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Structure of aqueous sodium sulfate solutions derived
from X-ray diffraction
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A rapid liquid X-ray diffractometer was used to study the time-averaged and space-averaged structure
of agueous sodium sulfate solutions at 298 and 323 K. Difference radial distribution functions of the
solutions were obtained from accurate diffraction data. The interaction distances of Na'-OH, and S-H,0
in solutions were found to be 0.235 and 0.385 nm, respectively, after deconvolution of superposition
peaks by Gaussian multi-peak fitting program. The characteristic distance of the NaSOj; contact ion
pairs in higher concentration solutions was determined to be 0.345 nm, suggesting that the Na’ ions
coordinated with SO2™ ions in the mono-dentate form. Effects of concentration and temperature on the
hydration structure of the solutions were discussed in the present paper. With a decrease in concen-
tration, the contributions of the H,O to the diffraction pattern increase, the average coordination num-
ber of the Na* ions hardly changes, while the hydration number of SO; ions increases slightly. The
formation of NaSO, contact ion pairs becomes easier at higher temperature. The structure of hydrogen
bond in dilute solutions is broken to a considerable extent with rising temperature, and the peak at

0.290 nm splits into two peaks at 0.275 and 0.305 nm, respectively.

solution structure, sodium sulfate, radial distribution function, contact ion pairs, X-ray diffraction

Aqueous solution of sodium sulfate exists extensively in
the world. The hydration of sodium sulfate solution is
decisive with regard to the progress and orientation of
geochemical and chemical process in seawater, saline
lake and underground brine. Since Na' may act as an
essential element in enzyme catalysis processes, inves-
tigation of the solvation structure around hydrated Na"
ions is crucial for understanding those processes. Sulfate
particles, which are a well-known cause of adverse
health effects and play a negative role in global cli-
mate™, scatter incoming solar radiation and thus alter
the nature of cloud, so detailed study of the hydration
structure and property of SO; ions can help select better
absorbents for sulfur dioxide control in acid rain.

At present, a number of studies have greatly paid at-
tention to the structure of hydrated Na™>2!, while there
has been no much literature focusing on the SO; hydra-

tion structure in aqueous solution. The hydrated sulfate
ion in aqueous solution in structural and dynamic as-
pects using ab initio calculations and large angle X-ray
scattering were studied by Vchirawongkwin et al.[%
The spectra of five low-energy [SO4(H,0)]* structures
with Gaussian 03 was computed and the gaseous
[SO4(H,0)6]* structure formed by electrospray ioniza-
tion (ESI) technology was discussed by Bush et al.Z
Based on photoelectron spectra of SOff (H,0),,, where
n = 4 to 40, gaseous hydrated clusters of sulfate have
been studied by Wang et al.®! The results of X-ray dif-
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fraction study of aqueous Na,SO, solution with water-
salt molar ratio of 1:100 in the range of low scattering
vector were reported by CmupHOB et al.”! However, the
structural information on the effects of temperature and
concentration on the hydration structures of Na,SOy is
still uncertain up to now. Based on these consideration
above, a rapid liquid X-ray diffraction experiment in the
range of large scattering vector on the Na,SO4RH,0
solutions with R = 20 and 125 at 298 K and 323 K and
the temperature and concentration dependence of aque-
ous structure will be reported in the present paper.

1 Experimental

(i) Samples preparation and analysis. Commercially
available Na;SO,4 (AR) was further recrystallized. De-
ionized water was redistilled twice in a quartz distilling
apparatus. The concentrations of the samples were de-
termined by gravimetry of barium sulfate. Densities of
the solutions were calculated by using the empirical
equation™®. The compositions ¢, molar ratio R, density d,
temperature 7, linear absorption coefficient u,
stoichiometric volume V of the sample solutions are
listed in Table 1.

