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Solubility equilibria in the uric acid—sodium urate—water system
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Abstract

In a constant ionic medium, corresponding to a physiological environment (I, = 0.15 mol dm > NaCl), the solubilities of
anhydrous uric acid, uric acid dihydrate and monosodium urate monohydrate have been measured as a function of
p[H] = —log [H*](2-8) and temperature (25°, 32°, 37° and 42°C). The solubility equilibria in the uric acid-sodium urate—
water system are discussed on the basis of the solubility constants (K;) and the first dissociation constant (K;) of uric acid and
the solubility product (Ky) of monosodium urate. The quantities measured in this work are in good agreement with literature
values, however, the present solubility data have a much higher precision. © 1998 Elsevier Science B.V.
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1. Introduction

It is well known that the precipitation of uric acid
and monosodium urate in the human body is closely
related to many diseases, e.g. formation of calculi in
the urinary tract, uric acid nephropathy and gouty
arthritis [1-7]. In order to investigate the mechanisms
leading to uric acid or monosodium urate precipita-
tion, many factors, e.g. influences on nucleation by pH
[4], proteins [5], antibodies [6], biological milieu in
general [7], etc. have been studied and discussed.
However, in spite of numerous solubility studies pub-
lished in the available literature, accurate solubilities
of uric acid and monosodium urate, e.g. in physiolo-
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gical NaCl solution are not well known. More recently,
only a few experimental investigations on the uric
acid—sodium urate—water system have been performed
[8-12], whereas data given in most papers have just
been recalculated or cited from other sources, e.g.
[9,13]. Since sound physico-chemical data are indis-
pensable for a discussion of medical implications, a
detailed investigation of solubility equilibria in
the uric acid—sodium urate—water system was carried
out.

2. Experimental
2.1. Materials

High-purity uric acid CsH4N4O5 (99%+), pur-
chased from ALDRICH, was used directly. X-ray
diffraction analysis and scanning electron microscopy
(SEM) confirmed that this commercial sample was
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pure anhydrous uric acid. Other chemicals used were
of analytical reagent grade.
Uric acid dihydrate was prepared as follows:

Since uric acid dihydrate crystallises from slightly
acidic, highly supersaturated solutions obtained by
rapid cooling [14], ca.130 mg of commercial anhy-
drous uric acid were dissolved in 500 cm® of boiling
bidistilled water. The pH of the solution was adjusted
to ca. 3, with glacial acetic acid. The solution was
filtered, rapidly cooled in an ice bath and kept in a
refrigerator for 3 h. The transparent, platelike crystals
formed were filtered, washed with cold bidistilled
water and immediately used for the solubility experi-
ments. The crystals were identified to be pure uric acid
dihydrate by optical and scanning electron micro-
scopy as well as X-ray diffraction analysis.

Monosodium urate monohydrate was prepared as
follows:

An amount of 2 g uric acid was suspended in 4 cm® of
0.01 mol dm—> NaOH solution, diluted with bidis-
tilled water to 600 cm® and warmed up to ca. 70°C.
Solid NaOH was gradually added to the well-stirred
solution until it was clear. At this moment, the pH of
the solution was ca. 9. The solution was filtered and
slowly evaporated at ca. 70°C to a final volume of
500 cm®. For the crystallisation of monosodium urate
monohydrate, the solution was kept at room tempera-
ture for about 40 h. The formation of the needle-
shaped crystals was checked under a microscope.
Then the suspension was cooled in a refrigerator for
2 h. The crystals were filtered under vacuum, washed
with cold bidistilled water and dried at 110°C in
an oven for 2h. The yield was usually ca. 1.4 g
monosodium urate monohydrate. The purity of the
crystals was confirmed by X-ray diffraction analysis
and SEM.

2.2. Equipment

The experiments were performed using a thermo-
statted, percolation-type solubility cell [15]. SCHOTT
H2680 glass electrodes and a home-made silver—silver
chloride reference electrode with Wilhelm-type salt
bridge [16] were connected to an ORION 940 pH-
meter. The concentration of uric acid was measured in
0.1 mol dm > NaOH solution using a Perkin-Elmer
LAMBDA 15 UV/VIS spectrometer.

2.3. Procedure

In the solubility cell, the initial solution
([Na*]. . = I. mol dm~3, [OH ],;; = OH mol dm 3,
[C17],, = (I. — OH) mol dm™*) was percolated by a
H,O-presaturated N,-gas stream through the solid
phase of uric acid. In the case of monosodium urate,
the initial solution contained [C17], ; = I. mol dm >,
[H*],, =Hmol dm >, [Na*],.=(I. — H) mol dm .
In the pH variation method [17] employed here,
I.=0.15moldm > and H or OH were varied
systematically from one experiment to another.
During the reaction with the solid phase, the p[H]
value of the solution was followed by the galvanic
cell

Ag | AgCl| 1. mol dm~3 NaCl | I, mol dm >
x NaCl | Sa or S| glass electrode (A)

and recorded by the pH-meter. After 648 h, depend-
ing on the compound and temperature, a constant p[H]
value was obtained which indicated the (metastable)
solubility equilibrium.

