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Abstract

The study of low temperature aluminium electrolytes has become a hot issue for energy saving
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and emission reduction in the aluminium electrolysis industry in recent years, and the exploration
of their basic physicochemical properties is an inevitable process. In this paper, the structural and
transport properties of the nKF-2.2NaF-AlF; molten salt system at 1100 K have been systematical-
ly investigated using a combination of density flooding theory and classical molecular dynamics
methods. The results show that in the equilibrium high-temperature potassium cryolite molten
salt system, hexacoordinated [AlF¢]?-, pentacoordinated [AlFs]? and tetracoordinated [AlF4]- com-
plex ions co-exist, and the hexacoordinated aluminium-fluorine ion group dominates (more than
70%) and undergoes partial dissociation to produce pentacoordinated or tetracoordinated ion
groups; As the KF concentration increases, the amount of free fluorine atoms in the electrolyte
system increases, the bridge fluorine content gradually decreases and the degree of polymerisa-
tion of the system decreases. In addition, the addition of KF causes the dissociation of the bridging
fluorine ions, the self-diffusion coefficients of Na and Al will first increase and then decrease, and
the system shows the characteristics of low viscosity and high conductivity, but when the KF con-
centration reaches 2%, the conductivity will gradually decrease.
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1. 51§

BE XS5 RESCHER 1) 8, KF-NaF-AlF; PRI A AR IR RPN R AL GiES Fi AR NaF-AlF; 18 $h 14 R i3
M BAM[1] [2] [3] [4]. B4, FEHREMFZERE S, kB ER@E WA K JuRmE AR
Al S E N NaF-AlF; (5 1k 2, AR ARG Ehrpodir s 48 . (Rt  MERVR AN Tl S BR ¥ A BE R 72
KF-NaF-AlF; 14 £5 (1] 59 1 45 F AN s v i 2 28 0 B 2 . SR KF-NaF-AlLF; {RR HU T 14 & (1A 5t 2 22
SERIERHETE, @ P T2 S ) IR AR MR & @ fan i . SR1f7, XX KF-NaF-AlF; {4
R T L BERRT AR, XT3 77 T (R 78 3 BRI A G se 50 1 77 VE(5] [6] [7], AH TR 5T
WRIBTEHEAR, GELIGH RIS — S EE: 1) FRERETEEREREAR, %0
WA SERE P, H S0 o DL 5k s 2) ALDIE SR S T A A G S BRI IR
FUSFIREIA, X SCUe AR R dIFR T R W ER: 3) IS T ML E 2R 4) B LR EIE
RIS T 0%, I 7 seseill &R 2. BIH 1, X KF-NaF-AlF; 45 #1038 74 Wia A
RETH 2E RN AT

w4, BEERECHE8]. BILIRIGIE 91 LA SR E AR 1011 K R, AMTXF NaF-AlF; J& #h 14
RIGEWA TEIMRANN T iR FAE BRI\ EAR, SR P TSR IR . R %E
[L1MH SRR BVEREF T UK I SRR RINEEH, IFTHAE T 24 3NaF-AlF; G Eh R R 4L T 1283 K I, f&
F BT AT B S A RAR 7 AT R DA AN [ R B S R R AR sR A SRIG A R MUK AL S
AIE Hfoy Fagididn 2 AL, AN ES T4 xNa'-yF 3 7431 b &4 5820 1) AIE, B A AIF, Al
AIF) B7H, 161X B it F2 ip A7 15 50 0 (B B 7 DU IO O B IR AL F, 2558 PP % o
M S AR T LUR B, VKA SR R b BRI FR U A AN I8 5], SRR B A N SR I A2 B K . R
T2, RIS N[1285E 50 T30 71507 98 T NaF-AlF; — 70 245K, (E3ET BMH BY 346k $ )
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fik b, #IE T (NaF)x(AlF3), x(x = 0.8, 0.75, 0.67, 0.5)/K R{E 1323 K W (L5 MR, FHH50 & 5 7545
F A R F-ALF (W8 0 A5 45815 B . D.K. Belashchenko %5[131F| & iy 78 1125 3:0F 7 T
UK A BRI AR RIS . 122 DL M . B8 55 N [14]18 A & T4 22 DSk TH 5 7150
NaF-AlIF; o4 & H 88 9 DY 1 1k B AESS 3t AT T 98, (625 FEAH AR ER S DY ¢4 (2t b, N DU ThI A4 7
JIFREIF 118 NaF-AlF; — Jo44 2 iy 4 X JEA S00 PR A 4 R A5 2 DL R A 3T X M dgond R 25 il iR sh s =
SR, AKX KF-NaF-AlF; 1 h R R IR BRI SO P 5, R S AR b o BE4ESE(15]
TR A HZRIEIE T4 KF 0% 2% 4% 6%~20% FLMR AR R 0 iii i, HOkE M 1k h 2.0,
2.1 DK 2.2, AATTIACHTEE S /20 T EIE R, 24 KF I8 3 INeT, HR i 1A R (10 4] S i Bk 2 BRI,
HARREEIINN 1% KF, %) dibif B FEAK 2~4 SR IRHE, 4 KF &80 15%0F, #) ikl B 22 PR E] 850 $&IK
[, A. P. Apisarov Z5[16]I & T M5l 54 KF-NaF-AlF; 7£ 800 5% [ 5 FI4A 24 w22 18] A6, 5 Y R P9 1)
HL SR, HIKFA 2 TE CR = [NaF]/([KF] + [NaF]) = 1.3 (L &%=1.5). HISZIQT] %1, #5405 T4l B 1Y
s NIRRT SRR SR RIG N AR F R ER TRV A S B 6 L DA K 2y 7 L g3 ma 384 m - B
AN P2 PR AR . A A0S (17 T ] K A 2k A e K s 70 A3 e T
KF-NaF-AlF; & H i 1R H 7k 77 DAACE B, HURF AR FEVEEIAE 1013 K~1103 K, 73 F A 1.3~1.41, 5E
IO LE IR R RN AR 5K ) B AL S BB sg i, B E SRR LR R,
AXECHPREM L, AEEZREE 5SS 0 T 1 FME SN EIER E & T
KF-2.2NaF-AlF; LRI A RTEANR] KF W T RIS 450, TR Rt SHatm. Nz Eay
Wres i SR ENE R Z IAIRIEC R, AR TX AR TR R G & EIRZI AR, AR AR Tk B8 B RLA.

