z (A)

Li* 0.6 Ca* 0.99
Na* 0.95 S 113
K 133 Ba™ 135
Mg* 1.65 Ag 1.26

HTBRIEEFZIEREFERANAR, REXHNESEREBAHE
M. ¥F LXBBESFH, B L&RFH 96 A LT, HA 88 ANATLIEN
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T NFE TSR L

EP (SIMUBLE 314, SIMELA 344, SUIKELE 234) . ScRHE
BR, XM E b, LR SIA SIE SR a0, SERER S
ST E B AT Gl 1-6 BiR) » FreAsSBert 2 2UBE A%, i SI &
ENEEREANATHERN, BFAAEERDMEZIME RN, Fikehr
WrffR. REMBW ST EANAEETL, REBRATX, Lie IRMES
ME K. Plevert S ERT BT K 85%F1 100%HT, Bk LiNaLSX FH
BFafm, HPHER 85%H, LiNaLSX (LigNa;4SiosAlegOsss) 7E SITLE |
FH32A LY SUMELER R2ALSSIIAELE 1240 LT, g6 MR
EAE. 5ELTHM LSX (LigsNaSigAlgsOsgs) & SILE +F 32 4 Li*, SHALE
EH 2 ALY, SHALELERE 15A LY, SIME EH 16 4 Lit. &88%H
ERTHRETATFREESERBNMKERENS | LHREETHEX. BEXA
AL B LIVEEASBEETE, BoTFREEN, FUNEL FHRRE
BT, M S [ ALEM LibL FARASNFE, —UR AB K, B—4L 8%,
WPERKMSS, MO T LW LS TE No S FREM, AMRAETH N,
MIRKEES, XBRAERTHRET L-LSX 4 FRsHHEE AN RE.

Li-LSX £ Lowenstain SINCIET £ IR REEEH, HEEAHAHETF
BEHEZ, NTTEFTRINESHES T, B LR Na'Bfael, Bri#s
MR H kB E AR KN, F LSX 20/ 44 375 E HIRF & B A B AT #
}‘1;",2—‘[2910

F 1-6 BFHSTHA IR RE R

Table 1-6 Thermal stabilization and selectivity of some ion-exchanged zeolite

e RAEL HIERH

g1/C  g/C  gsc (WO
13X 874 982 —_ 37
LiX(68%) 773 922 — 34
LiX(97%) 766 f— — 10.2
LiCeX(93%:4%) 784 814 -_ 83
LiCeX(92%.: 6%0) 788 —_ . 856
LiAIX(77%: 20%) 802 991 —_ 83
LsX 884 973 _— 42
LiLSX(97%) 770 839 —_ —
LiLSX(99%) — — —_ 97
LiCeL SX(84%:16%) 805 855 —_ 93
L1AILSX(83%:15%) 786 844 — 104
ReLiLSX(81%:15%) 794 863 942 832

2 LB T BB ST, BREFRIFHRMH R, ERARH,
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3 1R X MR TIRGRE

B SR B 5 R AR 2D B M K R A TR B SR B IR B ) B B IR B R
HAFHBERLF. THERER, BEMRESENRET. KEFREERR, Wi
LiX R3IAE ZMEBHRAEFIMS, RINTTUREH L R, #AE AR
NEPEEE (RE 1-6) , THETLARRERAIY,

Chao VR LiX F3IAW LS EE FEHEHRMF, ME%SEN#R
et WS EEREBEATRANE, A2 T WK LiCaX
BEHERRERREARHAE, CoeC. G Lee J. WIS BT i B T iX—
Ao Kim'"HAY, REH LiSHE#iT 80%it, LiCaX 44 ARFRFEENS
R, T Lee"™MIIA % Ca/Al =0.26 B, LiCaX MIEE S B E A B1E. Fitch &
A5 Balse % ABY ARIE N, 9 F7E D KidiE 4 B 5 7 Lol LUR 422 0% X
—FRE, HHRBTHERET X HEA2TFROFE REXFMTEHE
£ LIMARRIKERE, ERINS FRESKESE TS EREE TEE
BT, Lothar & AR T —F A THA S FIHELI R E FRBAE,
BARBER R, BEmRRE (KAH 12%) , FEETEKH SR
TR B AAIT B E AT, BRI IR 5 S0 Tk

BN, £HER, Habgood"™ 1 Huang"'"Z A EAKH Ag*
THBAX N, R HARRK, BR5BR, AEESTWNA. T LX EFR
IFEIRERALEE . Yang B "R EE MR AL SRR, 7 LiX WAL TR
ADLEW Ag', BI&T LA REB TR X BB A S FIF, HFBET AgX. LiX
1 LiAgX 7F 298K B AR ML MAF LR T 3 NyO BN RL, Wi 19
FE 1-10.

o ("]
01/ Y
05 )
- s z 40
E o § P
& o3 [~ ~ =
« L YT o
02
19
0.1
0 o ) 1
B inm BN rem
B1-9AgX. LiX. LiAgX££298K R} B1-10 ZMEFR&RA L
No(EL)FT O30 2R IR P 22 R PR R B a(N,/0,)
Fig 1-9 Absorption isotherms of AgX+ (Y AEMPRINERDE)
LiX and LiAgX to N, and O, Fig 1-10 a(N»/O,) of AgX. LiX and LiAgX

E1-9RAgXE LB AR FERM L, TR, BEFMAALE, MES
MR AEEZUARK, BRRMEEHEMM. Ag ¥R H1.26x10"'m, LI
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FERTWRETEB 409X

(0.68x10"°m) KIE—H, BRFAEAIRET SN IURIERITE R RME. Bt

BTEHEHA LBRMH (17~25K1/mol) ; 2. N,ZEAgXihA 5> T LR
AR ERE LERE S, 25 CHNAGKIE T MAXAE S T LRREDE
E1.5min. Yang!''? "PIxf Ag" 5 CoH, 2 )T B MOnBL B R R A KIBR 3T, TN HI#%
SPEFHA SCHIRMM. FAEER, Yangllll, NoFIAg 2 A4 T 55
Ffrgg. #—LHARE, BRTFHFHRpINESALHTHSSMEREES,

FHABMRE T, ElcR: ARASMINMESANTHREBANEES, 1A
4dPUE RIRRIFE T, AT ToRfR. E549 FAEELE RS RENE,

BHIE T rECAL IR, HAXHA D TR ErIRIERR D,

Huston®* L8 T Li*FlAg & B R R — R FILIAGLSX, RILEMEGA 5 F
P NEFEINAL, AHANTSAEEAGT, X AR ERLILSXE
H10%% 74 .