The cell (A) was calibrated with a solution
Sx=0.14 mol dm> NaCl/0.01 mol dm > HCl before
and after the solubility measurement. The liquid
junction potential E; in NaCl must be considered in
the p[H] range at calibration. It was calculated using
the relation Ej/mV = —51.2[H*|/I. which can be
derived from a simplified form of the Henderson
equation [18].

The resulting solution was separated from the solid
phase and diluted 5, 10, or 20 times with 0.1 mol dm™3
NaOH solution, thereby uric acid, H,U, and hydrogen
urate, HU ™, were transformed to urate, U?~. The total
concentration of urate was determined spectrophoto-
metrically at 293.6 nm wavelength with 0.1 mol dm >
NaOH as the reference solution. It should be noted
that, after separation from the solid phase, the urate
dissolved in the solution decomposed at room tem-
perature due to atmospheric O, absorption. Therefore,
the measurement must be carried out as soon as
possible.

3. Results and discussion

For this heterogeneous system, at least three equi-
libria must be considered:
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HZU(~2H20)(S> — HzU(aq)(+2 Hzo) K, (1)

HyU () — H(th) +HU,, Ki ()

NaHU - HzO(S) — Na(fiq> + HU<_dq> +H,O Ky
(3)

The results of the uric acid and monosodium
urate monohydrate solubility measurements at
I. = 0.15mol dm > NaCl and at temperatures of
25°, 32°, 37° and 42°C are shown graphically in
Fig. 1.

Anhydrous uric acid — When p[H] < 3, the solubi-
lity of uric acid was low and independent of p[H]. At
high concentration of hydrogen ions, HyU,q) is the
predominant species due to the negligible dissociation
of uric acid. From these data, the solubility constant of
uric acid, which corresponds to reaction (1), was
calculated for 25°, 32°, 37° and 42°C.

When 3 < p[H] < 5, the solubility of uric acid
increased with p[H]. A decrease in the concentration
of hydrogen ions in the initial solution enhances the
dissociation of HpU(yq) so that HU™ contributes sig-
nificantly to the total uric acid concentration. When
5 < p[H] < 7, the solubility of uric acid still increased
continuously with p[H], although the ionic product of
hydrogen urate ions and sodium ions by far exceeded

20 Hu

m 25°C
A 32°C
v 37°C
& 42°C
28
NaHU * H,0

o 25°C

30 F

log [Ul,e

a5l RN AR . v----

pH]

Fig. 1. Summary of the solubility relationships in the uric acid—
monosodium urate-water system at I, = 0.15 mol dm—> NaCl.
Solid (anhydrous uric acid) and dashed (monosodium urate
monohydrate) lines were calculated from Eqs. (4) and (5) using
the thermodynamic quantities given in Tables 1 and 2, respectively.
Solubilities of uric acid dihydrate at low p[H] (dotted lines) are
shown for comparison.

the solubility product of monosodium urate. Thus, the
equilibrium between solid uric acid and the solution
was metastable with respect to the formation of solid
monosodium urate. Obviously, the nucleation of
monosodium urate was retarded, it only occurred at
a high degree of supersaturation.

The solubility constant, K, and the first dissociation
constant, K;, of uric acid were obtained by a least-
squares analysis of data measured in the entire p[H]
range under different starting conditions. The experi-
mental quantity [U],, equals the sum of [H,U] and
[HU~] which can be rearranged to yield the following
equation

Ul = HU] + [HUT] = K(1 + K1 /[H']),
@)

where [U],,, and p[H] were measured at the solubility
equilibrium with solid uric acid. The values obtained
for K in this way agreed very well with those
determined directly (see above). It can also be seen in
Fig. 1 that consistent results were obtained.

Monosodium urate monohydrate — The solubility
of monosodium urate did not exceed an almost
constant, maximum value even if the p[H] of the
initial solutions changed from 1.6 to 3. Since the
equilibria (2) and (1) are shifted to the left at low
p[H], the explanation for this phenomenon is
obviously the precipitation of solid wuric acid
whose crystals were actually detected under an
optical microscope. It seems that the nucleation of
uric acid occurs at much lower supersaturation than
that of monosodium urate.

