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that evaporates from the liquid depends on the kinetics of the individual pro-
cesses involved (transport, redox reactions, evaporation from the solution), which 
have not been investigated. Finally, it is important to determine the repassiva-
tion characteristics of various amalgams which determine the duration of the tran-
sients and thus control the amount of mercury released during a transient. 

When the quantitative description of the release process is available and 
the roles of the fundamental variables are determined, it may be necessary to 
reexamine in more detail some of the possible accelerating factors, such as gal-
vanic and crevice conditions, and the effects of additional environmental vari-
ables. If time allows some of these studies would be included in the proposed 
program, but generally they would be subjects of future programs. 

C. PROGRESS REPORT  

Performance dates:  08/01/86 through 7/31/89 

Key Personnel: 

Dr. Miroslav I. Marek (PI) 
Professor 
Dates of service: 08/01/86 through 7/31/89 
352 appointment to this project 

Summary of Specific Aims: 

The proposed Specific Aims included determination of the dissolution rates 
from dental amalgam phases and dental amalgams, determination of the form of dis-
solved mercury, exploration of the effects of the components of the environment, 
and exploration of the effects of temperature, galvanic coupling, crevices, oxygen 
concentration and abrasion. 

The following changes in the Specific Aims have been made: 

a. Postponement of the study of the effect of temperature until the next funding 
period. 

b. Deletion of the study of the effects of the components of the environment for 
lack of time. 

c. Addition of an analysis of the overall mechanism of the mercury release. 
d. Addition of a study of evaporation of mercury from solutions. 
e. Addition of a study of the methodology of determination of mercury dissolution 

rates. 

Results: 

In retrospect, it is obvious that the original program was overly ambitious 
and the difficulties were underestimated. Although the Specific Aims will be 
accomplished with only a few exceptions, it was impossible to do the studies in 
the depth they would have deserved, and some of the major parts of the program had 
to be postponed until the third project year. Also, publication of many of the 
results had to be delayed until the interpretation of the results becomes suffi-
ciently clear. There were three major reasons for the slowness of the progress in 
achieving the Specific Aims: 
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1. The complexity of the chemistry and electrochemistry of mercury. 

Although a substantial literature review and preliminary work were performed 
in preparation of the previous proposal, some of the complexities appeared only 
after the initiation of the program since very little literature deals specifi-
cally with the investigated conditions. Mercury dissolves in both ionized and 
nonionized state, the ionic dissolution from dental amalgam requiring the presence 
of complexing agents. There are, however, complex reduction/oxidation reactions 
which cause oxidation of nonionized mercury, and disproportionation of ionized 
mercury into a higher oxidation form and nonionized form. Moreover, bacterial ac-
tion enhances the reduction into the nonionized form. Since the nonionized form is 
volatile, the reactions are of great importance both for the understanding of the 
mercury release in vivo and for the methodology of testing. The interpretation of 
the initial results in which these reactions have not been controlled or under-
stood has consumed a considerable project time. The realization of the com-
plexities of the process has lead to the addition of a Specific Aim dealing with 
the overall mechanism of the mercury release, and another one to examine the evap-
oration of mercury from solutions. 

2. Problems in methodology of testing. 

The proposed program was based on the testing methodologies reported in the 
literature, and the preliminary tests. These revealed neither the substantial 
sources of error related to the losses of mercury during dissolution experiments, 
other than those due to absorption, nor the effects of dissolved mercury 
concentration on the mercury dissolution rate which play a role in the determina-
tion of the dissolution rate as a function of time. New methodology had to be de-
veloped to deal with the problems, and a new Specific Aim was added to address 
this question. 

3. Equipment failures 

The most important piece of the analytical equipment for this research, the 
Atomic Absorption Spectrophotometer, is about 15 years old and has been suffering 
from frequent breakdowns. 