ANMIBEREZSRMAESETESRERERM RS, ERETEHERY
ERERRAY, XHERRES, TERREE. IRERMRAINSEEESR
BOMKT3, NARMEEASEEFE, A0 8EERRKT2, Bt
iR AR BT R, 1104 TERRER T = A kS
FHAgXh A FIEIRET WEES RERE, EHAE S 1ER TR,
XtHLiIAgXB A3 FHRSLIXBE S TROEEERE, BETHAELEER,
KETHEHEHEK, RPLIAGXHBASFHSFHRETHLXB AL FHRSF
TR RE S AT IR P EIRTLiAgXI A 2 F IRt o T LiX b A 2 F I 38 #e s
B, XUHEFHRHRERERFR: Ag™> > Na'> Li', Li', REERMEK
LB %, BEIRF100%H WA+ W, HNTE, LiAgXiha s FR
51583, BERMAEKR. HGTHER. H5THMNXI=M AT —%, LiAgX #
A 4F % B a7 B Tk A wi RO,

ERESEFE, Tl ENAMBERKHEASE, BEGRENHSEES
TEMZERME (PSA) UK. REX—dfEa U#E—S Mk, BAKEXRE,
HEHHIARKE TR RE. NERRMTREEERE, BEDRM T
REFPR BRI A RTINS T EMRES A, BT LEXHTERAEE L
o X R A FIREtERE. TR, B8 TFRG LISBBE2HE S
F I B 25 43 W BRI 9 A B — AN e
1.7 ZiREANERE =

RES X A TR —MEEHRE. 8. EURERIMEEFHRN

BESEEYR, RERMKR, LEHIBERDPASTTRERS, ERESKSE
FEEEZHNA, FHRETHRIKEE X BRA2 T, REHTWE

-16-



BT X A0 TR

IERANHRASEH.

(B RIXFMERS X BB FRINEEHEAZIERAAURERTEMN
S, BENFERAFETENK, 2SR EERRRTESE, Xt
EEATEEE, BRAEE T R R RS .

ARSI TAEEN LA R R, 2 RARRMR BT BN BRI R AN, WS
B-FHFMETORTR, KHRKTE, THER, #TF OXHEE N T
HE .

1.8 AIRWEEANS

AR EELERFH R RN B ER A, BRIXHERH R S
AT He 51

KA, £ R KT . A BIRBRA S i ) 2 [ X RS e
052 ]

BB, LUKERHRE IS AR, ERATRYFRNET
L bt b g A N =AD& LI

ZERE RS, FIF XRD. TG-DTA. FT-IR 43R AR B3 H R R i
TR, FRTHITIEN B RS NE N EWER.

BE, AAWENRS, RU—FBIERFHTRTEZ LHFOTRITE, .
BT TE, 8 TEBOFHE,

1.9 €# =

KRB E AR B R RS E A 2 T RS TN . KB
BRBEMRA, ERTEERAT, TRYERE, BUEEETRIFTIRE
TE, BRBRENTRAETREAE, ERXRREEETHRIBR L, Th
EARLESRA, BRETHREABEIESASHA.

ARK ) EER B R TR S MR R, R EEE R i
MAFIEW, NTRSE—HEHNE TR E, BIETHAA, FhXHRT
%, WXF AT DL A KRR .



552 T KIHTIR M REIT

F2E KBRKZIRIEGEMS
2.1 8l

XEHRAFTRERROIGSER, BNESNMPELRPEE MK
M. BEl, EEZBARIERMEPSA) T RARATZHRMF. fH 2K
BEEXABA D TRHLSX), REEELD. AEFUEREZSMANBITE
ZRIKIE. BEETIRAFEIERBRM LSO RBHS, EREALK
BT, Pl EREREE R, BFFARKUREMW RS, R
TETRHBEITAL, HES T X mtt A R .

IKEBZBIER N AR EZRITE, FRMHETRENERRE, AEEEH
T T IR ARHE BT B FE P K BB IR SR A5 IR AT 8k A Hk B (] 3o 2 8k P
RIm, LR B B MK B RS B 3T e 5

2.2 Li-LSX BYZ#R 3 18
22,1 TRNUESHS

ERFEAMNEEAMAR 2-1, FENHFRELRK 2-2.
# 2-1 R P AL A AR

Table 2-1 Chemical reagents in the experiment

WAL IR g HPETR
Na-LSX kg K feh LE
HNO; A4t (AR) JERENFLAT
LiCI-H,0 4k (AR) EAER LS R FRAH
EHEFK ' B 1

# 2-2 KR PHRRIEE

Table 2-2 Instruments in the experiment

Y ZE RS Uik T K
WK BS210S R B A AFEHRAA
fER KB 55-1 WNEEEFTRAF
RS REFFHREFIX $X-4-10 R RAFFRHRAF
BHKARER SHz-D (IID X TR FHA B
AR TR ZKF030 LR R HERAF

18 RS B 2% S21-1 LA RUBITRAR




EHETAAF THW P8 L

222 RERERES

2221 BBESEEF ARG AIEICP)

KM% E PE A 84 Optima 2000DV HHE AL EF R KL, BKE
Bl 160-900, 4r#®R: <0.003nm, EFE: RSD<0.5%
2.2.2.2 X M RETH (XRD)S 7

X A1 E BRUKER/AXS 2A 5] D8 ADVANCE %! X §14: 5y K #7581 1% - CuKa
B (=1.54A), HigH. EHEISKV, EHFK 20mA, F3HEE 0.5°min™,
2.2.2.3 ISNFT-IR)S 4R

A8 A 8 50 /2 B (1) TENSOR-27 RUE ST 20 S0 84, EALEIE A, 36
B 4000cm™~400cm™, 4+ ¥FZEMLF lem’,

2.2.2.4 BT RHEBSEM)SD R

X Fi1at = FEI 24 5] /) FEI Quanta 200 R334 i3 7 B 5404 . hn i FE IR 200K V~30
KV, SM#E 3.5mm, BAMHEE=25~x200,000, BEFE 6x10'Pa, (LA
13Pa~1330Pa, #45 5 & 133Pa~2600Pa, SE 53k ETD/LFD/GSED, BSE ##:L SSD,
BXHMSR T 9200 mm.

2.2.2.5 #E(TG-DTA)S 7

KAEH WCT-2 B RE-ERNGEE M, TKAFFE SOml/min, FiE
#fE 10K/min, B &EE 10007C.

