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Abstract

Mercury metal dispersed spontaneously into the aqueous solution as micro-droplets
when it came in quiescent contact with the solution. The self-dispersion was observed
by means of the dynamic light scattering method, thermogravimetry and voltammetry.
The mercury microdroplets generated in water had ca. 0.3 um in diameter. The diameter
and the concentration of the droplets were stable. The concentration of mercury might
be 1-3 umol dm if the droplets were to be dissolved homogeneously in water. The
concentration exceeds the environmental limits by three orders of magnitude. The
dispersed mercury was confirmed not to be ions or oxide of mercury but to be metal
droplets. The self-dispersion of mercury belongs to the self-emulsification at

liquid|liquid interfaces without surfactants.
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1. Introduction

A mixture of two solvents takes either state, a mutually dissolved state in
molecular form or a dispersed state in droplet form. The former has enabled the
thermodynamic analysis of ion-transfer-voltammetric data [1-3]. On the other hand, the
latter is so heterogeneous in emulsion form that thermodynamic analysis is complicated.
It is sometimes formed spontaneously when oil comes in contact with water phase
quiescently [4-10]. Emulsification makes electrochemical responses delayed [11-14],
fluctuated [15,16], pulsed [17], and convective unexpectedly [7]. These responses are
not irreproducible, because size and the number concentrations of droplets are not
controlled.

Self-emulsion, which is spontaneous dispersion of liquid into continuous liquids,
can be generalized to self-colloid formation such as self-formation of foams, aerosols
gels. We have found that hydrogen gas was stabilized in aqueous solution as
micro-bubbles with a long life [18]. If this concept is applied to mercury|water
interfaces, mercury droplets may also be dispersed in water phase. This possibility can
be inferred from the polarographic behavior which often causes convection to yield
polarographic maximum currents [19]. The self-induced convection has been observed
as local velocity profiles [20,21]. Convection near the mercury electrode may disturb
electrde|solution interfaces as if the interfaces were to be mixed vigorously. Droplets
caused by the interfacial convection has been observed at the oil|water interface [15].
The dispersion of mercury in water has also been recognized in the fields of
environmental chemistry [22,23], instrumental analytical techniques [24,25] and public
health [26-28]. The concentrations of the dispersion have been reported to range from
0.02 to 5 umol dm, depending not only on measurement techniques but also on
conditions of solutions. They may contain not only mercury droplets but also mercury

ions, oxides, halides and organomercury.



Theoretical work of emulsions including formation and coalescence has been
reported by Lifshitz and Slyozov [29], and dependently by Wagner [30,31]. The concept
is based on the dynamics in which an enhancement of the surface energy by formation
of droplets causes diffusion of droplets to coalescence one another. It is, however,
important to discuss thermodynamic stability of emulsions rather than the dynamics.
The stability of emulsion has recently been discussed in the light of the balance of
surface energy of dispersed droplets with formation entropy by use of statistical
mechanics [32]. This theory mentions that the smallest and the largest droplets are
preferentially formed in the number, and that the largest droplets contribute mostly to
analytical detection of droplets. On this prediction, we demonstrate here the presence of
stable droplets of mercury metal which are generated spontaneously at the
mercury|water interface. Our techniques of the detection of the droplets are the dynamic

light scattering method, thermogravimetry and voltammetry.

2. Experimental

Mercury metal (Nacalai Tesque, Kyoto) used was within 6 months after purchase.
Mercury being in long storage showed irreproducible results, probably because of
degradation of mercury by water or oxygen. Mercuric perchlorate (Strem Chemicals,
MA) was used as received. Hydrochloric acid and sodium chloride were of analytical
grade. Water was deionized and distilled.

A small amount of mercury was collected with a 1 cm® dried injector. When
mercury was left in water for a period longer than a half day, floating substance was
gradually recognized on the water surface. In order to avoid the oxidation, air was
purged from solution with nitrogen gas. Mercury in the solution was kept in nitrogen

atmosphere.



An aqueous suspension of mercury was prepared by bubbling nitrogen gas into 200
cm?® 0.1 M HCIO4 + 0.05 M NaCl aqueous solution for 30 min, adding a mercury drop
(0.04 g) into the solution, and applying ultrasonication to the solution under nitrogen
atmosphere for 30-50 min. Then the solution turned turbid at the expense of the mercury
drop.

The working electrodes were a gold disk 1.6 mm in diameter and a platinum wire
0.5 mm in diameter. The reference electrode was a saturated calomel electrode (SCE).
The counter electrode was a platinum coil. The surface of the gold electrode was
renewed by grinding it with abrasive paper and then polishing it with alumina powder.

