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A B S T R A C T   

New and improved methods to remove toxic mercury from contaminated waters and waste streams are highly 
sought after. Recently, it was shown that electrochemical alloy formation of PtHg4 on a platinum surface with 
mercury ions from solution can be utilized for decontamination, with several advantages over conventional 
techniques. Herein, we examine the alloy formation process in more detail by mercury concentration mea
surements using inductively coupled plasma mass spectrometry in batch measurements as well as electro
chemical quartz crystal microbalance analysis both in batch and in flowing water with initial mercury 
concentrations ranging from 0.25 to 75000 µg L− 1 Hg2+. Results show that mercury is effectively removed from 
all solutions and the rate of alloy formation is constant over time, as well as for very thick layers of PtHg4. The 
apparent activation energy for the electrochemical alloy formation was determined to be 0.29 eV, with a reaction 
order in mercury ion concentration around 0.8. The obtained results give new insights that are vital in the 
assessment and further development of electrochemical alloy formation as a method for large scale mercury 
decontamination.   

1. Introduction 

Mercury is a toxic heavy metal that poses hazards to all living or
ganisms. [1,2] Mercury and its compounds have been used in many 
different applications and products, for example: the chlor-alkali pro
cess, gold mining, catalysts, dental implants, electrical switches, ther
mometers and barometers. [3] This has resulted in increased mercury 
emissions to the environment, especially following the industrial revo
lution. [4] During the last decades, the use of mercury has largely 
decreased, but the presence of mercury in the environment and in 
various industries still remains a large concern in many parts of the 
world. [5–8]. 

The high volatility and mobility of mercury is extremely problematic 
as it causes mercury to continuously cycle in the environment. [9,10] In 
particular, water bodies have the most significant contribution to the 
cycling of mercury. As water is vital for living organisms, reducing its 
contamination with mercury is of critical importance. Mercury is 
regarded as one of the most toxic threats, which affects the lives of 

millions of people globally. [7,8] The World Health Organization 
(WHO) has set a guideline value of mercury for safe drinking water at 6 
µg L− 1 inorganic mercury, [11] and the European Union placed their 
limit at 1 µg L− 1. [12] Decontamination of mercury from wastewaters 
and natural waters is also an important step in reaching the UN Sus
tainable Development goals, particularly number 6: Clean water and 
sanitation. 

Various techniques for removal of mercury from water and aqueous 
streams, e.g. industrial effluents, exist today. [13,14] Notable examples 
include ion exchange, solvent extraction, coagulation, adsorption and 
chemical precipitation. [15,16] All of these have specific advantages but 
also limitations when it comes to efficiency and widespread applica
bility. Adsorption, e.g. on activated carbon or sulphur based resins such 
as thiol SAMMs, [17] and sulphide precipitation are simple to use but 
offer relatively low selectivity for chemically-complex streams that 
contain multiple heavy metals and are less effective at very low pH; or, 
in the case of thiol resins, under oxidizing conditions, which oxidize the 
-SH active sites to disulphide, hindering binding of mercury. Ion 
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exchange and solvent extraction offer better selectivity and high 
removal efficiency but their cost and difficulties in scale-up limit their 
applicability at large-scale. Treatment of large volumes of solution with 
a low mercury concentration is one of the big challenges, as well as 
finding a method which is easy to regenerate, does not generate 
complicated secondary wastes, and can recover and isolate the mercury 
fraction in a very small volume for safe disposal or recycling. We 
recently presented a new technique for mercury decontamination that 
could possess all these advantages, including no consumption of chem
icals, very high selectivity, low energy cost and large removal capacity. 
This method is based on electrochemical formation of a very stable alloy 
between mercury ions in solution and a noble metal, such as platinum, 
on a cathode electrode. [18,19] The alloy formation process has been 
shown to be unaffected by the pH of the mercury containing solution in 
the range 0–6.6, and can be carried out in highly acidic conditions, such 
as concentrated sulfuric acid. [20] It is also unaffected by the presence of 
cations such as calcium, cadmium, copper, iron, magnesium, manga
nese, sodium, nickel, lead and zinc, as well as chloride anions. [19] The 
process is reversible and allows simple regeneration of the electrode and 
the re-use the platinum. [19] After the electrodes are saturated with 
mercury, they can be transferred and regenerated by applying a positive 
potential in a small volume of solution designed for regeneration pur
poses. When the regeneration solution reaches a high concentration of 
mercury, known removal methods such as precipitation can be used to 
recover the mercury with high purity for safe disposal. Although the 
electrochemical Pt-Hg system has been described in the past, [21–30] 
our study was the first to report an application of the PtHg4 electro
chemical alloy formation for decontamination of aqueous streams and 
large-scale decontamination of concentrated sulfuric acid. [19,20] It 
appears as the process can occur in two main steps: the reduction of 
mercury ions in solution on the surface of the platinum cathode, ac
cording to reaction (1), followed by the formation of the thermody
namically favoured phase PtHg4 according to reaction (2). It should be 
noted that reaction (2) is most likely composed of a series of reactions 
and intermediates, such as PtHg and PtHg2. [31] XRD analysis of satu
rated platinum on glass electrode, identical to the one used in this work 
and in similar solution, showed that PtHg4 was the predominant phase 
formed with no clear indications of PtHg and PtHg2. If sufficient bulk 
mercury is present, as well as sufficient reaction time, PtHg4 is more 
likely to be formed over the other two phases. [32] The overall reaction 
can be described with reaction (3). [19,21]. 

