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A AR CIXA A U2 TR IR, R58IEICE
DEGIZHME, fEambSE TEN/ELN TS Y, LIzhi-
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BITDHRMP DA T D~ 7l @) 23R 4 12
BHENZ72DD>OH5, LL, ZTIHOZEENIHETHI
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AR E BN 2B R 5 2 LI K EARR 72 EE 5
A THZ LN TED 2,

BN FEIC L DR R S 2L — a7
B0, AWFFETIL H0 431, Na¥, CI, Br, I'®D 5 4y
T2 —3avREETMELTE, $77, H,0 45T I3HI
{KEE &7 L TdhD SPCE £ /L& = 2, SPC/E
ET NDIRTA—H% Table 1 |Z/RT,

Table 1 SPC/E model parameters

ZHOH 10947 [° ]
doo 031656 [nm]

€00 0.65017  [kJ/mol]
an 0.4238¢ [C)
o -0.8476¢ [C]

IHIZ Ho0 53 F0A A2 DA Ry B AT B <HH LA
FELT,

L
R T D
Uijlryj i Ty Ty 4megTiTip

(R AHRT e VB U, (ry ) 2L,

ZORT VBT, B -HADOT 7T —
VAR HAE AR08 AR /)27 Lennard-Jones potential
LHE HA O —u A EAEMZ KT Coulomb potential
OFNTRIND, F2, IRAF i BLO j TR 7ES, a
BLOBIEFSTFOMEERA, HXEDOETHD, £z, Z
I OEN, e lFEXRFE R, rXMEZE, )l TH2E0OH
BHREHRT, ¢ BELD ¢ 1L Lennard-Jones /X7 A—%ThH
1, HyO 57713 SPC/E BT IVD/RXTA—H | AFNZDU

“ClX Joung-Cheatham /X7 A—2 %A L7z 20, Z0D /3T A
—X% Table 2 |\Z/R9, £z, BARRLF-RICBTHT 1
TAL T INT AL
0y = (040j;)/2

€ij = +/Ciijj»

{2779 Lorentz—Berthelot AN K0 HL, FV =z 27:28),

Table 2 Joung-Cheatham parameters

o [nm] & [kl/mol] ¢ [e]

Na®  0.2160 1.475 1.00
CI" 04830 0.05349 -1.00
Br 0.4902 0.1128 -1.00

I 0.5201  0.1790 -1.00




2.2 YRalb—iavEl

FEE R E Y 2 — T ar OFERS i (Fig. 1 AHR) £L T,
fiFL7e NaCl fidh, 724 AC—H#0 Cl'a BrilE il 7o
NaCl-NaBr ###h (Br:3.1-15.0 wt%) O1Ek AT -7, 1F
RO 2l — a SIS KOME A A %1% Tables 3, 4
\RT, BRGSOV AR 132 2.820 nm DN ITIARE
L TR, #IHIELE T NaCl BURE S 17225 L9 ICh &
L7c, ZOSMETF T 300 ps M- b L7214, fhdmpkE T
alb—va i ALz, %72, NaCl s (Br:0 wt%) 12
DN T R A B AR L0 A 8 O T B O Mt
17007,

FER RS 22l — s ar ORI (Fig. 1 B #5) &
L C, NaCl, NaBr, Nal, NaCl-NaBr &X' NaCl-Nal &
T NVOVERREAT ST, BEFNEIR DB/ YA XL Ly,
Ly 13 2.820 nm, L. |3 EDE L TRY, H0 5
TBIOEFEAA L OWMEEIZT & MCEEL
300 ps fHEE{EL 72, £ D%, NaCl, NaCl-NaBr, NaCl-
Nal #HRIZHOW TR SR S T2 — s a i L7,

X ]
y K TL
L L; ¢
Z
A seed crystal
B : solution

Fig. 1 The crystal growth simulation model

Table 3 Crystal simulation conditions

L.L,L, 2.820 [nm]
Temperature  363.15  [K]
Step number 300000 [step]
Time step 1.0 (fs]
B.C. PBC

Table 4 The number of ions in the

simulations
Na® cr Br | Br[wit%)
500 500 0o 0
500 486 14 | 37
500 473 27 | 71
500 456 4 | 13
500 440 60 | 150