Table 1 Physical properties of Na,SO, solutions studied

Sample c(mol-L™") R d(g-cm®) T((K) wpem') V@md)
A 2.576 20 1.294 208 2.429 0.322
B 2.547 20 1.279 323 2.401 0.326
c 0.440 125 1.053 298 1.351 1.885
D 0.436 125 1.043 323 1.338 1.904

(i1) X-ray diffraction measurements. X-ray diffraction
was made on an X’Pert Pro 0-0 diffractometer by using
Mo Ka radiation (4 = 0.07107 nm) of a second-genera-
tion ceramic Mo anode operated at 50 kV and 45 mA, as
shown in Figure 1. A Zr filter installed in the diffracted
beam was used to filtrate Mo K radiation. The dif-
fracted radiation was collected with an X’celerator de-
tector’', The liquid sample cell with thermostat, de-
signed by ourselves, was mounted on an infrared remote
control positioning stage with motorized z-axial, tilt and
¢ movements. Four slits combinations, with 1/8, 1/4, 1/2
and 1° DS-ASSx slits for X’celerator detector, were em-
ployed for different 26 regions. The sample solutions
were scanned continually at different fixed time (400—
4000 s). Accumulative count was greater than 1x10%—
5x10*, and the statistical counting error was less than

1%. The diffraction angle range of measurements
spanned over 3°<<26<150°, corresponding to a range
of 463 nm '<< s <170.8 nm ' of the scattering vector
s (s = 4nsind/)). In the case of the 1/4°DS-ASSx silt pair,
the experiments were performed by free surface diffrac-
tion geometry. Because of the dry climate of Qing-
hai-Tibetan Plateau, the samples were covered by a My-
lar foil of 6 um in order to prevent composition change
from evaporation of the solutions. Furthermore, Mylar’s
absorption intensity, as inferred from our experimental
and calculated results, can be directly subtracted from
total diffraction intensity. The goniometer must be
aligned in the standard procedures for every diffraction

measurement.
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Figure 1 Geometric arrangement of the 6-6 diffractometer.

2 Data treatment

The intensity of four DS-ASSy slit pairs was converted
to the intensity measured with the 1/2° silt pair from the
data of overlapping regions after correction for back-
ground and absorption. Next, data smoothing, polariza-
tion, multiple scattering and geometric corrections of the
converted intensity were performed. Finally, the cor-
rected intensity was normalized to electron units by
Krogh-Moe and Norman integration methods combined
with high angle method.
The experimental structural function is defined as

i(s) = K-I(s)~ Z X, [ HAY +del(s) 1" (s)], (1)

where s is scattering vector, and K is scaling coefficient.
I,(s) represents the intensity of polarization correction,
and K-I,(s) is the scaling intensity in electron units. Nyom
is the number of atoms in the solution. x; is the number
of ith atom in the stoichiometric volume containing one
Na atom. fi(s) is the atomic scattering factor corrected for
the real parts of the anomalous dispersion, fi(s) =f;+ Af;"
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Af;" and Af{" are the real and the imaginary parts of the
anomalous dispersion correction, respectively. The co-
herent scattering factors f; of spherical free atom and its
correction term were taken from the International Tables
for X-ray Crystallography"2. del(s) is the fraction of the
incoherent radiation reaching the counter. Because the
monochromator was not equipped in the diffracted beam,
the value of del(s) is 1. 7;"*" (s) is Compton scattering of
atom i, its value was taken from the literature!? and
multiplied by Breit-Dirac recoil factor.

The difference radial distribution function (DRDF)
was computed from s-weighted structure function s-i(s)
by the Fourier transformation, according to eq. (2)

D(r) = 4mpy + (2r/m) J:m s-i(s)-M(s)-sin(sr)ds, (2)

where r is the interatomic distance, po is the average
electronic diffracting power at zero angle of the sample
(ez-nm%). M(s) is the modification function". To re-
move spurious peaks at small » values in the DRDF
curve, a Fourier transformation procedure was reused to
correct the experimental structure function.

The theoretical structural function calculated on the
basis of a geometric model is obtained by

sin(sy;;
Fead (5) = Ex; ny»ﬁﬁ%exm—bys%. 3)
rij

Equation (3) is related to the short-range interactions
characterized by the interatomic distance r;, the tem-
perature factor b; and the number of interactions n; for
each atom pair i-j. In this work, the long-range interac-
tions between a spherical hole and the continum distance
distribution were not considered in detail. All the data
were analyzed by means of the Origin software and
KURVLR 2005 for SR program]).

3 Results and discussion
3.1 Structure functions

Experimental structural functions i(s), which represent
the extent of interference between atoms 7 and j, contain
a lot of structural information. The s-weighted structural
functions s - i(s) are presented in Figure 2(a). The s-i(s)
curves remain oscillated near the zero axis, showing that
the diffraction experiments and data treatment processes
are reliable.
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Figure 2 S-weighted structure functions (a) and DRDFs (b) for
Na,SO;, solutions.