Hg2+ + 2e− →Hg0 (1)  

Pt+ 4Hg→PtHg4 (2)  

Pt+ 4Hg+ 8e− →PtHg4 (3) 

Most studies so far have focused on characterizing the compounds 
formed at a platinum interface in contact with liquid metallic mercury 
[21,29,30] or solutions with very high mercury concentrations (mg – g 
L− 1 Hg2+). [24,26,32,33] It is thus unclear if the processes taking place 
at environmentally relevant concentrations, e.g. if around mg L− 1 

Hg2+and lower behave the same and/or if there might be other rate 
determining steps or mechanisms that dominate the system. For 
example, at high mercury concentrations, reaction (1) will be much 
faster than reaction (2), leading to the formation of a layer of metallic 
mercury on the surface. However, below a certain concentration, reac
tion (2) will be faster than reaction (1) and the formation of metallic 
mercury at the surface will be very rare. The kinetics of the alloy for
mation has previously been investigated on platinum in contact with 
liquid mercury. [21,30] However, the values reported in different 
publications for the activation energy differ with as much as 50%. 
Barlow and Planting [30] found the alloy formation rate to be rather 
constant over time, with an activation energy of 0.35 eV while Lahiri 
and Gupta [21] measured an activation energy of 0.52 eV. They also 
suggest that mercury atoms can easily diffuse through the loosely 

packed PtHg4 structure and that the reaction is an interface-controlled 
process at the platinum-alloy interface. In another study by Wu et al., 
the formation and growth of different Pt-Hg compounds following 
electrodeposition of mercury ions on a Pt(111) surface was reported. 
[33] Only crystalline mercury was found on the surface after deposition 
of less than one monolayer of mercury. For larger amounts of mercury, 
the ordered alloys PtHg2 and PtHg4 formed through epitaxial growth. 
However, the kinetics of the reaction has not been studied for mercury 
ions electrodeposited on platinum films, and no activation energy has 
been reported for this system. In present work, we perform batch ex
periments and electrochemical quartz crystal microbalance (EQCM) 
measurements in aqueous solutions with a large range of mercury con
centrations relevant for environmental and industrial decontamination, 
spanning five orders of magnitude (0.25–75000 µg L− 1 Hg2+) and 
temperatures between 20 and 60 ◦C. We find an apparent reaction order 
below one with respect to Hg2+ concentration, which signals that the 
reaction mechanism probably proceed via metallic mercury on the 
surface. Electrochemical quartz crystal microbalance measurements 
using flow and batch cells reveal a low activation energy of 0.29 eV and 
show that the alloy formation rate is unaffected by alloy thickness at 
least up to several hundred nm in constant mercury concentration. This 
indicates that the rate limiting step of the process is likely to be the 
reaction between mercury in the alloy and platinum at the alloy – 
platinum interface. We also present a mechanistic discussion which 
provides important information to enable practical use of the technique 
and brings new knowledge on the processes of electrochemical alloy 
formation between platinum surfaces and mercury ions in solution. 

2. Experimental 

2.1. Materials and electrode fabrication 

The working electrodes (WEs) for use in batch mode measurements 
were fabricated as presented in a previous study. [19] Briefly, polished 
fused silica glass (Mark Optics Inc.) with a thickness of 0.5 mm were cut 
in 15 × 30 mm pieces and cleaned under sonication, first with acetone, 
then isopropanol, and finally with pure water. The pieces were used as 
substrates onto which a 3 nm titanium adhesion layer followed by 100 
nm of platinum was deposited using physical vapor deposition (Lesker 
PVD 225 e-beam evaporator, base pressure ~ 10− 7 mbar). Deposition 
masks were used to create a pattern of titanium + platinum consisting of 
a 15 × 15 mm square at the bottom of the glass substrate with a 1 mm 
connector strip to the top, where the contact was made. The contact was 
applied using a polymer-covered copper wire attached with copper 
conductive tape and sealed with hot glue. 