At 7 < p[H] < 8, the concentrations of uric acid
and urate ions are negligible, i.e. [U],, ~ [HU].
The solubility of monosodium urate depends on
the initial concentration of sodium ions which is
much higher than that resulting from the dissolution
of monosodium urate. Since the initial Na™
concentration was essentially kept constant, the
concentration of hydrogen-urate ions was also
constant in this p[H] range. Thus, the solubility
product of monosodium urate monohydrate could
be calculated.

The solubility of monosodium urate increased
with decreasing concentration of sodium ions and
increasing concentration of hydrogen ions in the
initial solution. If the total concentration of urate
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Solubility and first dissociation constants of uric acid at I, = 0.15 mol dm > NaCl as derived from solubility measurements on anhydrous uric
acid (H,U) and uric acid dihydrate (H,U-2H,0)

1/°C pK; (exp) * (H,U2H0) PK; (exp) * (HpU) pK; (fit) (HoU) pK; (fit)

25 3.55+0.01 3.75+0.01 3.76 +£0.03 5.26 +0.04
32 3.354+0.01 3.62+0.02 3.63+0.01 5.2140.01
37 3.214+0.01 3.50 +0.01 3.49+0.03 5.19 +£0.04
42 3.08 +0.01 3.40 +0.01 3.41+0.01 5.13+0.01

* Derived from direct solubility measurements at p[H] < 3.

was calculated with the help of Eq. (5), using K;
obtained from uric acid solubilities (Table 1),
(Ul = [H2U] + [HU™] = [HU™] [H']/K,

+ [HU"] = [HU [{[H"]/K; + 1}
= Ko{[H']/K) + 1}/[Na*], 5)

the experimental values were higher than the
calculated ones. This cannot be explained by the
formation of NaHU,q complexes, because it can be
shown that this would affect the solubilities of both,
uric acid and sodium urate in the same way.
Therefore, in the case of complex formation,
[U],,, = [HoU] + [HU"] + [NaHU], K; in Egs. (4)
and (5) has to be replaced by

K| =K (1 + K'[Na*) ©6)

where K’ is the formation constant of NaHU ). In
Eq. (5), Ky has to be replaced by K{1 + K'[Na*]}
as well. Since, in this study, [Na™] is essentially kept
constant, a complex-formation constant cannot be
derived from these measurements directly. However,
Fig. 1 shows that the solubility data for monosodium
urate monohydrate can be fitted to Eq. (5), but the
resulting K, (or K}) values (Table 2) are consistently
higher than those obtained for uric acid solubilities
(Table 1). Although the uncertainty in monosodium
urate solubilities is greater, the difference in K; (or
K1) is significant and may be attributed to either the
use of an oversimplified speciation model for the
aqueous phase or, more likely, the tendency of
monosodium urate monohydrate to form supersatu-
rated solutions [19]. In this study, supersaturated
solutions may have actually formed in the measure-
ments with acidic initial solutions. Anyway, the pK]

values given in Table 2 are regarded to be less
reliable than those in Table 1.

Uric acid dihydrate — The solubility constant of uric
acid dihydrate was determined by directly measuring

Table 2

Solubility product of monosodium urate monohydrate and first
dissociation constant of uric acid at I, = 0.15 mol dm > NaCl as
derived from solubility measurements on monosodium urate
monohydrate

t/°C pKy (exp) pKyo (fit) pK, (fit) ©

25 4.6140.01 457 +0.04 (5.44 £ 0.06)
32 443 +0.01 442 +0.01 (5.45 4+ 0.03)
37 43140.01 4.28 4+ 0.03 (5.35+0.05)
42 420 +0.01 4.194+0.03 (5.45 4+ 0.07)

 Derived from direct solubility measurements at 7 < p[H] < 8.5.
b .

For reasons stated in the text, the pK; values reported here are
regarded to be less reliable than those given in Table 1.

0.91
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Fig. 2. Uric acid concentration vs. time measured for uric acid
dihydrate at p[H] ~ 3 and I. = 0.15 mol dm* NaCl. Maximum
values were interpreted as solubility of uric acid dihydrate at
metastable equilibrium with the solution. Solubilities of anhydrous
uric acid at low p[H] (solid lines) are shown for comparison.
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the uric acid concentration in the 2 < p[H] < 3 range.
Fig. 2 shows that, after 2-5 h, [H,U] reaches a max-
imum value which is interpreted as the solubility of
uric acid dihydrate at metastable equilibrium. The
concentration then drops to lower values and even-
tually arrives at the equilibrium solubility of anhy-
drous uric acid. At 42°, 37° and 32°C, this occurred
after 20, 45 and 150 h, respectively. At 25°C, however,
[H,U] still agreed with the solubility of the dihydrate
after 150 h, even in an experiment with seed crystals
of anhydrous uric acid added after ca. 100 h. The
complete conversion of the dihydrate to the anhydrous
form at 42°C was confirmed by X-ray diffraction and
SEM, whereas the sample collected after the solubility
experiment at 25°C still consisted of uric acid dihy-
drate with no anhydrous uric acid being detected.
These results were obtained with samples used for
the solubility experiments immediately after prepara-
tion (without drying), whereas in the 25°C experiment,
a three-day old sample of dihydrate was converted to
anhydrous uric acid within 8 h. Obviously, this sample
was partly decomposed since it is well known that uric
acid dihydrate looses water in contact with dry and
even moist air within a few hours to two days [3].
However, our experiments with fresh samples support
the earlier observation [12] that sodium chloride
solutions stabilise the metastable dihydrate.

