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[ Abstract] Influence of supersaturation on the structure of a series of freshly prepared supersaturated sodium aluminate solutions

with medium concentration was investigated by solution X-ray diffraction. Experimental results show that the basic AF containing

species in all kinds of supersaturated solution is four coordinated ions. Opposite to A1 —0 distance contracted in highly concentrat-

ed solution, a little expand of the A1—O distance from 1. 75 Uto 1. 85 Uoccurs with increasing supersaturation, which is consis-

tent with the occurrence of oligomeric aluminate species. Meanwhile, O —O distance in the first shell of H,O —H,O( OH) in su-

persaturated sodium aluminate solution is obviously longer than in hydroxide sodium solution and becomes longer and longer with

increasing supersaturation. Na—O bond length is about 2. 4 U and changes little with supersaturation. The reason for A1—0

bond expanding with supersaturation and its influence on the stability of solution was discussed.
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1 INTRODUCTION

Though many powerful analytical techniques
were performed on sodium aluminate solution' '™ ¥,
they still had some limitation. X-ray diffraction is one
of the most important ways to detect solution struc
ture directly. Some solution X-ray diffraction mea-
surements were made as part of a much large study of
alkaline aluminate solutions in Hungary in the
1970 s, but no structural conclusions were draw and
the data were not published in the open literature be-
cause of limitation of experimental condition and data
treatment technique'”’. Recently, Radnai et al'® had
studied the highly concentrated aluminate solution
and found Al —O distance contracted with increasing
supersaturation. However, the property of middlingly
concentrated sodium aluminate solution is obviously
different from highly concentrated solution in both

781 " The former

thermodynamic and kinetic aspects
is widely used in alumina industry production. So, it
is necessary to research the structure of middlingly
concentrated sodium aluminate solution further more.
This paper reports the experimental results of solution
X-ray diffraction on a series of middlingly concentrat-
ed sodium aluminate solution with nearly the same
caustic concentration ([ NaOH] = 4. 8mol/L™ ") and

different supersaturation.
2 EXPERIMENTAL

2.1 Solution preparation
All solutions were prepared from aluminum met-

al (99. 95% pure) and NaOH (97. 5% pure). The
mass of NaOH used in any given solution preparation
was the required mass of NaOH adding the extra mass
needed to composite for the impurity in raw material.
To prepare a solution, the correct mass of NaOH was
dissolved to one half of the total distilled water, then
required mass of Al metal was added to the caustic so-
lution slowly. As the metal dissolved completely, the
liquors were filtered firstly through 3 layer of what-
man paper and then through 0. 2 Pm membrane. The
liquor was transferred into a sealed acrylglass con-
tainer at room temperature. All the aluminate solu-
tions were added with very little amount of sodium

gluconate (99% grade) as a seed poison'® to prevent
the decomposition of supersaturated aluminate solu-

tion.

2.2 Analysis of composition and density of liquors

Determinations of the amounts of Al( OH)3; and
NaOH was achieved by titration referring to the met-
allurgy industry standard analysis method YB-817-
75; and densities were measured by a density meter
DA-110 (Kyoto, Japan) at 25 C using distilled wa-

ter as density standards. Supersaturation O is defined

as!?!
0= (Rp_ Rpeq)/Rpeq
R,= n(Al(OH)3)/n(NaOH)
R eq= (n(Al(OH)3)/ n(NaOH) ) o
R eq= 0. 607 8exp/ 6. 210 6- (2 486. 7—
33.7125)¢(NaOH) )/(273+ t)]
where ¢ (NaOH) refers to the concentration of

NaOH, mol/L; ¢ is the temperature in experiment,
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‘C; R, represents molecule ratio of Al(OH)3 to
NaOH; R, 1s equilibrium molecule ratio.

Chemical compositions, supersaturation and den-
sities of each sodium aluminate solution and the two
reference liquids, pure water and 4. 705 mol/ L NaOH
solution, are given in Table 1.

2. 3  Xray diffraction measurements and data
treatment

X-ray diffraction measurements were performed
in a thermostatic room at a temperature of (25 £1) C
by an X-ray diffractometer (JEOL, Japan) using Mo
K, radiation source with a wavelength of 0. 711 U
The observed range of scattering angles (2 6) was be-
tween 0"and 110°. Times to obtain 40 000 counts
were measured at each angle point. The method of
measurement and the corrections for background, po-
larization, absorption, subtraction of the scattering
pattern of the empty cell and conversion of the cor
rected intensities into absolute units were referred to
Refs.[ 6, 10~ 12]. 75 Pm thin foils of broriented
polypropylene were selected as the most suitable poly-
mer windows of the cell for measurement.