SPECIFIC RESULTS: 
(The order of discussion follows the actual timetable of the program rather than 
the original list of Specific Aims) 

1. A study of evaporation of mercury from solutions. 
(New Specific Aim) 

The study was performed to explain the losses of mercury from solutions dur-
ing testing. Mercury was dissolved under nonoxidizing conditions in distilled, 
deionized, filtered, and sterilized water, in water treated with a bacteriocidal 
agent, and in a sodium chloride solution. Mercury loss by evaporation was moni-
tored. The results showed that in long-term tests the bacteria, which were pre-
sent in non-sterilized solutions, strongly affected the evaporation rate. The 
time dependence of evaporation was attributed to the kinetics of bacterial growth, 
and the effect of bacteria on evaporation to the disproportionation of the ionic 
mercury. 

Significance: The significance of the results is two-fold: for the 
methodology of testing they showed the importance of using sterilized solutions if 
conditions are suitable for unwanted bacterial growth, and/or to prevent or take 
into acount volatilization of mercury. For the mercury release in vivo the 
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results showed that the bacterial activity may play a role in the mechanism, con-
tributing to the presence of mercury in the oral atmosphere. 

2. An analysis of the general mercury release mechanism for dental amalgam 
restorations. 
(New Specific Aim) 

A theoretical analysis was performed to identify the possible processes in-
volved in the mercury release and to select the most likely model as a basis for 
future research. A dry evaporation, dissolution, and dissolution/evaporation mod-
els were considered. The dissolution/evaporation model was selected as best con-
forming to clinical observations. The individual processes, including transports 
in solid and liquid phase, interface reactions, redox reactions, and evaporation 
were identified. The model is shown schematically in Fig. 1 on Page 30. 

Significance: The model provides a description of the overall mechanism and 
a focus for the research. The selected model shows the importance of identifying 
the rate controlling process, which has become one of the main aims of the new 
proposed program. 

3. A study of the effect of concentration on the results of the mercury dissolu-
tion tests. 
(Hew Specific Aim) 

As a part of the evaluation of the methodology of testing, the dissolution 
rates were determined as a function of a preexposure in the same type of solution 
(synthetic saliva and distilled water), with a minimal delay between the expo-
sures. The containers were sealed to prevent losses by evaporation. The dissolu-
tion rates after the preexposure were consistently higher than the average rate 
during the preexposure, in spite of the reported (and also observed in this re-
search) decrease in the dissolution rate with time. The results were interpreted 
as the effect of concentration of the dissolved mercury on the dissolution rate. 
In the follow-up study the relationship was mathematically formulated and a method 
for correcting the data was suggested (see Appendix B). 

Significance: Together with the evaporation losses the concentration effect 
is thought to be responsible for the extremely wide dispersion of the dissolution 
rate data reported in the literature [17]. The correction procedure allows to ob-
tain accurate values of the fundamental dissolution parameters, such as the ini-
tial and steady state rate and the time constant. 

4. A study of the effect of composition of the gamma-1 phase of dental amalgam on 
the mercury dissolution rate. 
(Part of the original Specific Aim #1) 

The effect of the mercury/silver ratio and tin content in the gamma-1 phase 
on the mercury dissolution was studied under open-circuit conditions. A special 
cell was used to allow the evaluation of the fundamental dissolution parameters, 
using the correction procedure described above. The results show that the Hg/Ag 
ratio had little effect on the Hg dissolution rate except when it approached the 
phase boundary with liquid Hg, in which case the dissolution rate sharply in-
creased. The tin content had a strong influence on Hg dissolution; both the ini-
tial and stabilized dissolution rate decreased with increasing tin content, and 
the time constant of the dissolution rate decay decreased (see Appendix). The ef-
fect of tin was attributed to the formation of a passive film which is a major 
barrier against mercury dissolution. 
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Significance: The formation of a passive film of tin and its effect on the 
mercury dissolution rate help explain both the observed decreasing rate of 
dissolution with time in vitro, and the clinical observation of mercury vapor in 
the oral atmosphere following chewing [4,5,15,16]; the abrasion associated with 
chewing mechanically disturbs the passive layer and thus enhances dissolution, 
which is then followed by evaporation. The results confirmed the previously re-
ported, but also disputed presence of dissolved tin in the gamma-1 phase of dental 
amalgam. They were in agreement with the reported similar effect of an air-formed 
film on mercury evaporation from dental amalgam [30,31]. Because of the strong 
effect of tin on the mercury release a detailed study of abrasion and repassiva-
tion was included in the new proposed program. 

