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Solvent effect of species in sodium aluminate solution
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Abstract: There is a higher Na/ Al mole ratio for sodium aluminate solution of medium concentration during the ended

crystallized process of gibbsite. In order to elucidate the solvent effect of species and their relevant microcosmic properties

in the solution, DFT quantum mechanical calculations were firstly performed on various species of aluminate ions and ion

pairs at the UHF/BLYP/ DNP level. Energies, geometries, vibrational frequencies of the probable species were calculated

respectively in vacuum and in solution, and their relevant hydrated free energies were also obtained by DFT/COSMO. By

analyzing the calculated results, it is concluded that hydrated Al(OH) 3 is the major ingredient in sodium aluminate solu-

tions of medium concentration with a high Na/ Al mole ratio, neutral hydrate AI(OH) 3H,0 can exist and the major hy-

drated form of ion pair is solvent-separated Na(H,0) ¢ Al(OH) 7 in the solution.
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COSMO #& RIVOBI ok iy Ay Ha 8 % e HY 78. 4,
COSMO %HE44 1.30 U, 44 E 7 ¥ COSMO
FrBAE R 92, T A% MEGE 1082, A T B IE COS-
MO R A" LS, R IE AN &
$0.15 U, i k8 TAE R 75 h g K340 2
b T 2B B4k TAESR Cerius® F2F 581K .

2 ZiR5iTR

2.1 JUTHE RoKA B RS

WHE SCHR[ 2, 3, 14], FEERTRBNV IR A% 45 i
AP FAEWNT 3 MERFEE: REBETELHE
S5 R B K BRSPS IR T
B, WRTRAGETHEK BHRERRE TR TH
BeAy, WARFRAEN AR E o BRI, ASHIE ST e T
P B b SR FE AR RN VR P W REAEAE I BS 1 (0 F)
Fh2K: Al(OH);H,0, Al(OH)s, Al(OH);, AI(OH)3 ,
AOH)§ , Al(H0)", Na(H,0)§, Na(H,0)s(OH),
Na(H,0) 4A1(OH)4, Na(H,0)¢ Al(OH)z, HATHE L
TP TR L 1, AR R
2N Al—0 B K R(A1—O) (vacu) JEWH A1—0
B R(A1—0) (sol) T T EEEE E yaew LAY
RI7KE H HEE Ghyar, WHEERINE 1 FIK 2,

MFE 1 AI(OH);, Al(OH)% , Al(OH)Z 1
JURIHERE, HT W REEFAMIER, Al—0
KA P> . (B P57 Al(OH) 3H,0 WE A5 3]
W) A1 —O KRR K, Al—O(H,) #KH
W46 %6 . 7€ Na(H,0)¢ AI(OH)Z 541 E T4
ABFITEA A1—0 K NEARAR 1. 817 Umd
BRI 1.778 U, 5 2 AN A1—0 G K 4
/NT 0.01 UZiA . Na(H,0),A1(OH) 4 B F 5 o
Al—0 KA E Na(H,0)s Al(OH)7 BFXAH
5 1l Al( OH) 3H,0, Al(OH)3Z ,
Na(H20) sAl(OH)4, Na(H,0)¢ Al(OH)z 7 COS-
MO B 3F 8f A1—0 8 K 5 2.
Radnail V3@ i X 5t 22 A7 565 15 21 (9 3 7 1 B P 2 ik

Bl A & 7 B AH B ) COSM O AR [#) JLAT #4984 (UHF/ BLY P/ DNP 7KF)
Fig.1 Equilibrium geometries and relevant hydrated models calculated at

DFT/BLYP/DNP level for partial species
(a) —Al(OH);H,0; (b) —Al(OH)7 ; (¢) —NaAl(OH),; (d) —Na(H,0)g Al(OH)3; (e) —Na(H,0)4A1(OH),
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Table 1 Calculated distances of nearest-neighbor A1—0 and
total energies( in vacuum) for various species

Species R(A1—0) (vacu)/ U R(AL1—0) (sol)/ U E v (KJ*mol™ )
Al(OH) 1.718 1.748 - 1.233x 10°
Al(OH) 3H,0 1.739; 2.106" 1.767; 1.805" - 1.434x10°
AI(OH); 1.800 1.781 - 1.432x 10°
Al(OH) T 1.849 1.819 - 1.631x 10°
Al(OH)F 2.015 1.918 - 1.828x 10°
Al(H,0) 3 1.799" 1.818" - 1.837x 10°
Na(H,0) 4Al(OH) 4 1.817x27; 1.776x 2 1.777%x27; 1.764x 2 - 1.858x 10°
Na(H,0) ; Al(OH) ; 1.817x27; 1.776x 2 1.778%2; 1.768% 2 - 1.858x 10°