223 EMNEREES X BRR 5 FitNa-LSX)AEL

W—E B Na-LSX 7%, BEF D, BEFABERITH: SELH
T, BL5°C/min B0 FHE ) 100°C, 1518 2h, 485 LL 5°C/min F5 K FHE 3 550°C,
{Bif 1h.

2.2.4 Li-LSX By3Z

PLIEAL S ) Na-LSX HEEL, BT 5 LiCl BB ATk, B854 AR X
B A 5 FIH(Li-LSX).

BAESBRNT: HHEFN—EREFLEHN Na-LSX, M—EKREHN LiCl
BIRIRE, 7 OCEMHTHRAS/IN, FiEBETRE, S8, %k, BIME
PR EFARSFHN LI BRES, EEXH,

He, LiCl ERKRESFER 0.1mol/Ly 0.2mol/L+ 0.3mol/L. 0.4mol/L
0.5mol/L; #HH:AfEI D HIFEH 1h, 2h, 3h 1 4h; TWEKESHEHR 1K, 2K,
3R 4R,
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B2 W KIS R BT

22,5 2EREE X 2% A 2 FiRLi-LSX)RYE L

FIXERFE G WS R M K AU R4k, B 3T RERHATIE . KB R
Li-LSX, BT Y34rd, BEFHEEREN:. BEEFMHT, LLSCT/min BEKFHA
#H3) 100°C, 18 2h, ARJ5LL5°C/min K15 K FEF 450°C, 1E5H 1h.

23 RREIFRGEIEFHE AT R

231 EEFRIRENITE

RKIEM ICP FANMERS Li-LSX #HEEFHE. B%k, W 60ml K
MABHEZR 200ml, £/H. WA Li-LSX 2.000g, FECHIKMEBER, ¥}
 EAZ Soml. BEFHXHE, HABEBEFXHTRNNE T EHETES
PETHEME REEMHO V. #BiEN, HEEEFTRENALN:

J(%)={[Ax10>xVIM|xM(Na) M(Li)}/[M(Na)'/Mf]

A: ICP BEMEEFHE (ppm);

V: EARBEL):;

M: BB TFIHERE@E):

M(Na): Na 8% F R E;

M(Nay: 5T Na B2 MR FRE:

M(Li): Li BIAEXS 4 FRE:

Mf: 5 FIREIAEX 2 F R

2.3.2 LiCl i8R E X R R E By &M

NS co
& 8 8 8

[y}
o

ion-exchange degree (%) _

L L .

o

0.1 0.2 0.3 0.4 0.5
concentration of LiCl aqueous{(mol/L)

Bl 2-1 LiCl IR BRI

Fig.2-1 Effect of the LiCl concentration on the ion exchange degree

B 2-1 BE 8 LiCl BBKRENTHRENE ML, % LiCl BRIKRED AN
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e T KT 50 RS
e —

0.1mol/L~0.5mol/L. Bf, EE R K 54.83%. 79.26%. 83.13%. 102.58%F
91.22%. HETA, LiICl WBKEREFRRMNEELHEREZ—, ERER
BFTFHRHBAT, EEFHRKRERL, THERSEX. BLEBETHHETFE
REUE, KBERPHHE TSI ERONEFRATEE, XHES> TR LR
BTRBRERTRTR, ERTEEFHRERE, ET W EMATHERRN.
gii EREE, HEE 0.4mol/L K s id AT Bk fE

233 RREM L IRE R

sodalie cage
Y TU'
¢ 1
supacage
Bl 22 LSX #+ Fifda AR A

Fig. 2-2 Schmetic representation of LSX unit cell

FECERIREDS, —ALSX A &P, &%F 96 4 Li*, 88 MREAERA,
EdhSIMBEEE3IA, SIMELE 344, SIIMNELH 23 4. W 22 fr
7, REREMRES, LiTEMIRFRERE SIIM SIS S DAL E#ITH. &
ERFHREHHT SULA ST ABENTHRAERFABMAE L, EXHETER
BEEHE, BAMIELWBEEFAEERAARRLE, XEMIE LKHETF S
BT BHH 65%.

EEBKRE—ERN, EETXRREMTRENEW, LE2-3. AE+4T
AW, B2 2-5 RXBZE, BTRRBREDAHN 77.68% 92.24%. 102.57%-
98.10%%1 109.19%., BNAEEZET RENEBKEZ G, EdBRR, THEL
80%, MITELAARERATH T LB T SHIA STRAMIE LB FRHT XK.
R B AL, THE ARG, EENRTHRE, THREKE 100%, B
BARRRBRZ )G, RS FRLEOWEFHERD, MZBFROMETFEELT
SI'EEL, SBXHELFARE, EETHRAELMEZTE, 23BNRTH
B, BETHRAZAE 0 %EAEETR. STRBRENEEFMNHEENE
B, BXBKBGEN 4 KEBREE,
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52 7 KR e TT

120
100 ////V/,/*-_*/,/w
80 |

60 |

40 |
20

ion exchange degree (%)

0
2 3 4 5 6

ion exchange times

K23 TR T B ER W
Fig.2-3 Effect of ion exchange times on the Li+ exchange degree of LSX

2.3.4 SIRHOTIRATE) X R R E B FZ M

100

9 r

9% F

4 I

92 r

ion exchange degree (%)

90
1 2 3 4 5 6

each exchange time (h)
Bl2-4  BRIRAT B AT e b V8] o AT 1 FE ) SR

Fig.2-4 Effect of each exchange time to ion exchange degree

Wk 2-4 FoR, BIRAS e it e X RSB B A el R B2, RSB A 14
WEE, BESFIH 99.98%. 96.52%. 98.55%F 99.06%. XFhiiEH, REF|IK
x%mx&ﬁlﬂw [, BREERTRAGENERKENZHRREZE, B

RHRENTEE. WEFR, SHREES 1 DB, KBREHR 99.98%, &AL
X—HAZNMEFERAR M TRBRMFERE, LiTE2BA, WEHES TR LmnE
B (BN RAEHpE. BHl, EESRTRAIZTEHREE N 2 /DNE.
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b5 Tolk Ko T 24 id

2.4 GHYTERERAE

R 2-1 FRZHRER LSX 4 F5F
Table 2-1 The Li" ion-exchange degree of LSX samples
(5} 1 2 3 4 5
ZHE (%) 0 55 79 83 100

M 2.3.1 FEEREALE B S 55 0.1mol/L.0.2 mol/L. 0.3 mol/L 51 0.4 mol/L
f 4 MHERFRZTHAER (Na-LSX) , 23 HRTHRE, FELHEEFAE
2-1.

2.4.1 XRD ##f

Intensity
..