3. MIRBERRUVEE

VERR L7 HERS S D2 4 OB FTEATH 72012, NaCl #%
SR OREE DR % PDF (pair distribution function) 2k
DiEFR L7z, PDF XY Na-Cl [H]#ERfE 0.281, 0.488, 0.630,
0.846 nm [ZBWTE—I B HLNT-, TILHDE — /(L&
1% NaCl #dh O EE R H L7 BERaO e e — 2 i
& 0.281, 0.487, 0.629, 0.844 nm &1 FIF —E L7,
3.1 BREMFRDETIVE

W EAFNVA IR D 2 B VEA feRR T D722 B CHRHUREL
ZRHL, FHlL7Z, 298.15 K OKIRIEFICHBITDEAA
> (Na', CI, Br, I) ® H CIEHUR I OIR EE R A2 7.5
L, DWTNOAF b AT RED EHEEBICE YR
BB LTBY, Izl —ia il ERE 20T
FCME GO, £, S 3ab—a fHEEREZE
358, MD 232l —3a Al KA A OHEAR
FEBRELVEDTNICKREN, LL, 20X R —E
OGRS 3D THHESNTEY, T XTOENFT
F—H —=ThHHIEMD, EMRNFEMETT) ECTHo7e %
YIRS,
3.2 BBRADAF N

PDF % i\ ) C NaCl, NaBr, NaCl-NaBr /Ki&F#ZIZF1)
DA OB AR IE R AT LT, Fig. 2 (@)IZZ DOfE R

%77, Na™-CI'f 35T Na™-Brf#]o> PDF XV, Nat|Zxf
9% Cré Brov —2773 NaCl-NaBr /KIEHRIZE W TH
NaCl, NaBr /KR EFIUALE THHZENDND, £z,
[FA AR DA T REZRZET SN oT, Tk
¥, NaCl-NaBr /KA HIZHBC, Clé Brid AV DA 4
AEIE T, NaCl<° NaBr /KR &R Ui
IR TDHEE R HIND, ZHUE K E Cs™° Ca>'& S
72 E OFALIED B A A TR L ORI 2T SV
EDHIBIVTND B END,  Cle BrobRERIS, 74



PR LM EORELIED, WikiE AL /E<L, B
HODREEICREREEL 52700 EB 2 bd,

KIZ, NaCl, Nal, NaCl-Nal KEIRIZ31F DA 4D
RIS RT3 D28 T, CLEDAA L EERDZEN Br
FOHREW TZDOW TR S ~D BT LT,
Fig. 2 (b)IZZ DfER% "7, Na™-CI i I LU Na™-I'f# D
PDF 1V, BroSAERILEIIC Natlokl45 Clhé e
—2773 NaCl-Nal /KEERIZH T NaCl, Nal Kiafks
RICALIE CHDHIEN 3D, —J7 T, CI-CIE B LT TI-
I} PDF 75 CI-CITH D REBEH L7220, - TfE] oD BERE
WEL o TNDIEN31D, DFEY, NaCl-Nal /KK
IZBWT Cre XAV OAF AT =4 RS2
FURLIRNDS, 7 =F -7 =4 U EIITFL Tn
HZENHIBA LTz, F=, hFA -7 =4 U RIEEN 2
L72NZ &0, CIrE TOKFTIRAEDY NaCl /KIAE#R<> Nal
KERF TR DEZZHND, ZNHORE NG,
IO ENAA AFHIFL T WO E 2 HEL
P2, FERIMEDIRNA AT O ORI T L
TWDIEITREIT,

Fio, AF U HES HO 501 OREIEE T T 57280
(2, A4 -0 PDF Z 35 LT, Z Dk %, Na*
1% 0.24 nm {137, CI° 1% 0.31 nm £}37, BriZ 0.33 nm £f
RN T H0 o FAVKFiEEEE R L TWhDZ b
Mol