1) Distance of A1—0(H,); 2) distance of Al—O(Na).
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Table 2 Hydrated free energies of species

Species (Ew= Evu)/ (KI*mol' ) G gu(corr)/ (kJ*mol ) G orrelee/ (kJ*mol™ ) Gyarl (kJ*mol™ ')

AI(OH) - 132.146 - 1.356 12.061 - 121.441
Al(OH) 3H,0 - 100.933 - 4.695 12.951 - 92.676
AI(OH); - 295.348 - 21.986 12. 832 - 304.502
AI(OH) ¥ - 943.752 - 54.726 13.229 - 985.337
AI(OH) & - 1379.431 - 105.575 12. 883 - 1472.123
Al(H0) ¥ - 59.017 32.215 13. 495 - 13.334
Na(H,0) 4Al( OH) 4 - 66.598 - 5.5397 15.998 - 56.139
Na(H,0){ Al(OH); - 127.126 - 7.745 17. 888 - 137.269
Na(H,0) } - 340.801 11.098 14. 442 - 315.261
Na(H,0) s0H - 199.985 - 3.363 14.363 - 188.984

SRR IR S S 5P A0 BEKAH(1. 75~
1.80 U) KA MRLF i —5chk .

WA B T AL T E AL PRV IR T A SRR
UM R RKE AHRAEES 3 M WRAE
HRWENBE T F R AE R (Ewi— Evaw); BHE RS
T B BE R ( Gromelec) 3 ¥ VXS 5 711 1 1K A0 A H
(Ga) - BB HAEAINE", X CuatITIEIE R
G gial( corr)[13] .

& 2 AT A, fEEMRRE T AI(OH).,
Al(OH)Z M AL(OH)g™ B 7 il 1 iy i %2,
RBMKEAHBERBK. T THREBRTE (5
T) Z A A0 O R UL B AR RS e 1, 43 ) R &
KETF(HT) M Evaws Eso— EvafB, SHTEATH]
RER N IAE B IENL, PR RNLEK 3. NEK3
FH, Al(OH)3H,0 ¥4k Al(OH) 7 KRN (1),
TEH A FREEARL - 262. 09 kJ/ mol, T7EHE T
JE— 147.55 kJ/mol . R ¥E, A LA HXF R B (3) -

(4) MI(5), Al(OH); HwHAAREMS, N AHIRR
BES 7 EZR . RN (7) % Na(H0)s 5
Al(OH); i it T + 22 #: & B Na(H20)6OH Al
Al(OH) sH,Of BE B AL 44 10. 45 kJ/ mol, {H = HF
P EE SR FE AR BRI W H KB B A B AR R
K, FAHESS T ALOH) sH,0 R AT R E 7 7 T
ZHW A . RN 8) A4, Na(H.0)¢, Al(OH)Z
bt Na(H,0) 4A1(OH) 4 B H A RERLH, KA LA
A BESRS W B 7K 2, Na(H20) 4A1(OH) 41 8h
SRR I IEA AR I, K TR B4
B ER Na(H,0) ¢ AI(OH); .

2.2 AI(OH);H,0 5 AI(OH); [#] Al —O i 45 4E
5T
2yl 2 BE R B Raman Y6 3E LA & 21 486 3% % i
SR B RN AR BRIV VI B R AR AT AE R 43 B it
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Table 3 Calculated energy changes of various probable reactions in vacuum and in solution

No. Reaction

AE (vacu) / (kJ*mol™ ') AE(sol) / (kJ*mol™ 1)

(1)  Al(OH);H,0+ OH™ —Al(OH)j; + H,0

(2)  AI(OH) 3+ H,0 —Al(OH) 3H,0

(3) Al(OH)7 + OH™ —~Al(OH)3

(4 Al(OH); + 20H™ —Al(OH)y

(5)  Al(OH)j + 6H,0 ~Al(H,0)¢ + 40H"

(6) Na(H,0)¢+ AI(OH); —Na(H,0)§ AI(OH) 3

(7)  Na(H,0){ + Al(OH)Z —Al(OH):H,0+ Na(H,0)s(OH)
(8)  Na(H,0),Al(OH) 4+ 2H,0 ~Na(H,0) ¢ Al(OH) 3