2. FFERIHETE
2.1. HiptEH
ARCFI AR — YRR, BT R RAE SR, B R TR AR g T s Rt B, 15

PR TAEAFEIRR T A I E SRRt 4. RN, BRI R P ER RS T, H
R R AR R 2 AR BRI, Se SR T, B DAEAST R 7 A 55 4%

BRI Bt S PRI Buckingham 35 pR 06 AR PEARAFATINA SRS 70 T2 IS R A S5, sk 1

7o KF-NaF-AlF; 14 22 275 A LA FH B KA I EARAE F 71 ULRGERZ Y] Buchingham JEFEAR S GETI17]:
J _ _ -6

PP +A[jexp( B};j) G,y e

AR A B 5 RoR R 35 BHE R 3 Re DU AR AR BLAE 3488, Z BT AT Higg, 2R

BTIRIMEEE, A DL p AHERHGESE, C ATEAREIAE A 2.

1 ZZ.e
th(rif)z -
i

Table 1. Results of the fitting of each ion-pair potential parameter for the aluminium electrolyte KF-NaF-AlIF; system

% 1. REME KF-NaF-AIF; RSB THESHHIAER

Ion1 Ion j A/kcal/mol B/ A C/kcal/mol/A
Al Al 226,514.38 2.06 15,553.35
Al F 1,087,121.56 5.48 521.21
F F 559,920.6 5.04 151.09
Al 185,526.64 5.08 49.82
F 51,426.66 3.94 0
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Continued

Na Al 113,574.02 322 0

Na F 281,803.66 4.28 2094.29

22. BUERFSHE

AR SCIAE S5 7 KF &85 2.2NaF-AlF; 74 2 4544 DL B AL 24P 5 1) 5200, SR Materials studio
AP AT IR REER A A S 3 J1 232 5. KF EERRP I E S 8N wt% =0, 2. 6. 10, 14, T
NaF/AIF; = 2.2, HIEEH THRRFEE PRI 2 KF S8 0%, KRPH 1238 I~ F 7T, 524
A Na i+, 238/ Al 24 KF &8N 2%, ERFE 1183 4N F JHF, 497 4~ Na i+, 2244~ Al
R, 14N KR 4 KF &8N 6%0, ARAFE 1210 4 F T, 506 4 Na JiF, 220 /> Al J5F,
444K BT M KF 58N 10%, RS 1215 N F BT, 481 4 Na Jir, 220 4> AlEF, 744
JiFs M KF H8N 14%, HAEFAH 1219 4 F 5T, 499 > Na J5i+, 212 ALJEF, 106 4 K JE5
WY T H 0 DS B AR REEH, RRIBEEWEN 1100 K, % 1.91~1.96 g/em® [18], Figik e N bl
AL .

