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Structure of Aqueous Sodium Aluminate Solutions: A Solution X-ray Diffraction Study
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A structural analysis of six alkaline sodium aluminate aqueous solutions by the X-ray diffraction method is
reported. On average, each Al atom is surrounded by four oxygens, indicative of the predominance of
Al(OH), (aq) in these solutions. Detailed least-squares fitting indicates that a significant contraction of the
Al—0O distances occurs with increasing aluminate concentration, from 1.8@2Avkto 1.74 A at 6 M Al-

(OH); in 8 M NaOH. The local structure has been described by models that have separate hydrated ions in
the most dilute aluminate solution but contact sodium aluminate ion pairs in the most concentrated solution.
The hydration number of the sodium ion decreases with increasing concentration, but the overall coordination
number appears to be unchanged by the ion pair formation. An extensive rearrangement in the hydrogen-
bonded network of bulk water also occurs as the aluminum concentration rises, with the appearance of new
diffraction distances at 3.3 and 3.9 A. A gradual appearance and disappearance of shorter hydrogen bonds
between first neighboring O atoms is observed. The data are consistent with the occurrence of oligomeric
aluminate species but are not conclusive within the limits of the experimental error.

Introduction (98 w/w%, Ajax Chemicals, Australia) and Millipore MilliQ

Sodium aluminate solutions have been intensively investi- Water?? After standing for 23 days, the stock solution was
gated, by various physicochemical techniques over the last twofiltered through a supported membrane (048 pore size)
decades. equipped with a C@trap to remove solid N&O; which is

Alkaline aluminate liquors are important because of their use Salted out almost quantitatively. Analysis by high-precision pH
in the extraction of alumina from bauxite.However, the titrimetry?® indicated carbonate concentrations less than 0.05%
chemical characterization of these solutions is difficult because of the total alkalinity (i.e., <10 mM). More dilute NaOH
they are chemically aggressive and, like all highly concentrated solutions were prepared from the stock solutions by weight
electrolyte solutions, hard to deal with both theoretically and (without bouyancy correction).
experimentally. Indeed, many of the most powerful analytical ~ Sodium aluminate solutions were prepared by quantitative
techniques for studying chemical speciation in solution such dissolution of degreased Al wire (Goodfellow, U.K., “99.999%”
as potentiomet’’® and NMR/™13 UV—Vis,}2715 and IR/ grade) as described elsewhéteAll the aluminate solutions
Ramai{1216-19 spectroscopies have had limited success in contained 10 ppm sodium gluconate (Sigma-Aldrich, “99%”
providing useful information about these solutions, as evidenced grade) as a seed-poison which was added to the solutions prior
by a striking lack of agreement between th&ém. to dissolving the aluminum metal. After dissolution, the

Although some solution X-ray diffraction measurements were solutions were filtered (0.45m) and stored in sealed Pyrex-
made as part of a much larger study of alkaline aluminate glass containers at room temperature. No visible precipitation
solutions in Hungary in the 197@%no structural conclusions  occurred in these solutions, even after storage for as long as 3
were drawn and the data have not been published in the openmonths, and analysis indicated no silica contamination.

literature. ' The present paper reports a systematic structural 14 cai0ate the exact concentrations (mordnM) of NaOH
investigation by solution X-ray diffraction of a wide concentra- and Al(Ill) in the resulting solutions, densities were measured

Llon racljngetof pur](catﬁ.quteo%s .alkallfne alrhmlnﬁte s.,oll:tlons._ Ihe either using an Anton Paar DMA 02D high-precision density
teyg V‘."“][ a"gethot IS I'ic nlt(?]ue rorg e.f emlczlat spem?tlt?n meter (using air and distilled water as density standards) or
standpoint is that, unlike other probes, its results are little pycnometrically at 25.6k 0.02°C.

affected by the nonspecific (i.e., nonbonding) solgelute hemical . d densit f h sodi umi
interactions which predominate in concentrated electrolyte ~CNémical compositions and densities of each sodium alumi-

solutions. nate solution and the two reference liquids, pure water and 8
' M NaOH solution, are given in Table 1. It should be noted
Experimental that two solutionsr{83 andn85) were prepared and measured

Materials and Solutions. Concentrated NaOH stock solu-  independently from the rest of the series. The solutions (with
tions (ca. 20 M) were prepared from analytical grade NaOH the exception of solutiom86, see below) were prepared in

* Author to whom correspondence should be addressed at Central Australia and couriered ImmKEdllately t% Hungary for the
Research Institute for Chemistry, Hungarian Academy of Sciences, Buda- Méasurements, some-20 weeks later. The most supersatu-
pest, P.O. Box 17, H-1525, Hungary. rated solution 186) was prepared in Hungary immediately
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TABLE 1: Composition and Densities of the Sodium Aluminate and Reference Solutiods

code of solution

water n21 n8 n82 n83 nd4 n85 n86
salt concn mol no.
NaOH 0 2.707 7.771 7.830 8.205 7.938 8.206 8.625
Al(OH)3 0 1.114 0 1.976 2.663 3.995 5.152 6.358
Na* 0 2.707 7.771 7.830 8.206 7.938 8.206 8.625
Al 0 1.114 0 1.976 2.663 3.995 5.152 6.358
OH~ 0 6.048 7.771 13.76 16.19 19.92 23.66 27.69
H,O 55.51 52.33 53.09 47.54 45,94 42.21 38.95 35.83
total 55.51 62.19 68.64 71.11 73.01 74.07 75.97 78.51
density (d) 1.000 1.138 1.267 1.324 1.366 1.389 1.432 1.486
number po) 0.0334 0.0374 0.0413 0.0428 0.0439 0.0446 0.0457 0.0473

aThe salt concentrations are in mol dinthe number of moles of scattering units refer to 1*drinsolution, macroscopic mass densitids re
in kg dn3, and number densities of “scattering unitgg)(in 10?4 cm™3 units.