JA J LAAAL‘A- AM;U\

5 10 15 20 25 30 35 40
260/°

B 2-5 REZHER LSX # XRD Hit

Fig. 2-5 XRD patterns of samples with different ion-exchange degree

2-5 ANFZHE (Li, Na) -LSX 4 FIRl) XRD 8. Bt
RAY 20 IR 22 FioR. TN WBERRENN, A LR FHRXBEN
mAL#, FIFR2 PLHMN 6 MRIERE, HAaK:

ag=dx (h2 e +12)1/2

WHBZRMFE R a . Bl 1~5 5 a5 54 25.4578. 25.0187. 24.9569.
249576 F1 24.9221, KPS FRERED. K | SHS (RETHHEH
Na-LSX) I 5 SH&H (KHEH 100%8K085, B Li-LSX) , FHEZEEX
KA TF: 5 SFEMM 20=1540°~15.54°4b I TR KT 1 SHER, T 20=30.24°~
30.56°5 26=31.92°~32.26° b G /N T 1 SHEH, TEREARREGT—H
HFEFHEREZL (MEREFENEET) , B—HHEEFIHAEF
A5, BEEMNEBER#FTH—SHEER.
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2T KFRATBIRENT

BEE KRS R BL AT, 4 FIRILIE A A Na B a4 LiT AU, 2R T

R2-2 PEHEE ST AR
Table 2-2 Angles of crystal face of samples

RE RS REMEAE(C) & w5 HEMEAR()

1 6.1 1 23.28
2 6.16 2 23.44
(.1,1) 3 6.16 (5 3 3) 3 23.48
4 6.16 4 2352
5 6.2 5 23.54
1 9.98 1 26.62
2 10.06 2 26.8
(2.2,0) 3 10.08 (5.5 3 3 26.84
4 10.08 4 26.88
5 10.1 5 269
1 15.42 1 309
2 15.5 2 3112
(.31 3 15.56 (7. 1,5 3 312
4 1558 4 312
5 15.58 5 31.22

Na-LSX 2 T Al S e P B 7 54 M RE R B R M L B B . 5T
B AR, 5 XRD R iR R E A b B . EE
FEZ 065 PFRBFER (0955) , NbASFRHHAELERE, S
HEMATHRFOTUARHEEFHNE T, SIHE LRITHRUEA, A6
RMEETFAHETF, BBNBERENTHEPL, BFREEX, REEE
gk, MESTFHREEENTHET, MFEHMITERKKOBED, &
Li-LSX @S H/MF Na-LSX RS %, 10 Na-LSX # T-O-T (T=Si, AD AJEE
a7 134.8°~145.5°, T Li-LSX f T-O-T BB %50 130°, ENEHIE T IFIUE
PAH 109.5°%), Na'i& BB Kok HiErE (58) AINE AR T ENEAENER
Tk, i B LR8N Na* 5t FRR BSR4 AU, SRR Rt E,
BRTHENRAGH. TEETFED, MNEEOZHERAD, FERETES
FHEER, WiEREEN IR EEEEREHNERRRE.

2.4.2 SEM 74

B 26 2 1 BEREGA S SREAE SEM B . WEFR, | SHAMS S
R TR S AT R A (~Spm), ELARBRIEHT, BIE FARBIER IR
AKX,
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A6 Tl K% T4 %48 3

Bl 2-6 #ahfISEM My, a1 SHEM, b s SHES
Fig. 2-6 SEM images of samples, a: No. 1; b: No.5

2.43 TG-DTA £#F

B 2-7 F1/E 2-8 /35 | SHEMF S SHSE TG-DTG K. M DTG #iZkT
ALAEH, 200CZa1, B MERSE —NH BRI, XA TN YRR K
KE¥R. Bl 294HT 1 SHEMA S SHMMERELZK TG-DTA k. AF
% TG M EATLIEH, | SHRMNREERN 16%, S SHMNKRERNLET
22%, WEIFAILLES, KREREE 400CZH, IRHEAREHEERFLK
SRR, HALEZH, 5 FHAIRMAENMEE, B S SHMMTRITESH
Ke H5h, AR TG MEEREZE, ENHEMN LHESE, XRHTH
BYHRLE, BRETEREEIEE FREWTE.

100

95 ’
g EXO0
-
£ 90
[}

85 » mjm

80 I 1 1 1

0 200 400 600 800 1000

t/T
B 2-71 SREZT|HF WA TG-DTG #hLL
Fig. 2-7 TG-DTA curves of sample No:1
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52T KT R REREST

100
TG
//
90
. .\ EXO
fo DTG
2
80
ENDO
70 1 - 1 i 1
0 200 400 600 800 1000
t/C

2-8 5 SH AR TG-DTG Mgk
Fig. 2-8 TG-DTA curves of sample No 5

i 2-9 F DTA BHEFTR, WAHMTE 200°C 2RISR T g, XE
BT HA B BT 4 S KEUR KBTS, 7 a HIZHF, 1 SHMATE 530°C-560°CTa
BERAE—MRAE, B X B RS RIRERENT 700°CH), HEME g R
B A Na-LSX 7--F & BREM P, MRS, 5 SHRAEEXMEREEEAR

BRI (Nl 2-7b iR , WA LiA)E, Li-LSX K#iEEHnB
BI|H®,
106
; - b|.
-Eu; “é 5
’2 L :‘ . 13] A
|
i
80 70
0 200 400 600 800 JOOD 0 200 400 600 80O 100D
T /T

K 2-9 H&E TG-DTA B4k, a: 1 5Hdh, b: 5 5HM
Fig. 2-9 TG-DTA curves of samples, a: No. 1, b: No.5

244 FT-IR 9%

Bl2-10 21 SEREGH S SREAMLMER. BN 970 em™ AbHHE
RIS R 4 % Si-0-Al @RS, BAEELAREREEERS S 1), B
HEE U AREEAEAR, FTUERERATJLFEERE Si-0-Si &), 1 Si-0O-Al #
RETHATREFRENERISE, FTLLZERR, | SHESAS S#ERTH
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T K% T 26

W 5> HIALF 965.97 cm™ 1 971.77 em™, BRI BAMAK, BIES T8
B, BEBRRENIRRERE.