The potentiostat used was Compactstat (Ivium, Netherlands). Electrochemical
conditions of square-wave voltammetry were 10 mM pulse width, 150 Hz frequency, 2
mV potential step width. The size distribution was determined by a dynamic light
scattering (DLS) instrument (Malvern Zetasizer Nano-ZS, UK). Thermogravimetry
(TG) was carried out with Thermo Plus, TG8120 (Rigaku, Tokyo).

The sample container of TG was an alumina pan with inner volume 0.03 cm?® and
84 mg in weight. Our aim of using TG was to determine weight of mercury selectively
against water through time-dependent amount of evaporation. The temperature was
controlled to be 40°C, which may evaporate water gradually. A sample in TG was
weighed in nitrogen flow of 50 cm® min. Accuracy of weight under these conditions
was * 1ug. The weight of the wet alumina pan in the TG instrument decreased for two
hours linearly with the time by 30 mg, and kept a constant suddenly. This behavior
indicates no absorption of water to the pan. TG was applied to a dry mercury drop 93
mg on the dry alumina pan. The weight decreased linearly with the time. The

evaporation rate of mercury at 40°C was 0.0279 mg/h per 100 mg mercury.

3. Results and Discussion



3.1 Dynamic Light Scattering

It is of interest to estimate size and a life of mercury droplets which are dispersed
compulsorily into water by ultrasonication. A dry mercury drop 0.5 mg was inserted into
50 cm® deaerated distilled water, which was ultrasonicated for 30 min under nitrogen
atmosphere. The resulting suspension was turbid and slightly grey without visible
mercury drops. The turbidity should be ascribed to dispersed mercury droplets, the
diameter of which should be close to or larger than visible light wavelength. DLS
measurement was applied to the suspension a few hours after being left under nitrogen
atmosphere. Various sizes of particles were presented in the suspension, as is shown in
Fig. 1(a). Nitrogen gas bubbles in water also exhibited a distribution of particle (Fig.
1(b)). The distribution of mercury suspension was different from that of nitrogen gas.
The intensity of light scattering, called kcps (kilo counts per second), for mercury
suspension was 10°, whereas that for nitrogen gas was less than 100. Therefore, the
distribution in Fig. 1(a) should surely be caused by the mercury droplets. Figure 2
shows plots of diameters at the maximum distribution and kcps values against the time
during which the suspension was left alone under nitrogen atmosphere. Droplets with
diameters between 0.2 and 0.3 um were dispersed for a few hours without variation of
kcps. The constant value of kcps suggests occurrence of neither coalescence nor
sedimentation

In order to examine whether mercury is dispersed spontaneously in water, a dry
mercury drop was inserted quiescently into the deaerated water with a syringe. The
water including the mercury drop was left in nitrogen atmosphere for 13 h without
mixing. A small volume of water over the mercury was collected with a pipette, and was
applied to DLS. The DLS distribution was shown in Fig. 1(c), depicting the presence of

particles 0.3 um in diameter. It can be discriminated against the gas bubbles (Fig. 1(b)).



Values of kcps increased with the time of immersion of mercury. Therefore the particles
were the spontaneously dispersed mercury droplets.

Dispersed mercury might be sparingly soluble particles of mercury oxide, which
are generated by remaining oxygen. Mercury oxide is readily dissolved in strong acids
to yield mercurous and mercuric ions. When perchloric acid was added to the
suspension so that pH was 1, the DLS showed the same as the DLS data for the neutral
suspension. Therefore mercury oxide could not participate in the intensity of DLS.

A strategy of determining concentrations of dispersed mercury droplets is to use a
calibration curve which relates the concentration with the intensity (kcps) of scattering
light. In order to obtain the calibration, we prepared compulsively the dispersed mercury
suspension from known amounts of mercury and water. Values of kcps were obtained
for quantitatively diluted suspensions, and are showed in Fig. 3. An almost proportional
relation between kcps and the concentration, ¢, was obtained at low concentrations (<
60 uM), as predicted. The small intercept (cannot be seen in Fig. 3) is due to nitrogen
bubbles. In contrast, kcps-values for concentrations over 60 uM were lower than the
proportional line, probably because of a loss of incident light intensity by the turbidity
of the suspension.

The approximately proportional line was used for the calibration curve of
determining concentrations of spontaneously dispersed mercury. Mercury was left in
water for a half day without mixing. Solution over the mercury was collected and its
kcps value was obtained. From the calibration line, we determined the concentration, 3
uM or 0.6 mg dm=. This concentration was much smaller than that of spontaneous
dispersion of nitrobenzene (15 mM) [9]. The smallness can be explained by the fact that
the interfacial tension of mercury|water is by one order magnitude larger than that of
nitrobenzene|water. Concentrations (kcps) and diameters did not vary largely with

periods of immersion of mercury, as is shown in Fig. 4. The concentration of



spontaneously dispersed mercury is by three orders magnitude larger than the

environmental limit 0.0005 mg dm of revers in Japan.