WIZ, AF > DRI AR T DD, A4 -
JF1-[#1 > RDF 2§t LT, T OFER, S OFH v
HOmFED D Nat 1369 4.2 f#, CI- 1349 5.7 8, Br 1%
5.9 D Hy0 43 FIZKFISHLU QDI ED )T, T
DOKFINL E LR FEL O FH R & SCHERE 3% Table 5 (2
Fowiz, FEESSTMESIZEA L —HL TODHIEN
Db, £z, Table 5 NHAF R KEW Br, CI,
Na* DJEIZ KT D72 lao TNDZ LR DIND, ZHUIT,
AKFIL TS HoO 53 FIIE DA A LRIV NINIEE
FRKFNL, AL ERBKRELIeD L, KFFEE 11T/
BB, D5 JEHVD HO Gy & DML EFEAAL/RY,
EONZ S TIE R T 5 3530, Kol —aiZB WV ThHIHE
FRICAA L RN NS B 8T, KR s Uiz,

lai_l Na-Cl

2(ry[-]

U [NaBr |
| . =NaCl aq.
' =NaBr aq.
' — NaCl-NaBr aq.

o [BeBe

' .-Ir [er;] :

Fig. 2 (a) Pair distribution functions between
the ions in NaCl (red line), NaBr (blue line)
and NaCl-NaBr (purple line) bulk aqueous
solutions
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Nal aq.
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Fig. 2 (b) Pair distribution functions between
the ions in NaCl (red line)., Nal (yellow line)
and NaCl-Nal (black line) bulk aqueous
solutions.
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Table 5 First hydration position and number

Hydration position [nm|

| Hydration number [-]
Ref. value |

Sim. value Sim. value  Ref. value'**
Na‘ 0.236 0242 | 421 4
cr 0314 0314 | 57 6
Br 0.328 0333 | 594 6

3. 3 AFAU-KEDIRILF—0

NaCl, NaBr XU NaCl-NaBr KIERIZE T o142 -
H,0 i@ EDF (Energy distribution function) % Fig. 3 (a)
{2, NaCl, Nal 3L NaCl-Nal KIEHIZIITHA4 -
H,O [#]® EDF % Fig. 3 (b)IZ/~ 7T, W T NOBERIZEHB
T, Na'3-16x10% J (LI —27 23 FEL, CI<° Br,
[E0E HO EOFAAERBKENZEN DD, CI, Br
BLOTIZENZ-9x102 ], -8x102° J L T-6x1020 ]
FTICE = BIETEL, A4 D ZEN/NEW CI e Br



® H0 LD AAERIXFRIREE THDHI LD DD, T
AR U72d908, A PR NSWNEEKFNFE S ) 2358
BHZENRDN-TEY, BENH BB RT L7
WELE 2z N5, 72, NaCl-NaBr /KIEE CTlL, NaCl /K
WRREHRELC CI-H,0 o —7 & E0MEL, Nat-H,0
MO —7@mEBIEL 2> TUVD, EBIT NaBr KIAK LY
t, Br-H,0 MO —7EShE<, Na-H0 o — 275
SHE LIRS TNDIEN D, ZHUE NarD @14
BHFIZEY, NaCl 23 b b3 27 WIS R e 7 %
eIz B 2 bb, 37205, NaCl-NaBr KK H O
CloZzENEIT NaCl KT XOH KRS, BroZZE Ml
NaBr K T L0H mE<7e>TnHZ 128D (Fig. 3 (a)) o

(a)2sp

NaH (Na] ag)
_—‘200 O A0 (ST g
=
7 — o N N )
= L50
*® B -Hi0 (NaBr agh

e S oL (N T Na e )
T A N Mar g

B A (Nl T-Nalle aq

U 10%)
Fig. 3 (a) Energy distribution finctions
between two bodies of ions and HEO n

NaCl, NaBr, and NaCl-NaBr bulk aqueous
solutions.

(b)2.50
N A (Nl T g
_—200 C1 O N1 sgh
o
E 1.50 — = a0 Nl g
x = - =1 (Nal aq)
f 1.00 — A Ko Nl )
< 0.50 €1 -HO (Nat1-Nal aq)
— oA (NNl )
0.00 .
=20 =10 0 10
/[ %10

Fig. 3 (b) Energy distribution functions
between two bodies of ions and H?_O in

NaCl, Nal, and NaCl-Nal bulk aqueous
solutions.