5. A study of the partition of dissolved mercury into ionized and nonionized  
forms. 
(Original Specific Aim 12) 

The study was performed by dissolving mercury from dental amalgam into syn-
thetic saliva in a special cell, sampling the solution and processing portions of 
the sample in two ways: 1) stabilizing the solution and then analyzing it by the 
standard cold-vapor AAS technique; 2) introducing the solution immediately into 
AAS without stabilization. The former procedure showed the total dissolved mer-
cury content, while the latter showed only the volatile, nonionized mercury. The 
difference represented the ionized mercury. The results have shown the presence 
of both forms of Hg, the nonionized mercury reaching an almost constant value 
(about 50 ppb) for all experimental conditions, but at a rate varying with the ma-
terial. The total mercury concentration, on the other hand, continued to increase 
with time, and the results were similar to those obtained in the study (4) above. 
To date the tests have been performed under open-circuit conditions; the evalua-
tion of the effect of the electrode potential is a part of the work in progress. 

Significance: Since the clinically most significant form of released mer-
cury is the vapor in the oral atmosphere, the partition and its changes is of 
great importance. The results have shown conclusively that ionized mercury is 
present in the solution in spite of the thermodynamic difficulty of directly dis-
solving mercury in pure water. Most of the ionized mercury seems to result from 
the redox reactions in the liquid. This emphasizes the importance of studying the 
kinetics of the individual processes of the dissolution/evaporation model, as de-
scribed in the new proposed program. 

6. The effects of galvanic coupling, crevice conditions, and oxygen concentration 
cells on mercury dissolution. 
(Part of the original Specific Aim #4) 

Galvanic coupling: The corrosion effects of galvanic coupling are essentially due 
to a change in the corrosion potential caused by the contact with another metal. 
Therefore, a definitive evaluation of the effect will be possible only after the 
completion of the study of Hg dissolution as a function of the potential. 
Preliminary experiments were performed using amalgam/gold galvanic couples in 
dissolution tests performed as in (3) above. A l.5-2x higher initial dissolution 
rate was observed for the galvanic couples. It has been realized, however, that 
the gold in the cell may have trapped some of the dissolved mercury. 

Significance: The significance of galvanic contacts for mercury dissolution 
will be more apparent after the conclusion of the study of the effect of the elec-
trode potential. 

Crevice conditions: The effect of crevices on mercury dissolution was tested in 
two ways: (a) The amalgams were exposed to a solution simulating crevice 
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chemistry, i.e., high acidity and chloride concentration; (b) An artificial 
crevice was created on the surface of the dissolution specimen by covering part of 
the surface with a nonmetallic sheet. In the tests (a) a definite increase in the 
mercury dissolution rate (by an order of magnitude) was observed. This was at-
tributed to the destruction of the passive film on the gamma-1 phase, which is the 
main barrier against mercury dissolution under static conditions. In the tests 
(b), however, only a modest increase (up to about 25%) in Hg dissolution was ob-
served in short term tests, although a definite evidence of crevice corrosion was 
detected when the cell was disassembled. 

Significance: Crevice conditions are a major cause of accelerated corrosion 
of dental amalgam, and the conditions in a crevice also result in an accelerated 
release of mercury. However, since the very mechanism of crevice corrosion is 
based on the restriction of transport of species into and from the crevice, the 
emission of dissolved mercury from the crevice into the bulk environment also is 
restricted. The crevice conditions between the tooth and a restoration are 
likely, however, to be responsible for the release of mercury into the dental tis-
sues, and possibly through them into the circulation system. This question will 
have to be examined further in future research. Also to be examined is the effect 
of corrosion conditions under a biofilm, which may lead to an increased mercury 
concentration in the film and consequent accelerated mercury release. 