3.2 Thermogravimetry

According to the result in section 3.1, a mercury drop inserted into 1 dm?® water
should be dispersed by 0.6 mg, which corresponds to 0.04 mm?3. We attempted to
measure the decrease in the volume of a mercury drop by 0.04 mm3, but found
oppositely a slight increase in the volume by a microscope. Water may be inserted into
mercury, at a cost of dispersion of mercury, as widely known in polarographic
techniques. We tried to obtain time-dependence of mass of water + mercury drop by
evaporation, instead of volume change. The two processes were employed: (a)
time-variation of weight of a wet mercury drop, and (b) that of the mercury drop after
spontaneous dispersion.

(@) A mercury drop which was dried in a desiccator was weighed (weight W(Hg)),
ca. 93 mg). It was transferred on the alumina pan in which water was filled. Then the
pan was mounted on the TG instrument at 40°C, being weighed with the time in the
flow of nitrogen gas. The time-variation of the weight is shown in Fig. 5. The weight
decreased linearly with the time until 1850 s, during which the heat flow was negative.
The weight after 1850 s was kept constant suddenly and the heat flow vanished. These
features indicate that the decrease in the weight should be ascribed to evaporation of
water, and that the evaporation should be completed at 1850 s. Figure 6(a) shows
conceptual diagrams, where W means known weight, w does unknown. The observed
values are listed in Table 1. If all the water in the pan is evaporated, the weight should
decrease by W(H20). However, the observed decrement was smaller than W(H20). A
part of water was confined to the mercury. The decrement rate after 1850 s was 2.5
times larger than the evaporation rate of mercury (0.028 mg/h). The amount smaller
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than W(H20) may be caused by confinement of water in the mercury. The weight of the
confined water, w(H20(Hg)), was 0.15 g per 100 g mercury.

(b) A technigue of determining the concentration of spontaneously dispersed
mercury by weight is to take a difference between the weight of dry mercury and the
weight of mercury immersed into much water for a long time. A weighed dry mercury
drop was mounted in the pan. The pan containing the mercury drop was immersed in 30
cm?® water for one day, during which a part of mercury would be dispersed. Then the pan
including the wet mercury was mounted on the TG instrument. The time-variation of the
weight at 40°C was similar to that in Fig. 5. The diagram of the weight change is shown
in Fig. 6(b). Since the weight at t = 0 includes extra water in the pan, w(H20), and a loss
of weight, Aw(Hg), by one day's immersion, it is given by W(Hg) - Aw(Hg) + w(H-0).
If water were to be evaporated completely, the weight might be W(Hg) - Aw(HQ).
However, water confined to mercury, w(H20(HQ)), should make the measured weight
be W(Hg)-Aw(Hg)+w(H20(Hg)). The weight, w(H20(Hg)), was calculated (0.073 mg)
from experiment (a) for the mercury weight used. Then we obtained Aw(Hg) = 0.033
mg, which corresponds to 1 mg/ 1 dm® H,0 or 5 pM. This value is larger than that by
DLS (3 uM). The difference may be due to underestimation of w(H>O(Hg)) in process
(b), because the immersion time of the mercury into water in process (b) was much

longer than the period in process (a).

3.3 Electrochemistry

Dispersed mercury droplets seem to be detected simply by electrochemical
oxidation of mercury. However, there are some difficulties in the detection, e.g. low
concentration of droplets, ambiguous oxidation potential owing to wide distribution of
droplet size and surface activity, and unclear mass transport of droplets to the electrode.
In order to overcome these difficulties, we firstly detect self-dispersed droplets
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qualitatively by amalgamation on a gold electrode. We secondly determine the
concentration of dispersed droplets qualitatively by anodic stripping voltammetry,
where the concentration to be determined is not number concentration of droplets but is
the concentration of mercury ions which generates from oxidation of the droplets. The
stripping voltammetry is made in the forced dispersed mercury suspension and
spontaneously dispersed one.

We try to detect qualitatively the spontaneously dispersed droplets in acid
solution, 0.1 M HCIOg4in order to avoid formation of mercury oxide. A mercury drop
was put in the deaerated acid solution, into which the platinum wire was inserted, as is
illustrated in Fig. 7. It was left for 1 h by applying potential 0.0 V through the platinum
wire to keep the reduced state of the mercury. The gold electrode was mounted near the
mercury to collect spontaneously dispersed droplets in the form of amalgam.
\Voltammogram was obtained at the gold disk electrode, showing (Fig. 8(a)) oxidation
waves in the potential domain from 0.4 to 0.9 V vs. SCE, discriminated against the
background (b). The anodic waves can be attributed to the oxidation of mercury metal
because there was no reduced species except for mercury. The anodic wave in Fig. 8
demonstrates generation of mercury droplets in the solution, transportation from the
mercury drop to the gold electrode, formation of amalgam, and electrochemical
oxidation of the amalgam. The oxidation charge was close to the amount of
mono-molecular layer.