3.2 Radial distribution functions

Figure 2(b) shows the DRDF in the form of D(r) —
4m’p, for the sample solutions investigated. There are
no spurious peaks within 0.1 nm in the curve DRDF- r.
Therefore, it may be concluded that statistical and sys-
tematic errors are reduced to the minimum.

(1) Overlapping peaks treatment. As seen in Figure
2(b), the peaks in the range of 0.200—0.300 nm for the
dilute solutions C and D are so broad that they could be
formed from several different interactions. In order to
accurately describe the atomic arrangement in the solu-
tion, the extent of static disorder for hydrated structure

1) Fang C H, Fang Y, Wang L Y. Handbook of Solution Structure of X-ray Data Analyzing Program KURVLR and Structure Parameter Refinement Program PUTLSQ (in
Chinese). Xining: Science-Technology Documentation of Institute of Salt Lakes, Chinese Academy of Science, 1997. 186
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and the coordination number between the nearest atoms
in aqueous solutions, the Gaussian Multi-peaks fitting
program is employed to deconvolve the overlapping
peaks.

The typical results of the peak fitting procedure on
the DRDF curves for the solutions C and D are shown in
Figure 3. The overlapping peaks and experimental peaks
approximately coincide. Therefore, six Gaussian com-
ponents contribute to the observed DRDFs over the r
range analyzed. The interatomic distances of all separa-
tion peaks are listed in Table 2.
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Figure 3 Multi-peaks fitting curves of Na,SO,- 125H,0 samples at
298 K (a) and 323 K (b).

Table 2 The fitting peaks position obtained for solutions of sam-
ples C and D (nm)

Peak
Sample
2 3 4 5 6
C 0.189 0.231 0.259 0.278 0.299 0.337
D 0.197 0.229 0.266 0.278 0.306 0.347

(2) Interactions determination. According to the crys-
tal structure data of NaZSOA‘[ﬁ1 and Na,SO;,- IOHZO[H1
reported in the literature and pervious findings in X-ray
diffraction experiments of Na", SO; and liquid water,
interaction pair of every peak is determined after ob-
taining the DRDFs of four solutions.

The first peak of about 0.095 nm can be assigned to
intramolecular O—H interactions in H,O molecules.
The peak at 0.153 nm is S—Og nearest-neighbor dis-
tance within sulfate ion, and this assignment is sug-
gested by the crystal structure data of Na,SO4* and
Na,SOy - 10H20ﬂ Since the distance 0.250 nm is close

to a tetrahedral edge length (m -0.153 = 0.250 nm),
the peak at 0.250 nm can be ascribed to Os—Os interac-
tions in sulfate group. The first hydration shell distance
of Na’ in investigated solutions is 0.235 nm, which
agrees with the previous findings™™, and the Na'-OH,
second sphere is observed at 0.441—0.480 nm. The co-
ordination number of Na' is 6 for the first hydration
shell and 8 —12 for the second hydration shell, respec-
tively. The interactions between coordinated SO; ions
and water molecules hydrogen-bonding to the sulfate
ions, which usually appear at 0.370—0.393 nm as found
in aqueous sulfate solution™, contribute to the peak at
about 0.385 nm, and the solvation shell of SO} ion is
composed of seven to twelve water molecules. As for
pure water structure, the research results reported three
peaks at around 0.095, 0.185 and 0.330 nm for O—H
interactions, and three peaks at about 0.283, 0.444, and
0.660 nm for O—O interactions™®. Because the X-ray
scattering power of the H atoms is too low for detection
with reliable accuracy, the H—H interactions are not
discussed in these experiments. Therefore, all the O—H
and O—O peaks will occur at corresponding positions
on the DRDF curves of aqueous Na,SO, solutions. In
Figure 2(b), a peak is observable around 0.332 nm, close

to an octahedral edge length J2-r which can be

Na'-OH, ’

assigned to cis-H,O-H,O interactions around Na". In
Table 2, a peak at 0.278 nm is close to O—O bond
length of water-water. Because Na™ acts as a ‘struc-
ture-making’ ion™? which forms a rather strong hy-
drated complex, the peak at 0.278 nm is related to the
hydrogen bonds between the water molecules in the first
and second coordination shells of Na" ions.