Vg . SIZIG WA M b SR AR IR A S VR Rar
man Y6 5 AN G LR 625 em™ A — IR g,
FHAESE A AI(OH) 2 B 7RI IE R gg PR ah™ . A

F BLYP/DNP 315 F 25 T FIE# H A1(OH) 5H,0 -

Al(OH) 3 [ AL—O X Fr A 45 P 2 Al 2% J L ( L 1
2), HZEF Al(OH)3H,0 H Al —O KR 4 3z 45
BNy 428 em™ ', T AE KW WP U 423 em” s
AI(OH) 3 & T W45/ 610 em™ 'Fl 628 em™ ', A
H1ALOH) 2 TV BR3P R B v BAH R iR
U b 5 5258 W fE W) A . {H7K & Al(OH) 3H,0 7
423 em™ ' [FIXE AR AR IR BRFAE Y1 AN BE I B B
AR, T REZ R AL(OH) sH0 B A7 78 = AR X b
T A e e T HE

2.3 VAR # BT

FIH BLYP/DNP W H T HZ N & KBE T (4
T) B BN, FEH O BT A Yk 3 AR 34 Ok IEAH,
%} Na(H,0) 4A1( OH) 4 A1 Na(H,0) ¢ AI(OH); £ E
ZORAT W52 NaAl(OH) 4 YRS & | 15 3
PR S T & BY R S PR3I68 (ZPE) HAHE
() JH(S) JE(Ho- Hr) %E—RIEF(HTF) I
P FHE . BT K TR IERE S Ak
0.98"°1 | FTLAH Sy 24047 o] BBSSRRILIE, #H4it
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Kl 2 Al(OH)3H,0 5 Al(OH); MI¥REN AR
Fig. 2 Calculated normal modes of vibration

for AI(OH)3H,0(a) and AI(OH) s (b)

Gr, hyar= T1, diet+ G1, mpt (Ecoi— Evacu) (4)
G1, 1= GT, vaut GT, hydr (5)
M3 A, B RY(2), (6), (7), (8)
e E bL A/ o H2 BT A 1 B AR R A v
ET SERBETFRAENESER, BFEPE T
KB Ve SR B T B A AU, BT DL H
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Table 4 Thermodynamics data of partial species at 298. 15 K and 1. 01 x 10° Pa
Molecule ZPE/ (kJ*mol™ ") cp/ (Jomol™ 1+ K™ 1) S/(Jomol” '*K™ 1) Ho- Hr/(kJ*mol ")

Al(OH) 3H,0 160. 27 123.79 366.91 26.57
Al(OH) 3 131. 03 106. 58 335.59 20.51
NaAl(OH) 4 149. 32 119.91 342. 60 21.10
Na(H,0) § 383.95 183.42 384.41 28.91
Na(H;0) 5( OH) 339. 04 172. 05 381.13 28. 04

H AIOH)z ZIHI(6) « (7) MNAERE— T A2
ST . R 4 a5 DL A (1)
~ (5) THE HAREIRS T RMN(7) ) AH r= — 82.23
kJ/mol, — T ASy = 8. 36 kJ*mol ', AGr, hya =
78. 08 kJ/ mol . FIH/KE B HEERIENR AGT, =
4.21 kJ/mol= — 2.303 RT1gK,. Kk, " LIk
WP N 1gK .= — 0.22, FIBE, "] sKEHW
H N ( 8) B 1gK o= 0. 01 . BRI i 7 1 Bb rh 4 9K
FERR AN, AR AT REAFAE QN P e S R
Al(OH)z (aq) + Na(H20)¢ (aq) =
Al(OH) 3H,0( aq) + Na(H»0) sOH( aq)
Na(H,0)¢ (aq) + Al(OH): (aq) =
Na(H,0) ¢ Al(OH) 3 (aq)

3 4R

1) XF et e SR R, BT
K2 H HKRAFAE, KA COSMO ¥ 7R AL kb H 55
F (5 F) BRI HUR ARV P B (70 F) ik
YER .

2) M AI(OH)3H,0 5 Al(OH): KT+ IRz
RAONTR AN, AR LA 2 it B Ea DL B
M X 733X P 2R R A7 AE o {H SEB0 6 1% 40 T 7E 423
em” AL ¥H R B WO 0 U, ATORE 2 R O
Al(OH) sH, O BN i 1M 4 2 WA T #E 5%

3) Al(OH)3H,0, Al(OH);, Na(H,0)¢
Al(OH): 7£ COSMO BRI i) A1—0 K5
W X ST i a5 R — 2, %500 [FFE UL
B T XL B (43 ) B FRHEAE R AT REE
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