L] 100

Transmittance 6]
60 0 0
" "
@

50

h S

; as REAVEeRER AN

i iz SEEFEIIIATE

3500 3000 2600 2000 1500 1000 500
Wavenurrber cm1

2-10 1 55 SHAMLIMER
Fig. 2-10 IR spectrum of sample no.land no. §

FcakaRE™M, SRR IREIELE 650-820cm™, H AP A 4GRS
%3 650-720cm™, DU hSM B4R R B K 750-820cm™ . G0 2-10 FioR, B BT
e, REDEENEBERSIAE D 664.75cm™ F 696.37cm™ B ME (1 S
A FBFNEIT 668.70cm™ FH7E 696cm™ FHE HI— B/ MIJFIE (S RS,
AR E AR LN & 742.42cm™ #3)F) T 746.53cm™ . Rabol!'
1B 550-600cm™ F1 440-500cm™ 75 [ {914 4 B3 B A HF R 5T AR, 1 2
BRI IRB) S E B AL F 557.48em™, 5 SRS TITE 584.95em™ Bt i HBL K/
AEMIE (HE 2-10 i) « EBH ' MANXE LITREAHREEDL, T
SLFARERMFEDATLHE (N 22 FiR) BMEX. — &K HE 164 ST
fE, M S 1% 324, Feuerstein®™ iz S 1 °H 31 A Li*, BIJLEHFEHS D’
WM. BT XA RS R 2 BB M LiTREm, 4T ERigRESE, &
HIRT — MBS RAENIRR . BARENH 457.59cm™ &R 45727
em’.

O (FO) KSHEA T 300-420cm™, —fRiHR, HHK, WIAEMIE,
ERLHERT, S5H9cp DY TCHR BT 3 B AR AE I R AE 410cm™ BHE, 075 TG HR MR 1% 75
FEFMMMLE, FRE™, X MR+ oA ORI TR AZ
365cm™ A,

B ER LA i s, 7R 2-10 9, 1637cm™ HE (1 S 5 SHARLS
F7E 1641.50cm™ F1 1641.08cm™) F1 3435cm™ (1 © 5 EHAAHRSUE
3439.26cm™ A1 3436.37cm™) BFFLELIE, XFMEN S F R B TFRE LM
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52 T AKHEE B REN T

KT,
2.5 KE/NE

FEERT LICl BWHRIWE . 8K BN IR AT 1 AT e it 18) 5 2 405
Na-LSX A A FRAZHERIEW, MTBETELRER G TRENKBEBER
Bk AR KB 90°C, LiCl BBMWKE R 0.4mol/L. RHIKE A 4 KFE
RAT B B AT e F (8] g 2 /N

RIELREXY, EAEBE TR, BEEFE LK Na B3 #HH LiT, LSX 4
FIRFIBMR D, BN, PIREHERA, FRRIIFIARSE HREL,
BRSREREMIGRRET K.
. MK IRE, BREBFXBRETLAT 100%, BEEBFFHRAR
AR (10% 2275 ) F[E AR X R 2 25 i) BT 1l 20 31X F 36 0 43 F 07 B A4 Tl
gz,
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3T BRI n T oY

E3E BRMERSFEILAITEEE
3.1 3|8
B EEM LR, FAKBRHRBET Li-LSX, {BRETH

B, SEFORBARZ™E. EHRE TV ENARSH T EME, My
M EAE. B2, HREURKBSTEEG FUTRAGERNST, By, 2
EEBTHREE, RXFTEEI DAL SIS HRTR, RS 0%
FE ) 7

BRI IER R BT RO S BRI, IS BB E G, 2K
BEAEITHER, AEFXELBXAHE S R T
3.2 SLIGU R 5L ES

SR ERNEERARE 31, FENREELE 32,

&R 3-1 55 AR

Table 3-1 Chemical reagents in the experiment

WA AR g A=l FK
Na-LSX Ll gg RERIACT A H
HNO; T4 (AR) RFanT
LiCI-H,0 74l (AR 25 8 A A H R AT
EHTFK 1

# 32 ARPHRRAR

Table 3-2 Instruments in the experiment

2BH 2R R AR
HfRF BS210S IR R RFERAE
fER K 55-1 HNEAERRHRA R
A DA R FHREHI SX-4-10 KRR NBEWRAR
BHAKRNEZE SHz-D (III) G i 2 T
RN F R4 ZKF030 LERROETHRAR
AL Ak e $21-1 LB A FRUBHRARA

A, FABEBRESSETAHNCEICPIEEE FAHRE, LA
X RA%E PE A8 4§ Optima 2000DV /RSB 7R 4 %ik, KK
| 160-900, 4r#¥%: <0.003nm, ¥FE: RSD<0.5%.
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U T K% T %0 PR X

33 XS IEEEFRKRITE

3.3.1 XILTIE

FREBRFEERBUATHRLE, HEBRANERTHEETHE, HFLk
AFWKE, ZERRETFHFBERRESN AN,

BEAMRRLSBRWT, B—EREENLEN Na-LSX B, BE—F4&K
0.4mol/L MIEALERE, X% 2h LIS, #hiE, RESK, 3 500mL~600mL
HEB TSR, BRRY, BBINEREFNESNALERRES,
HATBE R, BESE, THEFTK.

FHRRESEHFRIMEE (ICP) MERBIMA FHES, HNEEH
MERAERTHERTSE.

332 LR

3321 RRBEMS FRERHZIRE

100

80

60

ion exchange degree

1 ! !

40
1 2 3 4
exchange time
B3-1 STHR BN T T R

Fig.3-1 Effect of exchanged time on the ion-exchange degree of samples

B 3-1 REAKRERBIRSMERTRRE, ENE—RTHIEN R B
ZE, BENERTREKIKE 42.46%. 76.69%. 90.13%F0 101.91%. HEAT
&, HFERATENE ZEM#EER, MEENTREFERKNEH, E
RN BRI IZRE, 38 = IR RS DU IR 35 BT 4 F AL BB S i B0 A1) A
ZRIK.
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3T R PR T Al T T A AR

3322 BRPEZSFHNEE

0. 04
4
1 0.03
—
Gt
(o}
g 0.02 1
0.01 L 1
1 2 3 4

exchange time

B3-2 BT BT & BT BRI BN

Fig.3-2 Relationship between molar number of Li* in mother liquor and exchange times

B 32 BRZ2ATHUEBIBRFHEEFEE. SURRBRERE, Bl
RSB T4 BKIAY 0.020mol. 0.024mol. 0.027mol A1 0.032mol. W LAEH,
REE AT H kB, BRPEEMESTFHEREDRMZ M, R, 3
B34 FiE EMEETERED, XRXMIBENEE FRENEEL@.