The working electrodes for use in EQCM measurements were fabri
cated on planar AT-cut quartz crystal sensors without front electrode, 
with a diameter of 14 nm and basic resonant frequency of 4.95 MHz ±
50 kHz (LAB Analytical, Sweden). The sensors were cleaned by mild 
oxygen plasma treatment (TePla 300PC, 150 W) for 2 min, and 3 nm Ti/ 
200 nm Pt was deposited as a front electrode using the Lesker system 
described above. A deposition mask was used to create a 5 mm diameter 
titanium + platinum circle in the middle of the sensor and a 1 mm 
connector strip to the wrap-around electrode on the side of the sensor. 

2.2. Chemicals and electrolyte preparation 

Batch setup measurements used an electrolyte consisting of adequate 
amounts of pure water (MilliQ, Millipore, 18.2 MΩ cm− 1), high purity 
nitric acid solution (65%, Suprapur, Merck), and mercury standard so
lutions (1000 mg L− 1, TraceCERT, Merck). The samples collected from 
the measurements were diluted for inductively coupled plasma mass 
spectrometry (ICP-MS) analysis (iCAP Q, Thermo-Fisher) with high 
purity hydrochloric acid (30%, Suprapur, Merck) containing 2 µg L− 1 

indium as internal standard (10 mg L− 1 In, CRM, CPAchem). For the 
EQCM measurements the electrolyte consisted of adequate amounts of 
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pure water, sulfuric acid (96% Suprapur, Merck), and mercury standard 
solution (1000 mg L− 1 Hg2+, TraceCERT, Merck). 

It is important to highlight that mercury is a highly toxic chemical 
and particular care must be used when performing experiments with 
mercury. Personnel handling the chemicals must use protective equip
ment to avoid exposure and all materials and chemicals containing 
mercury must be collected and disposed of in a safe way ensuring that 
mercury is not released to the environment. 

2.3. Electrochemical measurements 

For batch measurements, both two-electrode and three-electrode 
setups were used. A platinum wire (Alfa Aesar, 0.5 mm diameter, 
99.95%) was used as a counter electrode (CE) in both cases, and for the 
three-electrode measurements, a Hg/Hg2SO4 electrode (B3610+, SI 
Analytics) was used as reference electrode. To control the potential and 
record the current, a potentiostat (Reference 600, Gamry) was used. The 
potential of the working electrode (WE) was set to 0.16 V vs. the 
reversible hydrogen electrode (RHE) in the three-electrode measure
ments. For the two-electrode measurements, a cell voltage of 1.81 V 
between anode and cathode was applied. The chosen cell voltage was 
determined from measurements with the reference electrode present 
and a potential of the WE (cathode) of 0.16 V vs. RHE. The two-electrode 
measurements were carried out in lower mercury concentrations and 
here the electrolyte was continuously stirred using a glass covered 
magnetic stir bar. For the three-electrode measurements carried out in 
higher mercury concentrations the solution was not stirred. 

For each batch experiment, 50 ml 1 mol L− 1 nitric acid with mercury 
concentrations varying between 0.25 and 75000 µg L− 1 was used. The 
electrodes were fixed so that the solution level was just above the 15 ×
15 mm platinum area, and below the contact region, to avoid reactions 
of mercury with the wire, the copper tape, or the hot glue. The solution 
level was within ± 1 mm of the thin platinum connection strip. 

Samples of the electrolyte were collected before, during, and after 
electrochemical treatment to monitor the changes in mercury concen
tration in solution. The volume of samples ranged from 0.05 ml to 2 ml, 
the larger volume being sampled for the experiments with low initial 
mercury concentrations. The samples consisting of less than 2 ml were 
immediately diluted with hydrochloric acid for optimal ICP-MS analysis 
(the most optimal quantification was attained in a hydrochloric acid 
matrix). This sampling procedure led to different volumes of the solution 
being removed for different experiments. For most experiments, less 
than 7% of the initial volume was removed during the experiment, but 
for the lowest concentration (0.25 µg L− 1 Hg2+) the volume removed 
was as large as 32% (see supplementary information for more infor
mation about the sampling procedure). 