before the X-ray diffraction experiment; visible signs of where the sum is extended over each type of X-ray scattering
precipitation were observed ca. 1 month after preparation of unitin the sample solution. The valuelfs arbitrary, selected
this solution. asb = 0.003. Four types of scattering units were considered

There are many reports in the literature indicating that the as being present in the solutions: Nand OH ions, HO
hydrolysis of Al(lll) can be slow; however, such reactions are molecules, and Al atoms. The arbitrary use of a composite
not relevant to the highly alkaline conditions dealt with in this “group” scattering unit, representing both Oldnd HO instead
work under which none of the early stepwise hydroxy complexes of individual O and H atoms, proved to be useful for the
[AI(OH) 2", Al(OH),", and possibly Al(OHj] remain stable. On description of the X-ray scattering of the many H-containing
the contrary, considerable evidence has been accumulated bynolecules and ions. This is necessary because of the low
the present authors demonstrating that, provided no precipitationsensitivity of X-rays in the detection of separate H atoms.
of AI(OH)3(s) occurs, kinetic effects are not exhibited by these Accordingly, throughout this paper, whenever a scattering unit
synthetic Bayer liquors over the time scale of our measurementsis denoted O, it refers to the composite scattering of botlt OH
(i.e., for any observation taking longer than about a minute). and HO.

X-ray Diffraction Measurements. X-ray diffraction mea- All necessary scattering factors and incoherent intensity
surements were performed in a thermostated room at a tem-contributions were computed as analytical expressions. The
perature of 25+ 1 °C on af—# type diffractometer, made by  parameters required to compute the scattering factors were taken
Seifert & Co., using M&, radiation with a wavelength of 0.711  from the literaturé® for all scattering units, except for OH
A. The observed range of scattering angles) (@as between which were taken from Nartelf. The incoherent intensities
ca. 1.5 and 110. The scattered intensity was recorded as 155 were calculated according td [f&kas and Radnai for O, H, Na,
data points, equally spaced over the range of scattering anglesand AP” and according to Hajdu for 3028
and each counted ov@ 6 min sampling period. This gave a The experimental pair distribution functiong(r) were
total of 40 000 to 240 000 counts per point. The method of computed from the structure functions according to
measurement and data treatment were as previously regérted,
including corrections for background, polarization, absorption,
subtraction of the scattering pattern of the empty cell, and
conversion of the corrected intensities into absolute units.

Special care was taken over the material used for the sampleynerer is the interatomic distancém, andkmay are the lower
holder. Since the samples were of extremely high purity and and upper limits of the range of experimental datajs the
strongly alkaline, some of them supersaturated, the material of |k number density of the X-ray scattering units, g the
the polymer windows of the cell was of great importance. After gt order spherical Bessel function.

a series of preliminary experiments using a variety of polymer

films with amorphous X-ray scattering patterns, cauibthin Results

foils of bi-oriented polypropylene were selected as the most . . .

suitable. These appeared fully resistant to the alkaline solutions Expenmenta.l Structure Fungtlon§ - The experimental
and produced little background scattering. structure functions are shown in Figure 1. Although these

The experimental structure functio(k) is defined as _exhibit_visible dif_ferences across the series measured, it is not
immediately obvious whether they reflect structural differences
— _ 201 _ . other then the straightforward effect of concentration change.
KR = Kladl) ZX‘J“ ) ZX“I“"“C(k)]M(k) @ One feature clearly visible in Figure 1 is the gradual but
complete change of the shape of the double peak in the region
where k is the scattering variablek = 4n/A sin(@), 4 the of 2.0-3.5 A1 with changing chemical composition of the
wavelength of incident radiatioma,dK) the corrected intensity  solutions. This double peak is a typical structural feature of
converted to absolute unitx, the mole fraction,fy(k) the water and most aqueous solutions, connected to the extended
coherent scattering factor, aignc(K) the incoherent scattering  hydrogen-bonded network of water. It is well-known that the
of ana type scattering unit.M(k) is the modification function shape of the second peak is especially sensitive to the disruption
of the hydrogen bonding; e.g., at high temperature the two peaks
exp(—bk2) merge, while at high pressure the second peak sharpens
M(K) = —— 2 distinctly?® Moreover, increasing concentrations of dissolved
[mefm(k)]2 salts visibly change these two peaks, e.g., in the systematic
o structural studies of AIGI3° and alkali halide solution& A

_ 1 kma H
gn=1+ Py S KRR o(kr) dk ©)
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Figure 1. Experimental X-ray structure functions for water, a sodium
hydroxide solution, and sodium aluminate solutions. The solutions are
as defined in Table 2.

similar effect has also been ascribed to changing cationicdadii. riA

Of course, other factors may have similar effects because theFigure 2. Experimental X-ray pair distribution functions for water, a
structure function is a sum of interfering waves, each originating sodium hydroxide solution, and sodium aluminate solutions. The
from the different contributions of the component species.  slutions are as defined in Table 2.