3323 ERPEETFHESE

0. 0075 3

0.007 |

1+

0. 0065 |

0.006

mol of L

0. 0055 4

0. 005 - -

1 2 3 4
exchange times

B3-3 PR S RE RIS

Fig.3-3 Relationship between molar number of Li" in filted liquor and exchange times
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R TA R T2W e

K33 BABEMBIANERMES FEE, BRTBRERE, BRPRE
R B FHIE 5 54 0.0054mol. 0.0069mol. 0.0059mol 1 0.0074mol. & 3-3
A, BEERTHERTEUARAK, BREKENK, XEERENEEB T
HEFOUNRIGHES FREELMBHTS, BEEFKNHERK, MHAE
FIBUARK, FEiuEEr B ZE SN,
3.3.24 NG

St RS ET R NER T EE TS ENE RN R E LM,
R THEBNTHREEFXEETUN RGBSR, ARBE2 T HRTHRLE R
BHEATERFERE, XA TP PERERAER T REE IR G T R
o
3.4 FEIRE&REK AT gEfERy 2

341 XBRTR

TEERNHFRANBRRTRETEMKINE. B 3-2 PR TRRE
SR TR, A E &R E KT 2 Wk Bk 2K Hi AR HI AL B
AWK (0.04mol/L) , FIRHBEIEREHHITTHMH.

342 LWHER

3.4.2.1 RIRBEI S FimBITIRE
B 34 BEAXBEBENS THESABETIHRE, KRA 49.26%.
66.62%. 49.15%F1 58.21%. HIEALLEHETHFZEFR P NS FiF LT #H#
TROMNEFHEME, 2 3221 FHEE, TBERETE, BEE=KM
BRI REREHIA TERFANE TS TR EEEFRRR.
70

60 T

50 4

exchange degree (%)

40

1 2 .3 4
exchange times

Bi3-4 PR IFA REBAS e (O Rt B S B BB ST S K RO 22 AL

Fig.3-4 Relationship between ion-exchange degree in used mother liquor and exchange times
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55 3 % PR Tl 170 X 8
- .}

AR B ES, B, WAETEETIRETATHSFELT. 5
FUBFRETHMETRTPERNOMETEN, dTREENNER, 277
BREMHETREBETRIIFEKER . BIMREIHFHFEN, T
WFE L, SRS FILERBE TR SEHT, BRLHERTHIMETEE—E
W, IR T FER MR TIRE, BEREEETWE R URRERENZT K
BR, EEESHACETHES T EHEE TEHF R HRIKERFT R
%, XHMERHIALRREZMEE.

3422 BREPEETHRIETNHER

0.035 |

0.03 }

mol of Li+

0.025

0.02

1 2 3 4
exchange times

3-5 BHR R 1 F BRI KB A

Fig.3-5 Relationship between molar number of Li" in mother liquor and exchange times

B 3-5 RERPEE TS EMTHRIREHZLER, BRKTHREHERT
BETF5E N 0.0227mols 0.0321mol. 0.0387mol #0 0.0396mol. HEF4N, HEE
TR B, FRPRRESTH EOEE TSRS, XEBTHERS
MAMETEE, BWT A TROTHRE. Eil, XHERGZELEREXRE,
HERHE XK.

3423 RAPESTHEETURR

E 3-6 RIEMTEE T BT HIREMEN, HKIXA 0.00543mol. 0.00693
mol. 0.00594mol 1 0.00742mol. JEHTEEFHEMK, BEEKsIE D, H
HEIRE XA K.
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TR THE AR

0. 0075
0. 007
0.0065

0. 006

mol of Li+

0. 0055 {

0. 005
1 2 3 4

exchange times
Ki3-6 MR FHEBETRKENTL

Fig.3-6 Relationship between molar number of Li" infilted liquor and exchange times

3.4.2.4 NG

B R IH R AIERIE SR E, EERE RS TE T IREET, X
BRR RREE, THRERAZE, NHEPRMNEETERE, REETH
EETEBIARIFE 04mol/L, EROTHIMETHIEM, THRURRE,
B9 B3 2 [ e AN AT
3.5 B

FEFEERT BT R PR A BRI P A4 B T EOT e T
SR PR T SE0 45 R AT ET AN, A SR YV R BB R T R 4T T R B A
e, BR/D, EBTEANEZETAKES, SRRANELESTIELK,
R EM AR B 5. RMERRTEE T RS, 4T EHWE THECHE
B, ERXHN, XEHETEW T RN TANE, EWETIEBRKH,
LS TR ECTBRMEE TR,

B2, ZFRFEAREEETFHRE, MO TRETXRIESEBEREW,
ES) A N B

R REBRRE TR, DARENEETSI, HiAKREIEER
FFX F ERIBE S T
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4 T (AR T2CIRRERI T

F4E BHEBSFRBRMEERR

4.1 31§

fFRESE X R RS FROEE TR, KERCRIERAER S, B
R, EEENAHE, SHRETED 6%z b, HETWERNER, NE
3-1 ha[UE H, TEE—RHRE, AF 40%MWE TR, 5 RTH,
XM T L4 30%MHEF, BEBZK, (UUFE 10%0H BT, SIK
ME/p. HETHHER, EESRIBROHT, BEFTHRUEELKR TR,

FERAES KX HRERE, SINARETFIHRE, SRELHETHETR
#e, UABIREHRENBN. AAXRE—HNA ZNETIRTER, &
BLHRRBD, THRETBSESRE, EXTFROEFIRTEFNRAR .

—fiAh, EEALREES, YERSRUAYHEERIRARE, K
BERBLAMS Tl — ST AR EARILE 5HA RS T RN X &5
EERWAY, B—UREEEHLE. HEBASRLEY, BoLREED
HISB.

EHERE T RRNEENEZAEEE, BALBAN, TR
AR T RS A PR RGBT,

42 KHMNFSHM

42.1 EHUES5HR

SR ERPNERAFAR 4-1, TENBREREK 4-2.
& 4-1 REPHEARA

Table 4-1 Chemical reagent in the experiment

WA LR A AR
Na-LSX Tv REE AT A7
HNO; A4 (AR) JEENEFAUT
LiCl-H,0 ¥4 (AR) EAERALFERAFIFRAE
EBFK B

& 42 BB PRGNS

Table 4-2 Instruments in the experiment

BM LR By ErEl K
BT R BS210S ERBELZRHHRFFR LA
FAD I KRR FHRIZEHIX SX-4-10 RKERFFHNBERAT
BHRKREZE SHZ-D (1) WX E TR

BN TR A ZKF030 EERRAAETHRAF
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EETAL KT F AR