The constants obtained by direct measurement (at
solubility minimum) and nonlinear least-squares ana-
lysis (using data measured in the whole p[H] range)
are listed in Tables 1 and 2. The results of this study
are compared with literature data in Figs. 3 and 4.
While the solubility constant of anhydrous uric acid
and uric acid dihydrate agree with literature values
[11,12] at 25° and 37°C, respectively, the temperature
dependence of pK, determined in this work differs
from that previously reported. Table 3 shows the
corresponding A,H values for comparison.

Table 3

4.0 -

38 -

36

[

34

Anhydrous (= 0.15 M NaCl)
Dihydrate (/= 0.15 M NaCi)
Finlayson & Smith (anhydrous)
Babic-Ivancic et al. (dihydrate)

32

4 0 >r

30

I 1 1 N 1
3.1 32 33 34 35

1000K/ T

Fig. 3. Temperature dependence of uric acid solubility constants.
Solid lines — this work; and dashed lines — literature values. The
corresponding enthalpies of reaction are given in Table 3.
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= This work (/= 0.15 M NaCl, sol.)

4 Finlayson & Smith (/= 0, spec.)
¢ Finlayson & Smith (/= 0, sol.)
& Ganguly & Kundu {/ = 0, emf)

pK,
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Fig. 4. Temperature dependence of the first dissociation constant
of aqueous uric acid as compared to literature values. The
corresponding enthalpies of reaction are given in Table 3.

Using the Davies equation, an activity-coefficient
correction for pK; at 25°C (5.26) is calculated as
0.24. Comparison with Ganguly and Kundu’s
[20] pK;, valid for I, =0 (5.76), suggests the
formation of NaHU,q complexes. From Eq. (6),

Enthalpies of reaction derived from the temperature dependence of the corresponding equilibrium constants

HZU(ZHQO)(Q) — HzU(uq) (+2 HzO(aq))

HzU(aq) — H(tm + HU(;q)

AH/(kTmol™!) Reference AH/(KTmol 1) Reference
Anhydrous 36.6 This work 14.5 This work

239 [11] 17.3 [20] (e.m.f.)
Dihydrate 49.0 This work 18.7 [11] (solubility)

31.8 [11] 20.7 [12] (spectroscopy)
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K’ ~ 5.5 mol "' dm’ can be calculated which may be
compared to K’ ~ 13 mol~' dm® as derived by Fin-
layson and Smith [11] from the early solubility mea-
surements by Hammarsten [21].

Generally, the precision of the present solubility
data is much better than in previous studies. Thus, a
discrepancy in the K, (or K}) values, derived form uric
acid and monosodium urate solubilities, respectively,
was detected. However, this difference cannot be
explained by the equilibrium model employed in this
work. To resolve this discrepancy, possibly a more
complex speciation model of the aqueous phase is
needed or, more likely, supersaturated monosodium
urate solutions are assumed to have been formed.

4. Conclusion

e The solubility relations in the uric acid—sodium
urate-water system at I. = 0.15 mol dm > NaCl
can be summarised as follows:

e At low p[H](< 5), uric acid concentrations are
limited by the low solubility of uric acid which
readily precipitates from supersaturated urate
solutions.

o Athigher p[H](> 6), the low solubility of mono-
sodium urate limits the urate concentrations in
the solution. However, metastable uric acid
solutions exist up to p[H] ~ 6. They are highly
supersaturated with respect to monosodium
urate.

Thus, it can be concluded that the nucleation of
uric acid occurs much easier than that of mono-
sodium urate.

e Whereas uric acid dihydrate is readily transformed
to the anhydrous form when in contact with air, it is
stabilised by 0.15 mol dm > NaCl solution for a
much longer period of time.

e The good agreement with literature data and the
high precision of the results obtained from this
work indicates that the equipment and method used
are very reliable for solubility studies on sparingly
soluble acids and salts with basic anions. The data
obtained in this work contribute to a sound physico-
chemical basis of the research on diseases like
formation of calculi in the urinary tract, uric acid
nephropathy and gouty arthritis.
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