The experimental structure function is defined
agl6 101

si(s) = sl 14 -

_;x,sz(s) -
il ) M(5) (1

s is the scattering variable, s= (4I/ Msin0,
Ais the wavelength of incident radiation; [.(s) is

where

the corrected intensity converted to absolute units; x;
is the mole fraction in a structural unit containing m
kinds of atoms; f;(s) is the coherent scattering fac
tor; I; inc(s) is the incoherent scattering factor of @
type scattering unit; M (s) is the modification func
tion:

2
M(s) = mq")](— 0. 03s7)

I j;xjfj(s)l ’

Four types of scattering units were considered as

(2)

being present in the solutions: Na® ions, OH ions,

quired to compute the scattering intensity were taken
from Refs. [ 11~ 13]. The experimental pair distri-
bution function G (r) was computed from si(s) by

. . . 10
Fourier transformation according tol 19

G(r)= D(r)/(4Tr*@)
= 1+ m.["‘”szi(s)jo(rs)ds

“min

(3)

where D (r) is radial distribution functions, r is
the interatomic distance, sui, and sy are the lower
and upper limits of the range of experimental data re-
spectively, (is the bulk number density of the X-ray
“Scattering units” in 10** em™ ? units; jo(rs) is

spheric function.

_ —_Nd
Q)_ 1024Mav ( 4)
where d is the density of solution, g/cm’; N is

’ .
Avogdro s constant; M ,, is average moleculer mass.

3 EXPERIMENTAL STRUCTURE FUNCTIONS

The experimental structure function si(s) and
pair distribution function G (r) was shown in Fig. 1
and 2 respectively. In the correlation functions some
peaks can clearly be distinguished. From their posi
tions and referring to earlier results on AI** -contain-

. + . . . 14, 15 .
ing and Na’ -containing solutions! I an assign-
ment of interactions to the characteristic distance can

be made.

3.1 Structure functions

One feature clearly visible in Fig. 1 is the gradual
change of the shape of the double peak in the region
of 2.0~ 3.5 U ! with chemical composition of the
solutions changing from 4. 637 mol/ L to 1. 063 mol/
L™ '. The double peak is characteristic of water and
most aqueous solutions connected to the extended hy-
drogerrbonded network, which change obviously
with increasing dissolved salts '®. The second peak is
welkknown to be sensitive to the disruption of the

]

hydrogen bonding!'"!. Experimental results showed

that, the increase of aluminum concentration in the

e . solution has a major effect on
H>0 molecules and AI™ ions. The parameters re- a substantial decrease of height and shift in
Table 1 Chemical properties of sodium aluminate solution

Solution Caustic Supersa c( NaOIjI)/ ¢(Al(OH)3)/ ¢(Na" )/ e(AP*)/ ¢(OH™)/ «¢(H0)/ Densitvy/ Number
: ratio  turation  (mol*L™ ") (mol'L™ ")  (mol'L™ ") (mol'L™") (mol'L™') (mol'L™!) (geem ?) density
H,0 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 55.51 1. 000 0.033 4
NaOH 0. 000 4. 705 0. 000 4.705 0. 000 4,705 52.00 1. 175 0.037 0
(1 1. 427 4.637 4. 852 3. 400 4.852 3.400 15.05 45. 50 1.279 0.041 4
(2) 1. 833 3.359 4. 897 2.672 4.897 2.672 12.92 47. 89 1.267 0.041 3
(3) 2.338 2.396 4,941 2.113 4.941 2.113 11. 30 48. 83 1.242 0.040 5
(4) 2.575 2.067 4,995 1.940 4.995 1. 940 10. 81 49.23 1.238 0.040 2
(5) 3.132 1.518 5.011 1. 600 5.011 1. 600 9. 307 49. 88 1. 225 0.040 0
(6) 3.787 1. 063 5.082 1. 342 5.082 1. 342 9. 108 50. 80 1.223 0.040 0
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Fig.1 Experimental X-ray structure functions

the position of the second peak and emergence of the
broad fourth and fifth peaks in place of damping
peaks of pure water. The results implied that the AF
containing structure units in the highly supersaturated
system strongly influenced the original water struc
ture. By contrast, in the lower supersaturated sodium
aluminate solution and sodium hydroxide solution, it
can be seen that double peak is little affected.