However, there are changes which can be clearly assignedscattering units. The structure functions were then again Fourier
to specific factors in the present series of solutions. Thus, the transformed tay(r), with the functions obtained shown in Figure
increasing concentration of aluminum in the solutions has a 2. Itis evident that some of the ripples still remain, albeit to a
major effect, causing a substantial decrease of height and a shifiminor extent. This is the usual residual error of solution X-ray
in the position of the second peak and also the emergence ofdiffractometry. Of significance here is the possible effect of
the broad fourth and fifth peaks in place of the damping peaks this error on the first peak in the aluminate solutions and thus
of pure water. This means that the Al-containing structural units on the accuracy of the key structural parameters.
in the system strongly influence the original water structure. =~ Water. The pair distribution function of water is already
By contrast, when the samples wate2], andn8are compared,  well-known from the literature. The shape of the present curve
it can be seen that changes in sodium hydroxide concentrationis in excellent agreement with published functidh3: The
do not much affect the double peak but (compani@with main peak, at 2.84 A, corresponds to hydrogen-bonded first
water anch21), rather, cancel out the waveskat 6 AL, This neighbor distances, with an average coordination number of
can be due either to interference or to a structural effect, but it about 3.5 to 4.5 molecules, depending on whether the integration
certainly occurs in competition with the enhancing effect of Al is carried out on half of the main peak (before the maximum)
mentioned above. and doubled or whether it is taken to th@) minimum, thereby

Experimental Pair Distribution Functions. The structural incorporating the asymmetry of the distribution. The usual
features of the solutions can be seen more directly from the interpretation of the water structure involves loose, distorted
pair distribution functions. The experimental pair distribution tetrahedra within a 3-dimensional hydrogen-bonded network and
functions, g(r), were computed from the structure functions is associated with a broad maximum between 4 and 5 A, with
according to eq 3, with appropriate cutoff distandgg,{values) the main contributions originating from the edges of the
being applied. The generally accepted data treatment procedurdetrahedra.
was followed in order to reduce the spurious ripples onghe NaOH Solution. Compared to that of pure water, the pair
(r) functions that arise because of the finite truncation of the distribution function of then8 solution, (8 M NaOH) shows a
series. In particular, the pair distributions were back-Fourier broadening of the first peak, with a substantial decrease in height
transformed to thé&-space, while zero was assigned togi) and a significant shift of the peak position down to 2.7 A. This
values up to a givenmin. The latter limit was determined on  feature can be easily explained by taking into account the-Na
the assumption that no interatomic distances can occur in theH,O first neighbor distance, which is around 2.4482 Thus,

liquid for all r < rpin and, therefore, any contribution g{r) the main peak includes contributions of the shorter' N@
has no physical meaning. The values were sehip= 1.5 A distances (O being either from an® molecule or an OH

for all aluminate solutions i, = 2.0 A for then8 solution (pure ion) and the longer lD—H,0 distances.

NaOH) andrmin = 2.4 A for water. Note that these limits Aluminate Solutions. The gradual emergence of a shoulder

conform to the selection of effective radii for the hypothetical on the left-hand side of the same peak in aluminate solutions
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TABLE 2: Approximate Values of the Structural Parameters from a Direct Reading of the Pair Distribution Functions (peak
maxima ry, rp, rs, and minima, rmin, in A), and Coordination Numbers (c)) Calculated from the Integration to the Peak Maxima
(i < 4) and to the First Minimum on the G(r) Function (i = 4)?

parameter peak assignt water n21 n8 ng82 n83 n84 n85 n86
r Al-0O 1.80 1.80 1.81 1.75 1.75 1.74
r Na—O 2.35 ? ? 2.40 2.40 2.45 2.40
rs 0-0 2.85 2.80 2.65 2.70 2.75 2.80 2.85 2.85
I min 3.10 3.15 3.10 3.15 3.20 3.20 3.20
C Al-0 3.9 35 2.6 4.1 3.7 4.2

C2 Na—O 4.5 54 4.4 3.8 4.6 5.2 5.2
Cs 0-0 3.2 3.7 55 4.9 55 6.3 7.1 8.6
Cy 0-0 4.1 4.0 7.5 4.7 5.3 6.9 7.2 9.0

aOnly the predominant contribution is considered for the assignment in column 2. O refers to either GO units.