Oxygen concentration: Extensive tests were performed to compare the mercury 
dissolution rates in the presence and absence of dissolved oxygen. In all cases 
the presence of oxygen substantially increased the dissolution rate. The effect 
was attributed to the oxidation reactions in the liquid which convert the nonion-
ized mercury into the oxidized form and thus allow further fast dissolution of 
nonionized mercury. A possible additional effect of the potential difference as-
sociated with the oxygen concentration will be evaluated later. 

Significance: The results show that the mere decrease in oxygen concentra-
tion, IA., under the biofilm, is not responsible for accelerated mercury dissolu-
tion. Only the other chemistry changes, such as acidification, which directly af-
fect the stability of the protective film, also cause an increased rate of mercury 
dissolution. 

7. A study of the effect of abrasion-corrosion on mercury dissolution. 
(Part of the original Specific Aim 14) 

Abrasion test were performed using a special cell described previously [32], 
in which rotating abrasion pads were pressed against the specimen surface, remov-
ing the surface film. Concentration of mercury in the solution was periodically 
determined and compared with the concentration after a static exposure. The re-
sults showed a substantial increase in the average dissolution rate, reaching two 
orders of magnitude. Although an increase was observed for both tin-free and tin-
containing gamma-1 phase, the difference from the static exposure was much higher 
for the tin-containing material. The increase for the tin-free phase has been at-
tributed to the deformation of the surface layer which caused a phase change and 
appearance of a small amount of liquid mercury on the surface. For the tin-con-
taining phase the additional increase in the mercury dissolution rate has been at-
tributed to the destruction of the tin oxide surface film, which is a major bar-
rier against mercury dissolution under static conditions. 

Significance: The results are in agreement with the reports for dry 
evaporation (30,31] and with the clinical observation of mercury in the oral atmo-
sphere after chewing [4,5,15,16]. They indicate the importance of performing a 
detailed study of the kinetics of mercury dissolution during and after abrasion 
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and of the repassivation characteristics of various dental amalgams which may con-
trol the amounts of mercury released in vivo. 

8. The effect of the electrode potential on the mercury dissolution rate. 
(Original Specific Aim #1) 

Although this study was planned as the initial one in the program for the 
reported period, substantial modification of the experimental design was found 
necessary. The investigation was postponed to the third year and is now in 
progress. In addition to the general reasons explained at the beginning of this 
report the following was the cause of the delay: When tests were initiated as 
originally planned, the results were inconsistent; large differences were found 
between the electrochemical parameters (integrated current) and the analytical 
data for all the elements involved. The concentration of mercury in the solution 
was lower than expected, in spite of the fact that nonionic mercury should have 
made the concentration higher than calculated. The discrepancy was traced to the 
presence of the auxiliary platinum electrode in the cell; since the electrode is 
driven by the potentiostat to a potential different from that of the specimen to 
achieve the potential control, the dissolved mercury often plates out on the plat-
inum and is not included in the analysis. Since the potential of the platinum is 
not monitored and varies depending on many factors, the amount is not consistent 
and correction are difficult. Although the plated out mercury can stripped, the 
amount determined, and included in the result, this procedure also is not satis-
factory. As the electrode traps some of the mercury, the amount of mercury in the 
solution decreases, which affects the dissolution rate. Since the changes are not 
consistent, it is not possible to correct for them. The procedure also would make 
it impossible to perform uninterrupted tests with periodic sampling of the solu-
tion. 

Extensive experiments were performed to avoid the problem. In the new de-
sign the auxiliary electrode is placed in a separate compartment connected to the 
main cell via a membrane and a gel salt bridge. Although some mercury loss still 
occurs, the amount are much lower than before and corrections can be made. The 
work is in progress and is expected to be concluded by the end of the reported 
program period. 

Publications:  
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