422 REGEERES

4.2.2.1 BBBASE AT (CP)

KA %E PE A 4 7] Optima 2000DV HEBAZE F R L, BKTE
F 160-900, 4+¥i&. <0.003nm, ¥FE: RSD<0.5%
4.2.2.2 X MK TTH (XRD) 947

K Fi 7% B BRUKER/AXS A 7 ] D8 ADVANCE %! X 8 4 ¥y K 75§ 1 - CuKa
EHO0=1.544), BIENK. EHE 3KV, THA 20mA, FHH#EEE 0.5min’.
4223 45 (FT-IR) 947

K P 1= E A& 7 4 5 B TENSOR-27 BUE ST H 20 4h i), BUBER, B
Bl 4000cm'~400¢m™, AHFEMLTF lem™s .
4224 PAHBFRME (SEM) 9

X FI %7 2 FEI 22 & §) FEI Quanta 200 2! 13 i -7 B f 5% . i3 ¥8 & 200KV~30
KV, #¥HE 3.5mm, BUKBEHE=25~x200,000, BEZTE 6x107'Pa, KETHE
13Pa~1330Pa, ¥ g E % 133Pa~2600Pa, SE £k ETD/LFD/GSED, BSE #:k SSD,
BRER R 9200mm.

4.2.2.5 & (TG-DTA) 4
KHEERFH WCT-2 RAE-EREA N, ERRFAFIE SOml/min, FHR
#E 10K/min, EH=IEH 1000C.

43 EERBRAIRIRTIE

43.1 SFiFErEmaEi

BATHWEKARE TRRAEEE X AL FR (HEETRHREY
H 86%) , B 321 ML BHITHL, BUEHERBAHOSEH.

432 EHEBFRBAZIRSER

R—EBRBAS FHRMAM—KENER KRS, HEHY, BETSHP
i, WEFHERRF: TREMT, UL 1°C/min EE, FHEZE 120°C, 151 120min;
BL 1.33°C/min BB EREFHEE 200°C, 181 120min; 5L 2.5°C/min FIBEE
FBEE—EHRE, HEREUI.

e, 2 Ff—KEHENERES FROFRPETFHEN—KEH
BhEETHERTE, HEKEN 1: 05 1: 1, 1: 155 1: 2, FHEHL
AE WA 2000C, 250°C, 300°C, 350°C, 400°C, 450°CH1500°C, 1A ARy
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54T AR TR RERITT

% 60min, 120min, 180min, 240min, 300min F1 360min,
433 REFmBEL

B—EFRER Na-LSX 58, EFIHPS, BEFARERTA: BREH
F, LA 5°C/min B2 K FHE E] 100°C, 1EI8 2h, 2R J& LA 5°C/min B2 K FHR F) 450°C,
{88 1h.
4.4 FEIBZIREHXZHRE R0

BEFHTHRERNEATETEER 231 PR, IHEHEEFIHREN
ARA:

J(%)={[Ax 10" xVIM]x M(Na)/M(Li)}/[M(Na)’/Mf]

A: ICPHBEMNEEFEE (ppm);

V: ERRIEIRL);

M: BREEES T IR ()

M(Na): Na HAEX 73 F B &

M(Nay’: 2 F7% Na f1EHx5FRE:

M(Li): Li BIAEXT 4 F &

Mf: S FIRRIARXS 5> F &

4.4.1 HFiESE LAY BT L R E B 220G

120
=
8 /\I
)
8 80
[ K]
&
£ 40 |
b
o
S

0

0.5 1 1.5 2

the ratio of LiCl to Nat in LSX

4-1 B L5 17 Na' tb X 308 e
Fig.4-1 Effect of the ratio of Li* to Na' ion the exchanged degree of LSX

BA 2g Z2RRATHT K TRmAER, 25% 85T RM—KELER s
B1: 05, 1: 1. 1: 1L5F1: 2 (g 4-1) « LRERER, WNFHZHRLET,
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ETW R THB 208

BERZHEEKIRN 78.37%- 87.33%. 102.39%F1 96.01%. RIEE 4-1 BRHY
RBEBBKRE, XHEHE—KEEAEME MK, BERREE N 1.
1.56

TEER 1 1.5 R, BETREERT 100%0H %, X—HELAEHNF
FRNSBRRENSE, H—FHH, BAREESTHESNMRSESR, dFm
BHIE, SEEHS>FTHERMES TREE.

4.42 FTHREFE) X 3245 OS2

100

Ion exchange degree
%)

0 S ! | |

60 120 180 240 300 360
Exchange time (min)
B 4-2 X He I (3] X 2T R S T3 0
Fig. 4-2 Effect of exchange time on the ion exchange degree of LSX

L 2g AT E A 86% 14 Tt b Rkt 1M 1:1.5 MBI 5 LiCl IBE, §K
RHME SBEEERMNES A A 60mine 120min. 180min. 240min. 300min
F1360min. HEATHET BN RE R, HLNE 4-2 BioR, BEERT R,
HATBERIKA 92.76%. 93.41%. 90.02%. 86.66%. 83.86 F 94.49%, X HfE
BHEERAD, BEEEEERERA 180min.

443 RiIRREXZIREMEM

¥ BIE R A 200°C, 250°C, 300°C, 350°C, 400°C, 450°C, 500°C . 18 ZI| & 4-3
ek, EEMEEEMT, HXHESFIHN 92.26% 93.71%. 94.61%. 97.41%.
90.86%- 102.05%%1 99.42%, AILLEH, EXMEEEEN, XBERFTER
KF, BREEREAR, XHEHEBER EAWER, SHEREHR 350C.
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—_
[
o O

;,_,__./-0\/\1’

[0.2]
(]
T

[N [
(o) o
T T

Ion—exchange degree (%)
o
S

0 | -} 1 1 1

200 250 300 350 400 450 500
Temperature in exchange process (C)

Bl 4-3 AT I EXT AT H L M
Fig. 4-3 Effect of exchanged temperature on the ion exchange degree of LSX

4.5 GHIMERERIE

4.5.1 XRD ©#F
=
oy i-LSX
Bl -
0 20 40 60 “80

20 (°)
B 4-4 RITHB 4 F 97 R B AR AT e f /9 4 F 95 A9 XRD B
Fig.4-4 XRD patterns of Na-LSX and Li-LSX samples

& 4-4 BRAXZHEHER (Na-LSX) FSHEEKBBZHRMEAEAT®RZ 58
FIHS (Li-LSX) B XRD M., MBI HTa, TGS T MES R KA
BEHRBE, R4-350HT AN FTEEXBIEL. LEXLMENSEITES
FIGME R ap. HMCHERT, )G MM, EERTERELH.
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R T KF T 20 LF R

* 43 HMTTREXN N ARE
Table4-3 Angles of crystal face of samples

RO RS BRANEAKC) K@ RS BENRAK(C)