3.2 Pair distribution functions

The structural feature of the solutions can be
seen more directly from the pair distribution func
tions. The experimental pair distribution function G
(r) were computed from the structure functions ac
cording to Eqn. (3), with appropriate cutoff distance
( Smax values) being applied. In particular, the pair
distributions were back-Fouries transformed to the s-
space, while zero was assigned to all G(r) values up
to a given ry,. The latter limit was determined on
the assumption that no interatomic distance can occur
in the liquid for all r< r i, and, therefore, any con-
tribution to G(r) has no physical meaning. The val-
ue were set as rmin= 1. 5 U for all sodium aluminate
solutions, rmin= 2.0 Ufor sodium hydroxide solution
and rn= 2. 4 U for water!® "', The results of

Fouries transformation of the structure functions to
pair distribution functions G(r) are shown in Fig. 2.
Approximate value of atom pair distance from a direct
reading of the pair distribution functions and coordi-
nation numbers ( C;) calculated by the integration
area of the first peak in G (r) function are listed in
Table 2. The accuracy of atom pair distance is about
0. 025 Ufor the first peak and F0.05 Ufor other

peaks. The coordination number can be estimated to

0. 5 at best; but may be as poor as 1.2 units for
broader peaks. According to the results of pair distri-
bution functions, the shape of the present curve of
water is in excellent agreement with published func
16131 " The main peak at 2. 85 U corresponds to
hydrogen-bonded first neighbor distance, and an av-

tions

erage coordination number of oxygen is about 3. 6 to
4. 0 molecules. Compared to that of pure water, the
pair distribution of sodium hydroxide solution exhibits
a broadening of the first peak with an obviously de-
crease in height and significant shift of the peak posi-
tion down to 2. 60 U. Apparently, the change results
from that the Na* —H,0 first neighbor distance is
shorter than that of H,O —H,0, with a value around
2.4 UY. The experimental results of water and
sodium hydroxide solution are in good accordance
with Ref. [ 12], which shows that present experi-
mental results are reliable.
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Fig. 2 Experimental X-ray pair
distribution functions

For sodium aluminate solutions, the first peak at
about 1.8 Uis certainly ascribable to Al—OH(H0)
interaction in the first coordination shell, because
they emerged only in series aluminate solution. Based
on the results listed in Table 2, each AI** ion in alu-
minate solution are surrounded by four oxygen ions in
the first shell, which indicates that the basic structure
of aluminate in solution is four coordinated.

It is noticeable that the A1 —O distance broadens
with increasing aluminate concentration, though it
has been reported that Al —O distance decrease as the

. . . . 5 .
concentration of the aluminate ions increasel” in

highly concentrated solution ([ NaOH]> 7.7 mol/ L,
as illustrated in Fig. 3). Both kinds of aluminate solu
tion  belong to  NaO-AlLO3xH,O  system,
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Table 2 Bond length from direct reading of pair distribution functions and
coordination number calculated from integration to characteristic peaks

Al—0 1.85 1. 86 1.80 1.78 1.75 1.75

Bond length Na—0 2.35 2.35 2.40 2.38 2.35 2.35 2.40
0—0 2.85 2.67 2.85 2.85 2. 80 2.75 2.70 2.70

Al—0 3.9 4.1 3.7 4.2 4.2 4.4

Coordination Na—0 4.8 5.2 5.2 4.8 4.4 4.0 3.8
number 0—0" 3.9 5.6 8.6 7.9 6.5 5.8 4.9 4.0
0—0" 4.0 7.6 9.0 7.2 6.3 5.3 4.7 4.0

0" refers to OH or H,0

between them s
concentration. T herefore, their branding can only be

and the only difference
resulted from the remaining amount of bulk water. If
the remaining water in a solution were calculated,
and it is supposed that the average coordination num-
ber of water of each ion, such as AI(OH);, Na",
OH™ and molecular H,0, to be four'®, it can be
found that there is hardly enough water in highly
concentrated solutions to satisfy the stoichiometric re-
quirements of such high coordination numbers (as il-
lustrated in Fig. 4), while there is almost just enough
water in intermediate solutions to satisfy the coordir
nation numbers. So, The supersaturated aluminate
solution with medium concentration is located at the
divergence of bulk water whether it is exhausted or
not. It means that the free water in solution may lead

1.88
®—4.852 mol/L NaOH
0—7.2 mol/L NaOH!®!
1.84}
Q
1180t
~
1.76+
1.72 . . . ; . .
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

ax

Fig. 3 Al —O distance( ra1—o) vs caustic ratio( 0y)
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Fig. 4 Residual water amount dn(H,0)

vs caustic ratio O

the second coordination state of aluminate ion in
medium concentrated solution to be different from
that in highly concentrated solution, which results in
that the bond length change of Al —O in medium con-
centrated solution deviates from that in highly con-
centrated solution.