Our aim is to obtain concentrations of spontaneously dispersed mercury from
voltammograms. The suitable electrochemical technique is anodic stripping
voltammetry combined with square-wave voltammetry because the concentration is low.
Before making a calibration curve, we examined voltammetric behavior of mercury and
mercuric ion. We applied 0.0 V vs. SCE at the gold electrode for 60 s in the solution
0.04 mM Hg(ClO4)2 + 0.1 M HCIOq4 for the cathodic deposition, and then performed
square-wave voltammetry. Once the stripping voltammetry was made, the electrode
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surface lost brightness. The electrode was polished before each voltammetric run. The
square-wave voltammograms showed two waves in Fig. 9, the potentials of which
shifted to the negative direction with the iterative runs. Peak or shoulder potentials of
voltammograms (b-d) are close to the formal potentials of the following reactions:
2Hg?" + 2e" <> Hge?*  E°=0.67 V vs. SCE (1)

Hgo?* +2e" <> 2Hg  E°=0.55V vs. SCE 2)

The shift increased with the period of letting the electrode alone. A possible reason for
the shift is a leak of CI" from the SCE, because CI" yields precipitates of Hg>Cl, on the
electrode, which enhances deposition of mercury by the deposition. A strategy of
preventing the shift is to generate soluble (HgClsd)* complex by adding excess
concentration of CI". From the stability constant of (HgCls)?", 5 10 [33], we noticed
that the usage of 0.05 M NaCl made (HgCls)* be a predominant species of mercuric
compounds. The square-wave voltammogram in solution of 0.04 mM Hg(ClO4). + 0.1
M HCIO4 + 0.05 M NaCl (Fig. 9(e)) did not show any time dependence.

Anodic stripping voltammetry was made in the above solution into which
mercury was dispersed by ultrasonication. The square-wave voltammogram after the
cathodic deposition, as shown in Fig. 10(a), exhibited the peak at 0.55 V. However, the
shoulder at 0.40 V observed for the (HgCls)* solution (Fig. 10(b)) disappeared. Since
the peaks 0.40 V and 0.55 V can be assigned to Hg — Hg" + e and Hg" — Hg®'+ ¢,
respectively, the disappearance of the former may be caused by the disproportionation,
Hg?* + Hg — Hg.?*, which facilitates formation of Hgz?* without electrochemical
oxidation. The peak current at 0.55 V was proportional to the concentration of dispersed
mercury for less than 2 uM, of which proportional constant was 3.0 A M,

A mercury drop was inserted into 0.1 M HCIO4 + 0.05 M NaCl deaerated solution,
which was left quiescently for 15 h. An aliquot 2 cm?® over the mercury drop was suck
out, and transferred to 10 cm® 0.1 M HCIO4 + 0.05 M NaCl deaerated solution. The
square-wave voltammogram after the cathodic deposition is shown in Fig. 11. From the
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peak current, we determined the concentration of spontaneously dispersed mercury to be
1.5 uM. The secondly sampled aliquot showed 1.2 uM. Iterative sampling obviously
mixes the solution to decrease the concentration. DLS was applied to the same solution
to yield kcps values, corresponding to 1.3 uM. lonic strength increases surface tension
to suppress emulsification.

Dispersed mercury droplets are predicted to diffuse to the electrode to be oxidized,
like the behavior of redox molecules with the reduced state. Although cyclic
voltammetry in self-dispersed mercury suspensions was made at the platinum electrode,
the oxidation wave could not be distinguished from the background unequivocally. We
attempted to make voltammetry of the mercury suspension forced by ultrasonication,
which had high concentration. The anodic wave showed unclear peak, being drawn out,
probably because the oxidation may be controlled by contacting force of the droplets on
the electrode, as has been demonstrate in the dispersed polyaniline-latex particles
[34,35]. There are further complications such as blocking of the oxidation by oxidized
mercury on droplet surfaces, partial reaction of big particles [36,37], and irreproducible

currents by wide distribution of droplet size.

4. Conclusions

Mercury metal in contact with water disperses spontaneously in droplet form 0.3
um in diameter. The concentration of the dispersed mercury ranges from 1 to 3 uM,
depending on solution conditions if mercury were to take molecular form. The
concentrations have been determined by DLS, TG and voltammetry, showing consistent
values. Since they are ca. 1000 times larger than the standard of the environmental limit,

caution should be paid to water which is used for inhibition of mercury vapor. The
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dispersed particles are not mercury oxide, mercury chlorides or ions but the reduced

form (metal), as can be demonstrated by the redox potential of voltammograms.
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