At 0.345 nm, a peak is observable in concentrated
solutions, which can be attributed to NaSO; contact ion
pairs. This assumption is supported by the mean distance
of Na—S$ (0.342 nm) in crystal structure of Na,SO42,
thus it may be inferred that the electrostatic attraction
between Na' and SOff ions is weakened in solutions.
Furthermore, The Na'—O—S angle is 127° calculated
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by cosine theorem, indicating that Na' ions coordinated
with SO ions in the mono-dentate form. Wang et al.18
have found evidence of the NaSO, contact ion pairs
formation in the gas phase by means of photoelectron
spectroscopy and density functional theory and ab initio
molecular orbital theory. Extent of coupling between
Na' ions and SO% ions was evaluated by Leaist et al.ﬂ
showing that extent of association is larger than 0.45 in
2.25 mol/L solution. Those conclusions discussed above

can further support our assumption.
3.3 Model fittings

The theoretical DRDFs of Na,SO,4 sample solutions are
gained by inputting the structural parameters(c, ry;, 1y, byj)
obtained from the preliminary analysis above and pre-
vious studies of Na"and SOff ions in water. The struc-
tural parameters were allowed to vary until the patterns
of experimental DRDFs were resembled to the theoreti-
cal ones. Next, the rough structural parameters were re-
fined by means of NLPLSQ programs. Lastly, the re-
fined structural parameters were inputted into KURVLR
program again to verify its adaptability. This process
was repeated alternately many times until the optimal
parameters were obtained. The finally refined results
will be discussed further elsewhere.

3.4 Concentration effects

The DRDFs of Na,SO;, solutions at different concentra-
tions are shown in Figure 4. By the decrease of concen-
tration, the O—H and O—O peaks increase due to the
increased content of water in the aqueous solutions,
whereas the peaks at 0.150 nm S—Og and 0.250 nm
Os—Os decrease, which can be explained by the de-
creased concentration of S—Og and Os—Os-type con-
tributions to the diffraction pattern. As can be seen in
Figure 4, the O—O distance shifts to a large » value with
increasing concentration at room temperature, indicating
that the O—O interactions between water molecules in
the bulk water gradually decrease and the contact ion
pairs appear at higher concentration®”. With a decrease
in concentration, a rather complex and broad main peak
can be seen at about 0.290 nm at 323 K, which splits
into two asymmetric peaks at about 0.275 and 0.305 nm,
suggesting that more than one interactions give rise to
this peak. The peak at about 0.340 nm decreases with
increasing concentration, the reason for this change is
probably that the partial water molecules in the first hy-
dration shell of sodium ions are replaced by SO ions,

forming the NaSO,4 contact ion pairs. As a result, the
peak arising from the cis-H,O—H,O interaction within
Na' complexes tends to diminish. With decreasing solute
concentration, the positions of the peaks at 0.380 and
0.440 nm respectively shift to a slightly larger  value.
These results show that water molecules bound to SOff
and Na' ions increase, and the SOZ’—HzOl and Na'—

H,Oy; distances become greater.
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Figure 4 Comparison of DRDFs for aqueous Na,SO, solutions at
different concentrations.

3.5 Temperature effects

Figure 5 shows the DRDFs of Na,SO, solutions at dif-
ferent temperatures. The hydration structures of ions are
rather sensitive to temperature change. In dilute solu-
tions, the peak assigned to S— Oy interactions increases,
while it hardly varies in concentrated ones. Around 0.19
nm, a peak can be found, which can be attributed to in-
termolecular H—O interactions between water mole-
cules. This peak deceases with increasing temperature,
which explained the increase of extent of the break or
the bend of the hydrogen bond in the bulk water. With
an increase in temperature, the peak of Na'—OH, be-
comes sharper, and the position of this peak shifts to a
small r value. Moreover, the Os—Oyg interactions at
0.250 nm diminish, suggesting that the pattern of SO;
group may be deformed at higher temperature. As shown
in the inset of the Figure, the peak at 0.290 nm in dilute
solutions splits into two peaks at higher concentration,
indicating that the O—O interactions are also sensitive
to temperature variation. The peak at 0.345 nm in con-
centrated solutions becomes shaper with increasing tem-
perature, showing that higher temperature is in favor of
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Figure 5 Comparison of DRDFs for aqueous Na,SO, solutions at
different temperatures.

forming contact ion pairs. This result is in good agree-
ment with the conclusions drawn by Leaist™ and the
phase diagram of Na,SO4-H,O system?:. On the con-
trary, the peak at 0.345 nm in concentrated solutions
becomes flatter with increasing temperature.
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