can also be ascribed to this NaO contribution. It is interesting (c) The position of the NaO shoulder is unchanged, within
to note that while the concentration of sodium is the same in the precision of the measurements.
all solutions exceph2l, the shoulder is more pronounced the (d) The O-0O peak position decreases with the addition of
higher the aluminate concentration. A plausible explanation of NaOH to water (from 2.85 to 2.65 A in the8 solution), but
this is that a decreasing contribution from the hydrogen bonded this trend is reversed by increasing the aluminate concentration
H,O—H,0 distances is observed instead of an increase in the (up to 2.85 A in then86 solution).
Na"—O contribution, leading to a greater separation of the two.  (e) The sodium ions are coordinated by 4.0 to 5.5 O-
A gradual structural rearrangement can also be observed incontaining units over the series of aluminate solutions. The
the range of longer distances, say, from 3.5 to about 6 A. It is highest coordination number, interestingly, is obtained for the
not possible to assign these changes to one or two pairpure NaOH solution (5.4) and for those of highest aluminate
contributions only. However, the tendency is clear: with concentrationr{85andn86), with the minimum (3.8) exhibited
increasing aluminate concentration, a broad peak emerges inby then83 solution.
the range 3.34.3 A, followed by a minimum in the range 45 (f) If the integrated area corresponding to the &
5.5 A. This longer range structure replaces the broad maximum contribution is subtracted from the composite second peak and
of pure water, between 4 and 5 A, and the broad minimum from it is assumed that only ©O scattering contributes to the
5to 6 A. This is obviously due to a structural rearrangement, remainder of the peak, the coordination numbers obtained show
readily explained by the breaking of the longer range structure a clear tendency to increase with increasing aluminate concen-
of bulk water and the development of a more compact, shorter tration. This is observed whether the peak maximug) ¢r
range local order in the more concentrated electrolyte solutions. the first minimum €4) is used as the upper limit of integration.
This effect can be analyzed quantitatively. The main The coordination numbers of water are close to those of the
structural parameters of the experimenyi@) functions, obtained ~ pure solvent in the most dilut@21) solution, but they increase
either by direct reading of the functions (maximum and toa value near 9 in the most concentrated solution. There is,
minimum positions and assignment of distances) or by the therefore, only a relatively slight change of structure inné
integration of the area under the peaks (corresponding to solution but a complete structural rearrangement with increasing
coordination numbers) are listed in Table 2. The signs of the concentration, since it is not physically possible to have more
charged ions have been neglected for brevity. than six HO molecules coordinated by othep® molecules
Particular care must be taken with two aspects of the at normal temperatures and pressures at nearest neighbor
interpretation of these parameters. First, there is the well-known distances. It is noteworthy that there is hardly enough water in
“smearing” of the parameters due to the mathematical conse-these solutions to satisfy the stoichiometric requirements of such
quences of the Fourier transformation of structure functions. In high coordination numbers. The assumption that ontyD
essence, there is a convolution of the structure-dependent ternfyPe interactions contribute to the right-hand side of the second
with that containing the scattering factors (eq 5 below). Second, Peak must therefore be _dropped and a more complex structural
the limitations of visible analysis and rough integration must arrangement assumed instead.
be remembered. The accuracy of estimation regarding the first, Geometric Models of Structure. To understand better the
well-separated peak positions 40.025 A, corresponding to  structural features listed above and to determine the structural
the fact that eachy(r) was only computed to 0.05 A units. The Parameters more precisely, average geometrical models were
other peaks and shoulders cannot be located more accuratewonstructed and tested against the experimental data. The usual
than+0.05 A. The coordination number can be estimated to Procedure is to apply a nonlinear least-squares method (LSQ)
+0.5 at best, but may be as poor-a%—2 units for the broader N which the theoretical structure functions are calculated with
peaks or those resolved from composite ones. The longer the@djustable structural parameters and geometrical rules arising
distance, the worse the situation becomes. from the models used to compute the nonadjustable parameters.
The following are worth noting: The theoretical structure functions are then compared with the

(a) The A0 distance decreases as the concentration of the COr"esponding experimental ones to achieve the best fit, as

aluminate ions increases (from 1.80 AlaM Al(OH)s to ca. indicated by the minimum value in

1.74 A at 6 M). K
(b) The .coord.inatior.\ n.umber. of the nearest O units around [KHy00(K) — kHexp(k)]2
each aluminum is 4, within the limit of the experimental errors. W&o
The values for then82 and n83 solutions (3.5 and 2.6, R= (4)
respectively) are lower, but this should be regarded with caution Kmax

as both peaks are rather broad and the first peak is not well % szexpz(k)
resolved. k=Rmin
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TABLE 3. Average Weights (as Percentages) of the metrical constraints. Next, the contributions of the monomer
'C::ontr[but|ofns %f asﬁ JYDG l_Fl’aéfS t(_)dthe ﬁ'giy d_S”“C;ll”e _ structural units were subtracted from the experimekki(k)
unctions for the Sodium Hydroxide and Sodium Aluminate and the Na-O parameters determined approximately. Finally,
Solutions Studied .
an attempt was made to determine the parameters for the bulk

op n8 n21 n82 n83 nn84 n85 n86 water in the system.
Na*—N+a+ 239 038 216 221 194 193 1.9 Once a rough estimate for each main parameter had been
ﬁ: :Ela 8-88 8-1‘? é-gg é-gg g-gg leg f-?f obtained, a systematic refinement was performed by testing the
OH—-Na* 317 111 503 579 651 742 835 ollowing species in the model.
OH —A| 000 058 162 239 415 592 7.81 (1) Aluminate ions in monomeric form, corresponding to the

OH—OH- 1.07 083 299 387 559 727 912 formula Al(OH),". A regular tetrahedral shape was assumed
H,O—Na* 21.87 9.71 17.60 16.60 13.95 12.36 10.93 and the OH-OH distances and coordination numbers were
HO-Al 000 387 474 58 794 902 965 computed accordingly.

HO—-OH~ 13,57 1296 20.33 22.01 24.37 2550 25.87 . . S . .
H,O—H,0 57.93 70.06 43.90 39.03 32.27 2623 20.92 (2) Aluminate ions in dimeric form, corresponding to the

formula ALO(OH);~.° Two regular tetrahedra were assumed

The theoretical structure function has its usual form with a shared common O atom at one of their vertexes. All
distances and coordination numbers were computed from the

KHypeolK) = W, 4(K)C_4io(Kr ) eXp(1 2|<2/2)_ geometrical constraints. The assumption of binding between
e Z; GOt e 0 the two tetrahedra by two hydrogen bonds between OH units

kHoon(K) (5) from each tetrahedron (in addition to the-AD—AI linkage)
con . . e .
was also included in the model. Justification for these postulates

where the summation spans each paingftype contributions, IS given later.

ros is the distancely is its root-mean-square deviation (rmsd) ~ (3) The hydration structure of the aluminate ions was
value related to the temperature factor, apglis the frequency ~ characterized by AtH2O pairs, with the relevant distances and
factor (coordination number) of the,3 type contribution.  coordination numbers taken as free parameters.

kHcon(K) denotes the term for those contributions in which the  (4) Hydrated sodium ions were characterized by structural
distances are supposed to be randomly distributed. The weightparameters of NaH,O contributions. No regular geometry was

ing factor is calculated as assumed.
(5) Sodium hydroxide contact ion pairs were considered, with
(2 = 04p)%Xsfo(K)f5(K) the number of pairing distances restricted by the NaOH excess
Wes(K) = (6) over the concentration of aluminate ions. Distances and rmsd
Z[X‘*f‘l(k)]z values of the NaOH pairs were set equal to those for Na
= H,0 and were refined simultaneously.