1 6.1 1 2328
[CIY (5. 3, 3
2 6.14 2 23, 56
1 9.93 1 26.62
2,2,0 5, 5. 3
( ) 2 10.04 ( ) 2 26. 92
1 1542 1 309
(3,3,1) (7. 1. 5
2 15.52 2 31.3

¥E: 10 Na-LSX (SM% % ag=25.4578) : 2 K Li-LSX (FAMH % 2,=25.0636)

4.5.2 SEM 9 #f

P 4-5 P SEM MR, a:Na-LSX, b: Li-LSX
Fig. 4-5 SEM images of samples, a: Na-LSX, b: Li-LSX

4-5 R RAZHAF i (Na-LSX) F 5% f5 25 7K o 0 38 0 0 (B A AT S (O

(Li-LSX)#) SEM BB o A8 el Ja B9 9 F JRORLRE 434 7 B AL A K (B8 ~ Spm),
HECHREW, R PR EERERAK.

4.5.3 TG-DTA 94

B 4-6 FIE 4-7 7 5 R EAMZZ BB EIFES (Li-LSX) # TG-DTG # TG-DTA Hf
%. NETH TG BETUEH, HRNEERAN 32%, BREXEREE
200°C Z§i, FHELER] 400CZ 5, RUAREMNA S EER S FRRMHIAK, T
FMEIRELE 400CZRIFMEILT, X Li-LSX FKZEMEE Nt

Na-LSX K. TG HiZ7E 700°CZ JG KL T £#, iXF Na-LSX HEHIERARR,
BDFER7E R &1 F L.
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4T W TR

weight (%)

60 1 1 L 1

0 200 400 600 800 1000
t/C
B 4-6 [P HAE A TG-DTG HiZk
Fig. 4-6 TG-DTG curves of sample prepared by solid state ion-exchanged process

100
90
. .
£ 80
g o
70 |
60 1 I L i
O 200 400 600 800 1000
t/C

B 4-7 [BARZCHAE SR TG-DTA Hi%Z
Fig4-7 TG-DTA curves of sample prepared by solid state ion-exchanged process

DTA BiZ 1, 200°C 2 Al B s & 4 7 7 BIR B K 5 45 Bk A 8 70
FIERT B, %t Na-LSX ) DTA #i£ - #E 530°C-560CE [ A H — MR #Alg, B
FEHEETHERT SRS, 2 FHRERZE 700°C 2 HIRH 9 B HR AR HE,
XML TAE, FENREELT.

Na-LSX # DTA 4% (B 2-9a) &, 200°C LA fR Hid o 49 350 Bif 7K B
B, 8 47 &, ZEEBTRRHTERKNSFHZENERNEK. &£
400°C A HBLHIZIE, TR P 2% FEAL 2 i BT 3
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EE T RETER - FR

454 FT-IR 9347

K 4-8 REFHTEMD FRHER (Li-LSX) MERS (Na-LSX) K4 sh
EE, BT, 970cm™ AbMHIT KL %% Si-0-Al BHIHES). Si-0-Al
BRARTHATRRFRBHEAREERLA R 1), FUlizesR, Bt
I 435 M BLFE 965.97cm™ A1 951.63cm™, HAMIEM BBUAK, RHEFR&HE
KREHBABREHTE,

s.
E..
)
és- g
w
©
»
LER T
¢ RIS
fagos
J SERIYS
2 | SuRsgs
LoL I
® i
g 22 82 53¢
= 23 35 Buy
2600 3000 2600 2000 w'w |ﬂ;0 ﬂa)

‘Wmenisrher om |
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Fig. 4-8 IR spectrum of sample before and after prepared by solid state ion-exchanged process
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5.2.1 BB EE FAHHEICP)

¥ A% E PE A R4S Optima 2000DV A% E TR LIE, KKE
B 160-900, #F##E: <0.003nm, ¥ FE: RSD<0.5%
5.2.2 X S RETEH(XRD) 2 #r

5K 4% 5 BRUKER/AXS /A 8] D8 ADVANCE %! X $ 24 KAT5{X . CuKo.
EAO=1.54A), SIS, BHE 35KV, BB 20mA, FHEE 0.5min.
5.2.3 IIMNFT-IR) 47

K FE 488 [ 4 22 75 A B AU TENSOR-27 T 3T HHAT A R, BALEE S, T8
F4000cm™~400cm™, P EMTFicm™.
5.2.4 A EFERIESEM) 2 1

5% F %4 22 FEI /A %) ) FEI Quanta 200 &34 fa 7 B 708  Inid FBL & 200KV~30
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13Pa~1330Pa, F} 3% B % 133Pa~2600Pa, SE # 3k ETD/LFD/GSED, BSE #8:k SSD,
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5.2.5 WE(TG-DTA) ¥

KAEFH WCT-2 B E-ZEREE N, FASAFAME 50ml/min, FHE
# & 10K/min, B EEE 1000C,
SIRMEREH

5.3.1 ASMNRIEFTIR)FE AR

B 5-1 BAKBHAHAMERTREIMER X BBAS FROLIMER. &
Eaa, REBARMANEENRK, EFHA LT BT 3436.87cm™
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-47.



R T K TH 20

9P9¥91

T T T T T T T
3600 3000 2500 2000 15600 1000 600
‘Wawnarber oyl

B 5-1 KEBATHAE EITHAFF] Li-LSX ML 5ME
Fig. 5-1 IR Spectrum of Li-LSX prepared by aqueous media and solid-state ion exchange method
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Fig. 5-2 XRD pattterns of Li-LSX prepared by aqueous media and solid-state ion exchange method
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Fig. 5-3 SEM images of Li-LSX prepared by aqueous media and solid-state ion exchange method.'
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1 KBBAT BB BAR AT e M : 90°C/KIB, LiCl ¥ A Bk FE 0.4mol/L.
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Li-LSX 4 FI X #H ik 96% U £, BHAHLE T MM AEX;

2 EKBBERREHEAERPRR, BRTRZE, AP FRINERT
THEILF) 86.6%, HEBE=WAMBINKMESEFHAENMK T2 10%;

3 AR OK RS BT 8 B0 4 F 0% 0 Sk, ) R B 4B AT ik SR TR AR R
HETFAENEE TR, BANRETRENR: ERATTFRN—KEE
BILLBIA 1: 1.5 GRAD TRHFNHBEFA—KELEFRESTRIED K&
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HEIRSI RIS N 742.42 cm™ B EIE| T 746.53 e, SRR B M 4G AE I h 557.48
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