It is interesting that Na —O distance changes lit-
tle in the series solution within the precision of the
measurements. H,O —H,O(OH) distance in the first
coordination shell decreases with the dissolution of
NaOH and Al(OH)3; into water, but H,O —H,0
(OH) distance in aluminate solution is significantly
longer than that in sodium hydroxide solution and it
increases with supersaturation.

Compared pair distribution functions of sodium
aluminate solution with that of pure water (as shown
in Fig. 2), a gradual structural rearrangement of alu-
minate solution can also be observed in the longer dis-
tance. A broad peak emerged in the range of 3. 4~ 4.
3 U replaces the broad maximum of pure water be-
tween 4 Uand 5 U This is obviously due to a struc
tural rearrangement, which is readily explained by
the breaking of the long range structure of bulk water
and development of a more compact, shorter range lo-
cal order in the high supersaturated solution because
there are relative larger amount of AI( I1I) with high
columbic field in highly supersaturated solution.

3.3 Relationship between Al —O bond length and
stability of sodium aluminate solution
It is important to note that, in AICl; and

AI(NO3)3 solution, Al—O distance changes little

with concentration! '

; however, there is a signifi-
cant change in the series sodium aluminate solution
with different relative supersaturations, which is an
indication of a species change in solution. For the
same series of aluminate solution, the expanding dis-
tance may be the result of the oligomerization of Al
(OH) 4 . It is reported that [ AI(OH)4 *4H,0], ALO
(OH)¢ , AL(OH)-(OH)s, AL(OH)2(OH)§ are
the most possible dimer in highly supersaturated solu-
U8 The results of ab initio( Gaussian94) theo-
retical calculation show that A1—O distance become

tion
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longer with the formation of dimeric aluminate. T he
average Al —0 distance changes from 1. 785 Uin [Al
(OH)3 *4H,0] to 1.85 Uin Al,(OH),(OH)g . In
highly supersaturated solution some dimeric aluminate
species such as ALO-(OH)3 , Al(OH) (OH)s , [ AL
(OH) ,(OH)¢]* may be formed . It is reported that
[Al(OH) 4 *4H,0] is the only AFcontaining species in
lower supersaturated solution! ™, thus, in which
Al —O distance is the shortest . According to quan-

18 . )
181 dimeric aluminates are

tum theoretical calculation
unstable species compared to monomer aluminate.
The more the dimeric aluminate, the more unstable
the solutions is.

Additionally, HoO —H,0O(OH) distance in alu-
minate solution is significantly longer than that in
sodium hydroxide solution ( as listed in Table 2),
which may imply that interaction of water in high su-
persaturated solution is weaker than in lower super
saturated solution and sodium caustic solution. Thus,
the water in high supersaturated solution is more ac
tive than in lowly supersaturated solution'”. Mean-
while, within the same Al,03Na,O-H,0 system, the
basic structures of solutions are similar, the expansion
of Al —O and H>O —H,0( OH) bond will result in
the solution more and more unstable. So, in ALOs
Na;O-H,0 phase diagram and the procedure of de-
composition, solutions with medium concentration are
more unstable than diluted and highly concentrated
solution, as well as it decomposes more quickly than
the latter.

4 CONCLUSIONS

1) The basic structure of aluminate in caustic so-
lution is four coordinated ions. A1—0 bond length al-
ters from 1.75 Uto 1. 85 U with the increase of su-
persaturation because of dimeric aluminate species
Whether
residual water amount in bulk solution is sufficient to
the coordination of ions or not influences A1 —O bond

formed in high supersaturated solution.

length alteration trend to supersaturation.

2) Addition of sodium aluminate makes a gradual
structure rearrangement. Shorter range local order
became more compact, and weak longer range order
formed gradually.

3) Al1—0O and H,O —H,0(OH) distance expan-
sion with supersaturation will result in supersaturated
sodium aluminate solution becoming more and more
unstable .

[ 18]
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