(6) Sodium aluminate contact ion pairs were assumed to have
wheredg is the Kronecker delta. a sodium ion in touch with three OH groups, i.e., on the face
The average weight of awf type contribution to the  of the aluminate tetrahedron. Correspondingly, only one Al

structure function is Na distance was included in the model.
ke (7) The structure around the hydrated hydroxide ions was
fkm.ay\Naﬁ(k) dk considered to be identical to the first neighbor distance of
E)vaﬂD='"T ) coordinated water molecules in bulk water. Distances and
K dk coordination numbers were then adjusted during the fitting
procedure.

Table 3 summarizes the average weights in percentages, of (8) The remaining water structure was described by three
all (X,ﬁ pair contributions to the overall scattering pattern of the different Cont”bunons, with characteristic distances estimated
the structural analysis is useful in order to decide which pair in theg(r) functions. Distances and coordination numbers were
contributions have a significant effect on the overall scattering then adjusted. The term “remaining water structure” in this
pattern and thus which need to be included in the analysis. TherePaper refers to bulk water and/or to structural contributions from
are some cases, however, when even the contributions with smalthe water-water distances around hydrated ions or hydrated

weights are of importance. A typical example is the-&IH ion pairs. .
contribution, which appears as a well-separated, well-shaped (9) Rmsd values were adjusted to take account of the Al
peak in theg(r) function, even for the relatively dilute21 OH contributions and for all others with relatively high average

solution. The related distance values could thus be accuratelyweights. In all other cases rmsd values were fixed, and set equal
determined even though the corresponding average weight wag0 an approximate value chosen from the literafidre.
only 0.6%. (10) The “continuous” part of the structure function was
The following strategy for the refinement of the structure was omitted from the structural analysis, as it is irrelevant to the
adopted. First, a univariate fit was carried out to determine local order of current interest.
the average distance values forADH pair distributions. The During the analysis, the model comprised an appropriate
decrease in LSQ sum and a graphical goodness-of-fit for the mixture of the above elements. Initially, an assumption of fully
relevant peak on the experimenggt) function were monitored hydrated ion pairs merged in the “remaining water structure”
simultaneously. The same procedure was applied to obtain thewas adopted, without accounting for any ion pair formation.
corresponding,s andc,s values. Once these parameters were This model was then developed by dropping the assumption of
determined and the existence of four coordinate Al atoms complete hydration to consider the system with ion pairs.
consequently established, the contributions of-@BH pairs Finally, a compact structure in which all the aluminate ions were
within the AI(OH),~ tetrahedra were determined from geo- regarded as forming contact ion pairs with sodium and these
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TABLE 4: Structural Parameters Obtained from Least-Squares Fitting of the Experimental Data by Theoretical Structure
Functions, Using Average Geometrical Modefs

parameter n21 n82 n83 n84 n85 n86
Al(OH)4 I'AI—OH 1.796 1.788 1.851 1.751 1.756 1.744
monomer lai—oH 0.083 0.073 0.107 0.072 0.128 0.083
CAl—OH 4.189 3.950 3.360 4.144 4.266 4.300
I OH-OH 2.934 2.920 2.915 2.860 2.867 2.849
lor-oH 0.160 0.160 0.160 0.160 0.138 0.140
CoH-0H 6* 6* 6* 6* 6* 6*
Na"—AI(OH), I'Na—0 2.363 2411 2.394 2.456 2.387
ion pair INa—0 0.127 0.144 0.165 0.113 0.102
CNa-0 1.505 1.649 2.007 2.256 2.473
I'Al-Na 2.386 2.367 2.369 2.363
la-Na 0.15 0.15 0.15 0.15
CAl-Na 1* 1* 1* 1*
Na"—H,0 I'Na—H,0 2.356 2.363 2.411 2.394 2.456 2.387
hydrate INa—H,0 0.128 0.127 0.144 0.165 0.113 0.102
CNa—H,0 3.690 3.694 2.500 2.419 2.078 1.102
OH—-H,0 I OH™ —H,0 2.743 2.763 2.755 2.851 2.800
hydrate loH—H,0 0.138 0.157 0.170 0.154 0.169
COH™—Hy0 0.000 1.802 1.207 1.328 1.143
Al—H;0 I Al—H,0 4.300 4.200 4.300 4.282 4.000
hydrate lal—H,0 0.271 0.271 0.271 0.249 0.250
CAl—H,0 4.565 4.156 4.561 5.659 4.954
H,O—H,0 I Hy0—H,0 2.795 2.743 2.763 2.842 2.851 2.838
bulk IH,0-H,0 0.143 0.139 0.157 0.170 0.154 0.171
CH,0-H,0 3.460 3.836 3.047 3.456 3.561 3.456
I Hy0—Ho0 3.272 3.343 3.353 3.359 3.346 3.248
IH,0-H,0 0.179 0.223 0.258 0.258 0.194 0.227
CH,0-H,0 2.752 4.369 5.198 4.829 4.669 4.338
I Hy0—Ho0 3.773 3.947 3.901 3.857 3.823 3.678
IH,0-H,0 0.185 0.265 0.255 0.209 0.209 0.224
CH,0-H,0 4.319 4.727 5.076 5.729 6.737 4.732

aThe distances,{s), the rmsd deviationds) in A, and the coordination numbers,f) are given. Asterisks indicate that the parameters were
fixed during the fitting procedure or calculated from geometrical constraints.
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Figure 3. Result of the LSQ fitting procedure for the86 sodium PP
aluminate solution at the structure function level, showing the n21
experimental X-ray structure function (circles), the best fitting theoreti-
cal structure function (full line), and the difference (crosses).
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“compact” structural units were hydrated by the remaining water
molecules and/or form contact ion pairs with hydroxide ions

was assumed. In the last case, no allowance was made fo"Figure 4. Experimental X-ray pair distribution functions (circles) and

separate hydrated ions in the solution. The structural parameters,est-fitting theoretical simulations (full lines), based on the average
obtained from models which give the best fit to the experimental geometrical model assumptions for the highly concentrated sodium

data are listed in Table 4. aluminate solutions.