K F Materials studio {1 1 (1) Forcite BEHAT S48 REAT 2 12205, (AR RAL T NVT RERIIEL,
RPTEASALTH SR R (R R R R B T4 RRURIR AR . BRSO 1 fs, SRR (]2 200 ps. 5
1A EEAS A FH UL R A AR/ E i i Ewald S A0FE, Buffer %559 0.5 A, BKEEE N 155 A, fEEITHE
FE1E N 0.5 keal/mole TEARALLH R FH 1 J& AV L0 T A6 PR I B 1 1 008

3. ER51T1i8
3.1. RS

T8 1) 3 A R B RE S AT AT B o BT AR S5 R PE R . 6] 1 2R T KF-2.2NaF-AlF; 14 & H 3 7 25 5%
P IA r A BR A, A — U ) AR R/ NROR B S R P B, BREdE sk 2 Fs. BRI T
PRI, Na-Na &% (13558 Bl KF 3L I ZE N, K-Na B1X -3 5K B KF R EET)
B o 2B e KSR/, FRE 10% KF &2 P KEBIHRKE, N 3.71. K-Al & 751
BB K-Na S 702800, (H K-Al B0 F A8 AE KF IRIEN 6% AR RE, N
3.93. K-F B0 T 5K i A8 A JA o2 Bl KF W FE 38 b im 52 I LR SR B 5 e b i 3, R E S 20N
10% I A B B KAE, N 237, HEBFR-FAER A [ . ERTERNZ, ALF B1XF
Brg K KF R A IEANI &, FREfE 1.89 /idas

IS AL-F B A% [A) 73 A7 BB EU(RDF)IEAT AL il DR LA 55 1 A ) F s I EC Az 3. 5
A w=(2):

R

Ny r =4m1p; _[rngl—F (”)d” (2)

Hrp B4R R 542 2040 AL g S — BN R, pp N F TR0 LB . AR KF IR
AP RE TR 2 Fros, TR A0 R BRI R — A/ IME AR X RLAR 2> i 2k (2 Ak AR R
™ AL ET RIS, FrUOANE T E R A R PR EE T 5 B 6 2 M8], BEED T HE
nKF-2.2NaF-AlF; 15 8h 14 2 o, 80003 /S UL ES ML ALF 6] 43 R Ax B9 A S L A Bt L G A7 45 ) 550 D T 7 455 4
ZIR AT KA R. AHE KF IRERIBIN, PR R HRN, 8k &R i 45
REVE A S AR I o

o
e
[_
i
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Figure 1. Radial distribution function (RDF) variation curves for each ion pair in the xXKF + 2.2NaF-AlF; system with different
KF concentrations

& 1. T KF ;KRB XKF + 2.2NaF-AlF; {5 2 & B F 3412 5143 7 B BU(RDF) T 4L B 4%

Table 2. Average bond length (A) of each ion pair in the xKF + 2.2NaF-AlF; molten salt system at different KF concentrations
2. TE KF iRE THI xKF + 2.2NaF-AlF; S A R & B FXTRFEHRKA)

RDF 55— {E 22 (A)

Wt.%KF Na-Na Na-Al Na-F Al-Al Al-F F-F K-Na K-Al K-F
0% 3.97 3.55 2.37 5.97 1.89 2.87
2% 3.61 3.97 2.41 6.11 1.87 2.71 3.25 3.87 2.21
6% 3.63 3.59 237 5.83 1.91 2.69 3.67 3.93 231
10% 3.55 3.51 235 6.39 1.89 2.65 3.71 3.79 2.37
14% 3.43 3.61 2.39 6.07 1.91 2.67 3.61 3.67 2.27

ARSCAES A b, B HEAT TR R PUBCAI[ALRL] - TLECOZ[ALRS] . ANECAZ[AIR ] B RIS KF
WREAARTT AR R T 5, BR80T I BAR A G 8] 3(a) R . S5 R 2R, IEEh ik R & U RS AL
FBCH LR SR, For IO B S RS, ASEAME S SEEA 2 A0, UEE Sk
RAHONECAIAZ EHEE X SN, H KF W (0%~14%) %K R B0 A6 IRZ AR K, B KF RER)
Ak, R RIS E RS A AR, SRR G RN, U TR R e K AETS
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Figure 2. Variation curves of the average coordination number of Al-F ion pairs
in the xKF + 2.2NaF-AlF; system at different KF concentrations

Bl 2. INE KFRET xKF + 2.2NaF-AlF; K& Al-F BF X EI9E A
Tk

P48 Er BT B A R AL O A 48 & 85 T B AL R U A 48 & 85 7, 5 F U g R —3.