Table 6 Hydration energy [kJ/mol]

Na’ cr Br I
NaClaq. -509.78 -34228 - -
NaCl-NaBraq. .460.39 -293.03 -266.61 -
NaBraq. 40052 - 21876 -
NaCl aq. -509.78 -34228 - -
NaCl-Nalaq. 36677 -151.50 -  -180.98
Nal aq. 29353 - - 12427

NaCl, Nal, NaCl-Nal /K& IZFV T NaCl-NaBr 7K
IR DB A LRI NatOHlA 4 B B LY RO
255G 7278, NaCl-Nal /K¥Ei# TlE CI-H0 [, T-
H0 MO =7 SN KRESE LT HT LN FERINT-
(Fig. 3 (b)),

WIZ, A4 -H,0 10> EDF X0 /KFnT /L8 —4 5 H
L, NaCl-NaBr K&+ @ Cl'& Br, NaCl-Nal K& H
D Clre TOZEMZ BRI T2, £ DRiR% Table 6
(27”9, NaCl-NaBr KR T2\ T Clis LT BroK
= FLX — 1322 H1-293.03 kl/mol, -266.61 kJ/mol
THY, BrOKFI TR /LF =2 CrIhREV, 2,
NaCl 7Kgk NaBr KGR 451372 Cre Brod /KR L%—0
K NEREFE G5, —J77C, NaCINal AR 2330 Y C CHBs
FOTOAFI= R —FZEZT-151.50 kl/mol, -180.98 kl/mol
THY, TOKFIEFAF =2 CLID/ NSV, ZHUE, NaClkiE
W& Nal KIEHRIZH TS Cle TOKFITFRILF—D K/
BIfR&EIE H72D, NaCl-Nal /KR T Cldok/NBLR A Wis
LTCWAZENDMND, NaCl & Nal TR DZENK
T2, NatO @A A 3 RIZ LD 528 K& o7
LEZOND, LT T, 7SV IR BT A4 D
KRNI LF —7 513 NaCl-NaBr /KIS Tl BrdfiiK
FIME S 72REETHY, NaCl-Nal /KIAHK Tl CIrofiik
FNEGIRAETHHZ LN o1,

3.4 HERRE~NDTEEE

e i LB B RS IR A ML A A DR T R v =2
—AATBWT, i BrifE 7.6 wt%IZBIT Dk
F I ORRRFZE(L% Fig. 4 I~



X
I= ¥ O ns 1.0 ns 2.0ns
z solution ions seed crystal atoms
terrace 9 J ¥ ’ /)
D kink and step Na CIF  Bi _.\.lu ol Br
Fig. 4 Snapshot of crystal surface.
(Br:7.6 wt%o)

Fig. 4 (2B TR ORI 3R b 2 A% k32 k1
FTHY, BVWEORFIIRELIZR 2R LTV,
1.0 ns B TIEF L7 R0AT v 7oy ~O R (FRFE) 1 X
FEAERBLNT, TIREI ~DFFFE (35 D3 A5
iz, — T, 2.0 ns TIETTAES T TS, ¥
RAT T HTBNTHRER LNz, £ZT, ¥
JROAT T oy~ LA A DB & T T, D
T, RESDITT 3 DDAT YIRS, F 1 A
TYT TNIAFT L IST TR EL, 8 2 ATy 7T
B LTAF L DXL T RRT T ERA IR & HEBN,
H3AT YT TIEF L IRAT Y T DI AN TAF 8
KT D, ZNED, AL THERIN L E R 70
ATy T ENCEBERE T 5D Tl K ZE3
DHERNF =N DIRNT TRy ~MFE T H LTI
HINZREELIRY, EDBRIBITREIRT L TRAT v T 5
I BITLCWNABZ N3tz

o — IR RN B T DK FRBE AR R D721,
Bra 7.6 wt% & AT RERG G NaCl-NaBr KV
T, z WA AN 2% A4 OKRFIEEFHE L, £D
FES, R o9 0.3 nm L EBEN 5T T, Nati3iy
4 f#, CI', Br 13K 6 8D H,0 5 FITKFISh THY,
S 2358 0.3 nm AN TKFE R L THDIEND
D5, ZHUTFE T ICB W T, fEmbOF B A
TEROEBIZLY, KRG AL, BKFIAAEL T
HEEZBND, £, RISV TR 1/6
WO L TOWBZENDND, ZHUFIAA L JEVE 6 s
ZTEE, SREITEZRWTAA U D SRR E DT T A
WZAET DI, 6 FHDIH 1 FrmnsEdL, AR
HH 1/6 WO LT-EE 26D,

= 03

=

= 025 (o) o
E 02@--"""""°°77 6 - (o]

z 015

2 ol

2 005

g

€ . . , , . .
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Br concentration of seed crystal [wi%]

Fig. 5 The molar fraction of growth Br

against Br concentration of seed crystal.