The agreement between the best fitting theoretical structure
functions and the corresponding experimental structure function The agreement between the theoretical and experimental pair
for the n86 solution is shown in Figure 3. Omission of the distribution functions for the aluminate solutions is shown in
continuous part from the fitting procedure largely influences Figure 4 over the range from 1.5 to 4.5 A. Excellent fits are
the rangek < 4 A1, but the agreement is also very good with achieved except at longer distances where a uniform distribution
higherk values. of the diffraction distances gradually predominates which was,
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0.5
Figure 5. Comparison of the X-ray pair distribution functions,

computed from the various geometrical models for the most concen-

trated sodium aluminate solutio/®6.The complete model (thick line),

a model including AI(OH)~ monomers plus Na-Al(OH) 4~ ion pairs
(triangles), and a model including ZD(OH)~ dimers plus Na—Al-
(OH) 4~ ion pairs (asterisks) are shown. Experimental X-ray pair
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1.90 A. Thus, in crystal structures of [ADH)2(H20)g](SOs)2*
2H,0 and [AL(OH)z(H20)s](SeQy),-2H,0 the complexes exist

as [Al(OH),(H20)g]*" units with Al-O distances from 1.87

to 1.91 A in the AIQ octahedr# and in Na[Al(OH)g](OH),

the monomeric [AI(OHY3~ anions have AFO distances of
about 1.93 A% In the Na[Al(OH)¢]2(OH)z-6H,0 crystal, the

Al occurs as monomeric octahedral anion [AI(QH) with
Al—0 distances varying between 1.89 and 2.08"# It is
worth noting that some of the distances are longer in the latter
crystal than in the others. These variations can perhaps depend
on the nature of the coordinating O-species (i.e., OH instead of
OHy), but it seems that this effect is never very large.

As far as tetrahedrally coordinate aluminum is concerned,
Nno previous measurements appear to have been made in solution.
However, abundant data are available for aluminate species with
four-coordinate aluminum complexes in the solid state and they
demonstrate a significant shortening, by about 0.15 A, in the
Al—0 distances compared to those in octahedral complexes.
In particular, in a NgAI(OH)4]CI crystal the four AFO(H)

distribution functions are represented by circles, the difference betweendistances are 1.756 A lorf§. Again, the nature of the

the contributions of the dimers and the monomers by a thin line, and
the remainder of the experimental pair distribution function after the
subtraction of the curve for the complete model by a dashed line.

35

3.0
/A

-0.5

Figure 6. Details of the contributions to the theoretical X-ray pair
distribution function, computed for the most concentrated sodium
aluminate solution i(86). Contributions arising from the Al(OH)
monomeric unit (1), N&—AI(OH) 4~ ion pairs (2), N&—OH™ ion pairs
and N&—H,0 contributions from hydrating water molecules (3), GH
H,0O and HO—H,0 first neighbor contributions (4), and furthep®H

H2O contributions from longer distances (5) are shown.

in turn, omitted from the fitting procedure. More detail of the
structural contributions is given in Figures 5 and 6, which show

the residual curve (Figure 5, dashed line) and the separate

contributions of various assumptions (Figure 6, numbered
curves), in the development of the model.

Discussion
The Local Structure around Aluminum. There is ample

evidence in the literature that the distance between aluminum-

coordinating group does not have a large effect: theANay
crystal consists of isolated AlQetrahedrd with distances from
1.761 to 1.789 A.

A distinction worth being made occurs between bridging Al
O(Al) and terminal A-O(H) distances in the crystalline phase.
Potassium aluminate crystals of compositigi,O(OH)] that
contain [(OH}AIOAI(OH)3]2~ dimer structures, i.e., are built
up from two AlQ, tetrahedra sharing an oxygérhave the four
distances within the tetrahedron as 1.73, 1.75, 1.76, and 1.78
A, with 1.73 A being the A+O(AI) distance. Similarly, in a
Nag[Al 203(OH),]-1.5H0 crystal, the three AtO(Al) distances
were found to be 1.729, 1.745, and 1.763 A, compared with
that for Al-O(H) at 1.789 A% The bridging AFO(AI)
distances are also found to be shorter in crystals where the
structure is built from an extended polymeric network. In its
triclinic form, NayAl30g consists of infinite chains of ADig
rings linked by oxygen bridges and NAIsO;¢ consists of
discrete AfOy6 chains of corner-sharing AlQtetrahedrd344
the Al-0O distances are in the range of 1-71.80 A.

The listed literature values show that in the crystalline phase,
the change of octahedral coordination to tetrahedral has the
greatest effect on the AlO distances (a shortening of 0.15 A).
Less significant is the difference between bridging and terminal
Al—0 distances (at about 0.88.05 A), while the chemical
nature of the coordinating species has the least effect. Itis also
important to observe that the distances in octahedral complexes
in the liquid phase are in good agreement with those in the
crystalline phase. It is therefore reasonable to expect a similar
agreement for four coordinate aluminum in the solution and
solid states as well.