SRS T IR B o A A R S A FEFE AR A R RS, I 2044 R i MR A A — 52 152 .
3(b) AR KF B Tk & F IR -T2 o0 A I 28, 32 B A 3 Fo(BRI PR R T LA AL-F-ALTE UA71TE)
Ui Foo(RF F 7 HIESE— AR T IR PR R TR R 3B —i) . B BoR TR RS
Hra Fy JIT o7 B LLAG R 40%~60% e 47, 1T 3 96T o R 20 EE 2028 20%, X BB | nKF-2.2NaF-AlF; & 25 {4
RIEFTEIIAE T RGER . HMERRS KF RERIIN, 2 KIMFRAT b L] 2% 58
/N, TR PR LG ) 238 1S W6 7 S N7 KF I\ 22 FEAIK KF-2.2NaF-AlF; 18 Eh K R R S
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Figure 3. The xKF+2.2NaF-AlF; system at different KF concentrations: (a)
distribution of coordination sites in the molten salt, (b) distribution curve of
F-atom types in the system

& 3. R[E KF KE T xKF + 2.2NaF-AlF; 5% (a) B PEASHRIER,
(b) &F T F JRFEEM iR

3.2. e RS

AR X nKF-2.2NaF-AlF; #4 #i 4k R BET 57 Z M MSDYr#[19], B TR AT R ETIHE
Y HCRE D, HRIE AT S AEO T E H AR E LB S 0 [20] [21] [22]. HHEARK:
K,T

_ 3

=D )
2

oc=pM (4)
K,T

Ky K Boltzmann 2%, 5T 1.38 x 10-23 /K, TRRBAUEEIIEE, 1 #3587 H0bK, @
WEPWNARETEHRETA=2r), n, q /70K ETIHRARBIREE DL B T LA .

Bl 4(a) iR T A F B FIEA R KF WK EE T I A SR ECR U, & 5710 B 8RB KN A
K'>Na">F > Al", ZIiFASH KF SRR . K1 AT BRI A BARE KFIRER
BN RN, BT K-Fy K-Na 857X RSP KRR BN 10% R Bk, HAR B mEs, fH15
K &P HETHEREE —2Mn. F &7 aT 8RR S 8 81128 (2L, BT KF & &1
BTN PAR, A SV AR S [23 UK S A B AR R R IR A — 5. Na B TR ER
Hrow e sh e b KF 9B 103 b 2 30 Je 3 0 5 BRI 3, JRE KF &N 10%M A2 K E. Al
BP0 BUOR BN AR A 2 S 3 IS B, JRAE 2%KF I I 1K B 5 K AH

KF HJA ISR R ARG A A B RRE0E, 5] 4(b)Eor 1 KF WK B AR R ORGP L Fe 3 3 5
i, MR ATCAE H, B RS KF RN, 7R SRR 1S AR IE BN, 75 KF 2 2%} ik
B/ ME . A KF IS PRIE SRR RIOR AR, B K B FRMASE— SR Lintik &% Na
BFIYEL 4 KF WREIAE] 10%2 )5, BT I B POl TR, X2 PR B I e AT 5 1 2
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Figure 4. xKF+2.2NaF-AlF; system at different KF concentrations: (a) Self-diffusion coefficient curves for different ions;
(b) Conductivity vs. viscosity change curves

4. TN[E KF KET xKF+2.2NaF-AlF; (5 %: (a) TREBFHIEYT BIARKHL; (b) ESRSHET ML

4. &g

AR CIE F % Rz R 5 2 Ay T3 15 5 A B 71, RSB T 1100 K T nKF-2.2NaF-AlF;
JE R R BT E50, R TS B P AR A R A Y07 ERRS TR AR R AL ST IR
BLULJ F R FRA A tE L, LA RTFEETHIAT SR, RS SREREER. &
Je, IR RV R B R — 1 R B L BT R T R R A S HINILE, BB RO KRR AR AR A
DA RE AR PEAS M5 &, JFIZH Buckingham R0 HEFEAC A AT LA, SJE ERLE 1A S 501
e EAGEM R RIFHAT /T 2 5. SRR FZ L5 R

1) R R IUBECAI[ALF,] « HECAI[AIES] . NECAZ[AIR] B FHEFILE, ANEAAR S LR E
SHAL, RSB, AR s RS TR, HEE%E KF RERHA, ARERSE
SN, MREEEIRETIEE, R RESTE R,

2) Ffid5 KF WREMHM, Na. Al MEY SRS KERIC, BT —ERE K B rnAs
P4 R RS T B

3) KF FIIMN S FEARAA R IR 4580 5 K. Na B 7RI SOk R rgem, H S0k 5
BRA, FFTEIRIE N 290 ik B K AH .
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