WIZ, Br 0 - 14.9 wt% & A TS fa & NaCl-NaBr 7K
Vi I T, BriBUAISKT 9 DG i 1 0 Bro s s
MatLiz, ZOERE Fig. 5 1R T, Z2°C, Ml s
FaH D BrigfEChHY, M E LI TOAA K
T % BrOENGFHETHD, e O RMPERE N &
W&, AR DAL DR S O RMUIR E DS m< i o 2 L
DHBNTHD 19, LL, Who BrifE o mic
BN THELE BrOE/NL ISR E R TGRS Ve
nolz, REMMIZBITALI2L —aTHAED, R
M O FR M ~DOFE TR AL ETHY, Rilidn D
KEZBIDEMNES THLHEEZDND, ZDI,
FOEMRI T T2 —2a 270, NN ZE Ak
THHX L IRAT v T LI R T hUE, EEBRT
BEZIE3<EE 2 BND,

it — I R OIS E BT, Rl T
NaCl #&dh, ¥ EL T NaCl-NaBr /KK (R 14> ;
Br) 7213 NaCl-Nal (R #li#71 42 I) AKEs# a2 72 &
DRy DFEE Sy A A 3R LT, 2R W HUD/RE
RISV VTHIEIAFR 236V YT O 43 FOEEED EAL QU Dz e
Dol ZIVE TICH IR S A i R A RN ICEL E S
WL EDE ST 25 RITAThIL TS 37-39),
Bl 21X Oyen 5=° Shinto i NaCl #& &k 12k TH 7R
WAL T NI D DOKIRIR A B S TS 3739, F7- Boek 5
VIR A i &8 B PR SR KR D A7 T~ D55 6 D RS
FERATZOWTOFEEI TS TS 39, TR FE )3 e
RGELRERGEOELLOFEIZEB VT, R
HEUTEEC HoO 53 T ORI E D3RI T EMREI TN
%o A EIOFERE R CH R HEIZIB WV TH0 471D
BN EL ol SHIZHRE T H0 43 OB EH



ESRAHARIT, 32— a TR AMETS T TR,

WSOMDEBRTHELNTND 09 Fil21F Li bk~
AHRHOKIBKIEEZ AFM TERIL, H,0 73Dk
BN S TODI LA D, T CTROEE E D EL
IRBIEEITRLTND D), iz, IWEAAAZOWTH Sk
TR BWTEEN EF LTI ERDND, Ziudhs
s HOFH AAEMRIZEY HO0 23R EZ 5 [ FHEL,
U S TKFIRIEBICH DB A A b R EI T &%
HONDLIETHRIEDOAFTVEEN LR LIEEZZLND,

TRalb—TalfERN D R T DA B E AR
L&, WHEAA (Na*, CI, Br, I) OFEELHNL TWD,
NFALTHD Nat OB TN TNORIRIZEB O THAT
I8 Ok tfEiR) TE<, 7=42 (Cl, Br, D) I35 &
ZDUHE TBRIENEL > TNDIENDID, ZDOLIHT
HF AT = TEEOE — N ENRIRDHSIL,
AF L D JFTH R EANDIRBEIC K 28 D THHZEMN
HHNTND 9, (BB B4 O — AL E Lk
< A A FERC T DA A4 O FEREEIL, NaCl, NaBr, Nal #&
S OfEA BEEE (Na-Cl1:0.281 nm, Na-Br:0.298 nm, Na-I:
0.324 nm) LIFE—EL TIHY, bR mIIA 05
LTCWDIERDND, £z, 5B ITEHEOE — 7135
FEHEH CIC 0.31 nm , BrC 0.33 nm, I'C 0.36 nm Hff
NIZEZAINIBL TS, 2RO BEETE A4 Dk
FO£% (C1:0.314 nm, Br:0.333 nm, I:0.360 nm) (2%} )i
LTW%, DFY, FELFICB N TRERBNOAA 1%
K FENSTITHERE B E L TRY, (5B
DAF IR FEALUTHERBEICMHEL THDHEE
2D,