In the present study, the LSQ fitting procedure leads to two
conclusions. First, the refined average on distances shorten
with increasing aluminate concentration, as shown in Figure 7.
It is important to note that unlike in Algland AI(NGs)s

(1) and coordinated oxygen atoms depends on the coordinationsolutions, this is a significant change and therefore is indicative

geometry of the aluminurff:33-3° Thus, in solution, the Al
ions were reported to be completely hydrated by six water
molecules in an octahedral configuration. The average-Al
OH; distance was found to be 1.90 and 1.89 A in 1 and 2 M
aluminum chloride solutions, respectivéRand 1.90 and 1.87
A'in 0.5 and 3.5 M aluminum nitrate solutions, respectivi8i’#

of a speciation change in solution. A linear regression analysis
for the equation

(8)

wherex is the aluminate concentration expressed as Al@OH)

Ma—on = MX+n

The slight drop of distance values with increasing concentration in M, yieldsm = —0.011 A mot! dm? andn = 1.8 A.

is comparable with the experimental error.

Second, the coordination number of the O-containing scat-

In the solid state, whenever aluminum atoms are found to be tering units around the Al atoms in all of the present aluminate

six coordinate, the observed -AD distances are also close to

solution is four, within the limit of experimental error. It is
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182 1 sodium ions in solution has been intensively investigated by
T direct structural method@&but with a surprisingly scattered range
1.80 '\ of results. The hydration numbers that have been reported
<1784 \\' usually vary between 4 and 6, with N&® distances between
3 1 [ I i 2.4 and 2.5 A. Computer simulation studies have explained
2176 these variations by invoking the existence of relatively weak
+74 ! \T\, forces between sodium and water, which result in a loss of
: < regular symmetry in the first hydration shél.
1.72 } ; : } Sodium aluminate crystal structures also demonstrate a
1.10 2.00 270 4.00 520 6.40 versatility in sodium coordination. In the dal(OH)g]2(OH)s:

6H,0 crystaf>38all Na* ions are octahedrally coordinated by

Figure 7. Average values of the distances of OH groups from the Al water molecules and OHions, with Na-O distances varying
atoms within an aluminate unit as a function of aluminate concentration from 2.33 to 2.568 A. In Ng[Al(OH)e](OH),, an octahedral
in highly concentrated sodium aluminate solutions. The distance values coordination is also reportéf. In the Na[Al(OH) 4]CI crystal
were determined by a LSQ fitting procedure of hypothetical structure the sodium ion is six coordinate, the N@® distance is 2.435
functions to the _experimental ones, obtained from X-ray_dif'f_raction. A and the hydroxide O is shared with the aluminum, forming
e e e e o cetermnaon. Th o contact on pa? n the NafAl:OOH0.1.5HO crysa

9 y 9 ysIS. sodium is again octahedrally coordinat@dIn Na;Al;0g and
in Nay7AlsO46 the coordination of sodium is rather complex,
being either four or five coordinated and with the Na
distance varying between 2.22 and 2.80 A, while in the-Na
AlO4 crystal the sodium is four coordinated and the—\a
distances vary between 2.21 and 2.58%A3

The present results regarding the coordination structure of
An attempt was also made to describe the structure of the the sodium iqns in solutioq conform with the aboye obsgrvqtioqs.
(more concentrated) solutions by including a dimeric species 1€ Na-O distances are in good agreement with earlier liquid
[(HO):AIOAI(OH) ] which has two tetrahedrally coordinated phase stud_les, with the refined values around the lower I_|m|t_ of
aluminum atoms with an O atom shared at a common vertex t0S€ previously reported (2.40 A). The average coordination
(listed as model 2 in the previous section). This structure has "UMPer of Na in the most highly concentrated NaOH solution
been proposed by Moolenaar efain the basis of their Raman (n8) is 5.4. This represents a s[gnn‘lcantly lower degree of
studies of aluminate solutions and has also been observed irYMMetry than would be the case in a truly octahedral structure.
the solid staté®#2 The geometry of the latter studies was The coordination state of the sodium ion in the sodium
adopted in the present modeling. Unfortunately, the contribu- aluminate solutions is more complicated. In the most dilute
tions to the pair distribution function that might be due to any solutions (21 and n82) the hydration number of sodium is
dimeric units are not sufficiently different from those of the already significantly less than in the pure sodium hydroxide
monomeric species to draw any positive conclusion (see Figuresolution, with an average coordination number of 3.7. Interest-
5). Given the accuracy of the distances, it proved impossible ingly, this decreases further as the aluminate concentration
to determine the percentage to which any dimeric species mightincreases, down to just one water molecule in the vicinity of

be present in solution, either from the average values of the Na’ ion at an aluminate concentration of 6 M. This is an
distances, or from a direct fitting of the various model Obvious consequence of the shortage of bulk water. On the