WA, FEERE A7 IR R T CORR K
F0b, ZNENDORENEE LD, £ TEE AN
O RIFTRIZR IR EE Sy A G B LT R, MAIRIZ BV TR
B O A A A (Br, I) JEET SV IEO R X
Z 2 fFI EALTHRY, BRI DM CI
BEITKTLCQOAIENDND, T, MERBILHEOR
IR A A 2 E 720 NaCl KR a VT 354
D CHREEXOHEL, Rl A 4 D58 8-> T Cl
FEMETLTWAZENRESNTZ, 2O R H TH =
FUAF L DEETIVL O HESN TS, Bl IE,
Jungwirth HIFKURSAHENIZIB N TED S IRFEDKEV Br
X TORENEATLZEEREL D D), fllich,

Lima HIE[FEE/VEERE D NaCl KIEHKE Nal KIFIEDHR
B R EA T Y (CaoHan) BED EHR FLHNZIBWNT, T
REDR CrEvbEL, CrafmftarnnfLisnsZe
ZHER LT ), NaCl s Ic BV T, /RN K E
WA A A (Br, I) iR oG4 S AL, #E
A7 FE BAE RN Lo TR/ NS CEASHE i L~
BT LICKL o CnBEE ZBND,

F72, BEEAIZIBVT, NaCl-NaBr KIFIE Cldf %
JEEHZ CloY—213A 540553, NaCl-Nal KIEE T
TN T Cror —7 3254072, NaCl-NaBr /KK
T, BARFI=RLF =0 S Brdsii K FaL <09 0
7o, (15 EITREO Brif AL, HERRIZED
CIOBEE N2 1 355< /2> T D, ZIUTLD, fF
HREUE~ CIPEHEENT <D, fFilLT-EE 25
b, —J7, NaCl-Nal &R Cli, BlKFIT 35 —n3
S CIABEARFIL LU 2D CHEAT S BN L 720,
JEARFINZL N T E RS TR EE D <725 T D,
ZIUCERY Croffa a2t 425235 <, 45 Btz o
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Summary

NaCl crystals produced by the Japanese salt-making process contain a relatively large amount of impurity ions
from seawater. In general, most of the impurities contained in crystalline products are derived from the mother
liquor, which remains a problem in the production of high-purity and high-quality salts. The concentration of K
and Br ions by the uptake phenomenon reaches several hundreds to 1,000 ppm in the product, and it cannot be
completely removed by washing the products and the uptake mechanism is poor understood. If we can understand
this mechanism and suppress the uptake, it is expected that the manufacturing cost of high-purity NaCl will be
reduced. On the other hand, overseas, iodine and fluorine, which are essential trace elements, are added to the salt.
However, since these are sprayed as an aqueous solution, they have a problem that they volatilize with time and their
contents decrease. Since F and I ions are halogens like Cl and Br ions, if the mechanism of Cl and Br ion uptake
can be understood, it can be applied to the uptake of F and I ions and may be immobilized in the crystal.

In this study, we analyzed the solution structure near the interface between NaCl crystal and NaCl-NaBr or
NaCl-Nal aqueous solution in the early stage of crystal growth by molecular dynamics (MD) simulation and
investigated the ionic behavior in the presence of impurities. As a result, it was found that the impurity ion (Br, I")
concentration near the crystal-solution interface was higher than the saturated concentration, which was significantly
different from the composition of the bulk. This result suggests that even if the impurity ion concentration is
unsaturated, it may crystallize due to local supersaturation near the interface. In addition, Br" and I" showed
different impurity effects on the crystal growth rate. In the presence of Br, NaCl tends to form a solid solution
with NaBr, and since the dehydration energy of Br is smaller than that of Cl, Br™ tends to dehydrate. However,
since the growth rate of Br~ is slower than that of Cl, the rate-determining of Br reduces the overall crystal growth
rate. On the other hand, in the presence of I', NaCl is difficult to form a solid solution with Nal, and the dehydration
energy of I is higher than that of Cl, so that I is difficult to dehydrate. Therefore, it was found that I was hardly
incorporated into the crystal surface and was present at a high concentration near the interface and slowed down the

crystal growth rate.