combinations to the experimental data. other hand, due to the formation of contact ion pairs in these
Hydration Structure of the Aluminate lon and the First solutions, the O atoms of the aluminate ions participate
Neighbor Oxygen—OXygen Distances_Adding the approxi- increasingly in the sodium ion coordination, with the number
mate effective radii of Al, OH, and 0 gives an A-OH, increasing from 1.5 in theé82 solution to 2.47 in then86
distance of between 4.0 and 4.4 A for hydrated aluminate solution. If it is assumed that the sodium aluminate ion pair
species. The distance depends slightly on the location andcomprises a sodium ion in contact with one face of the aluminate
orientation of the hydrating water molecule. For trivalent, tetrahedron (i.e., it “sits” in the cavity formed by the three OH
hydrated A¥* ions, a strong tendency to form a stable and highly groups), the distance between aluminum and sodium can be
symmetrical second hydration layer with hydrogen bonds calculated from the geometry of the tetrahedron and the radius
significantly shorter than those present in pure water has beenof the sodium ion. The result is very similar to the Na
observed®34 This was explained in terms of the strong distances usually found between a sodium ion and a water
coulombic field of AB* which strongly polarizes its first ~molecule or OH group in contact with it (3.38.38 A). Adding
neighbor molecules. In contrast, as the Al(@H)s both an  the number of hydrating water molecules to the OH groups
anion and much larger, it seems likely to have only a very coordinating the aluminum ion gives a coordination number
loosely bound hydration shell like perchlorate, sulfate, or around 5.5, aboutthe same as in pure sodium hydroxide solution.
iodide32 This fact, and the complexity of the entire structure This explains why the coordination number of sodium at high
in the range up to the expected-ADH, distance, have made concentrations of aluminate is similar to those in pure sodium
the determination of the aluminate hydration parameters quite hydroxide solution, as was determined by the direct integration
uncertain. Although refinement of the distance and coordination described above.
numbers was attempted and the resulting values seem to be A rough estimate of the percentage of sodium (and aluminate)
acceptable (see Table 4), it would unwise to draw any firm ions involved in the ion pairs can be made by assuming that in

Al(OH); concentration / moidm™

interesting to note that the LSQ fit produced coordination values
closer to four than were estimated from the direct reading of
parameters from the pair distribution functions. The accurate
values of distances, together with the coordination values and
the literature information establish that the basic structural
geometry of the aluminate ions in all our solutions is tetrahedral.

conclusions from them.
Coordination Structure of the Sodium lon: Hydration
and Contact lon Pair Formation. The hydration structure of

each contact ion pair one sodium ion touches one face of an
aluminate tetrahedron. The possible maximum number of OH
groups in contact is then 3. The observed avemge, values
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suggest that, on this basis, about 50% of aluminate ions arepair contributions. For the same reason and because of the
involved in ion pairs in the82 solution while the ratio is above  difficulty in distinguishing between OHand HO, the hydration
80% in then86 case. These percentages are, of course, only structure of the OH ions could also not be determined. No
rough estimates. Since sharing of sodium between OH groupsdirect evidence was found for the formation of sodium aluminate
is expected and would cause the extent of ion pair formation to contact ion pair formation. The relatively low coordination
be underestimated, there is some probability that a much highernumber in the sodium hydration shell and the shortened value
percentage of contact ion pairs occurs, perhaps up to 100%. of the first neighbor HO—H,O distances give an indication of

Structural Changes in Bulk Water. An assumption usually  the influence of the aluminate ion on their structures.
made in the structural analysis of dilute solutions is that water At the other extreme, in the most concentraté@é solution,
which is not directly coordinated to a solute species may be there is hardly enough water to completely hydrate any of the
treated as bulk water and the experimental structure functionions in solution. The existence of contact ion pairs is thus
of pure water can be simply subtracted from that of the solution. ensured by simple stoichiometric and packing constraints. For
In these cases, a weighting factor is calculated from the these concentrated solutions, the ions are partly hydrated and
stoichiometric ratio of water. This approximation is, however, partly in contact with each other. The shortening of th©H
not valid with the present solutions except, perha2g, This H,0 (or OH —H0) distances compared with the typical first
makes any attempt to characterize quantitatively the structureneighbor distances in pure water points to an ordering effect
of the bulk or, more precisely, of the remaining water, rather attributable to the columbic interactions of the ions. The ions
difficult. The only reliable statement that can be made is that of opposite charge form contact ion pairs and these species share
the original structure of the water is largely disrupted. the few water molecules in solution between them.

An attempt was made to describe the remaining watexter In summary, the speciation in highly concentrated alkaline
contributions using three terms. The results of this analysis solutions is dominated by an aluminate ion that is four
clearly show that drastic changes in the water structure havecoordinate and has tetrahedral symmetry. Significant concentra-
occurred compared with pure water. One interesting observationtions of species with higher (octahedral) or lower degrees of
is that, relative to pure water, the first neighborO distances symmetry (e.g., AlQ units) can be excluded. The shortening
are shortened remarkably, even in the more dilute solutions. A in the Al—=OH distances in solutions with increasing aluminate
gradual increase is also observed with increasing aluminateconcentration is in accord with the crystallographic data of solid
concentration, up to 2.84 A, which coincides with the average aluminates in which an O is shared by two Al ions and is thus
H,O—H,0 distance in pure water. It is worth noting that consistent with the hypothesis by Moolenaar e? #iat an
significantly shorter hydrogen bonded watevater distances Al O(OH)?~ dimer may coexist with the AI(OH) monomers.
have also been observed in A}GInd AI(NGO;)s solutions. It More importantly, the refinement of our models shows that in
has been established that nearest neighbgd Irolecules dilute solutionsii21and, to some extent82), hydrated forms
participate in building a pronounced, well-ordered, second of the cations are present. At very high concentrations, however,
hydration shell around the Af ions. This phenomenon is all ions tend to be involved in contact ion pairs which share
explained by the strong coulombic field of the3Alwhich the available water molecules. In the intermediate concentration
polarizes the first neighboring water molecules and increasesrange the analysis of the X-ray data becomes more difficult,
the attractive interaction between the first and second hydrationprobably because a mixture of these two extreme cases occurs.
sheathg® This, however, cannot be true of the negatively
charged aluminate ion and its neighbors. Nevertheless, the free  Acknowledgment. This work was supported by the Aus-
hydroxide ions can interact with the neighboring water mol- tralian Department of Industry, Science & Tourism through its
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