For the EQCM measurements, two different three-electrode setups 
were used. In both cases a QSense Explorer was used to analyse the 
resonance frequencies and a Hg/Hg2SO4 electrode (B3610+, SI Ana
lytics) was used as a reference electrode. The potentiostat was the same 
as the one used in batch measurements and the potential of the WE was 
set to 0.18 V vs. RHE. The first setup was a flow cell setup consisting of a 
QSense Electrochemistry Module (QEM 401). The counter electrode 
consisted of a platinum foil mounted in the ceiling of the measurement 
chamber in the module and the reference electrode was connected to the 
electrolyte outflow tube from the module. Approximately 100 ml of the 
solution was made to continuously flow through the electrochemistry 
module using a peristaltic pump. The measurements were conducted at 
different temperatures ranging from 20 to 60 ◦C, controlled by placing 
the bulk solution bottle in a water bath with controlled temperature 
(Julabo F12-ED) and setting the electrochemistry EQCM module to the 
desired temperature. 

The second setup consisted of a sensor holder (QSH-dip, Micro
Vacuum) immersed in a thermostated glass vessel containing 50 ml of 
electrolyte. The counter electrode was a platinum wire (Alfa Aesar, 0.5 
mm diameter, 99.95%). The temperature was controlled by connecting 

the thermostated glass vessel to the water bath. 
For each EQCM measurement, 0.5 mol L− 1 sulfuric acid with mer

cury concentration between 100 and 10 000 µg L− 1 Hg2+ was used. The 
choice of sulfuric acid in the EQCM measurements was due to practical 
reasons as this electrolyte provided better and more stable electro
chemical response in the EQCM setup compared to nitric acid. Previous 
batch experiments have shown identical mercury removal rates in sul
furic and nitric acids. During the electrochemical treatment, the reso
nance frequency and higher harmonics (3rd to 7th) were continuously 
measured. The measured frequency shifts are related to the change in 
mass of the sensor via the Sauerbrey equation [34]: 

Δf = −
2f 2

0n
As

̅̅̅̅̅̅̅̅̅ρqμq
√ Δm (4)  

where f0 is the basic resonant frequency of the sensor before a mass 
change, n is the overtone number, As is the active area, and μq = 2.947 ×
1011 g cm− 1 s− 2 and ρq = 2.648 g cm− 3 are the shear modulus and 
density of quartz, respectively. The QSense Explorer used also has the 
ability to measure the energy dissipation for every harmonic. The 
dissipation can give important information about the viscoelastic 
properties of and the amount of coupled water on the surface. In our 
measurements we find a very small shift in dissipation between start and 
end of the measurement, indicating that both the platinum film and the 
PtHg4 alloy films formed during experiments are rigid and, thus, the 
Sauerbrey equation should be valid. 

3. Results and discussion 

3.1. Mercury removal at different starting concentrations 

The decrease in mercury concentration in solution during electro
chemical alloy formation in a range of initial concentrations, from 0.25 
to 1000 µg L− 1 Hg2+ is shown in Fig. 1. As can be seen, the bulk of 
mercury is effectively removed from solution in all cases. The rate of 
mercury concentration decrease is higher for lower initial concentra
tions. This is most likely explained by the fact that at lower starting 
concentrations, there is a higher Pt:Hg ratio, and a higher platinum 
surface area to the amount of mercury atoms (the electrode size, plat
inum thickness, and initial electrolyte volume were kept constant in all 

Fig. 1. Mercury concentration in solution versus time of the measurements. 
The electrolytes for all measurements were 50 ml 1 mol L− 1 nitric acid solution 
with initial mercury concentrations 1000–0.25 µg L− 1 Hg2+. Two-electrode 
setup, WE: 100 nm platinum film (2.25 cm2 area), CE: platinum wire. Poten
tial = 0.16 V vs. RHE. The solid lines are exponentially fitted to the experi
mental data and the black dashed line corresponds to the WHO guideline for 
safe drinking water, 6 µg L− 1. 
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measurements). At higher concentrations, a full monolayer of alloy is 
formed relatively fast, whereas at lower concentrations a full monolayer 
of alloy is never reached. Based on the amount of mercury removed from 
the experiment with a starting concentration of 1000 µg L− 1 Hg2+, a full 
monolayer of PtHg4 is formed within approximately 0.5 h. For the ex
periments with starting concentrations of 50 µg L− 1 Hg2+ and below, 
there is less mercury in the solution than would be required to form a full 
monolayer of PtHg4. Before an alloy monolayer is formed, alloy for
mation can take place directly at the surface where both platinum and 
mercury atoms reside after the mercury ions have been reduced (via 
reaction (1). After a full monolayer of alloy is formed, mercury needs to 
diffuse through the PtHg4 layer to react with platinum at the platinum – 
alloy interface. [19] It would not be surprising if these processes occur at 
slightly different rates. 

From the results in Fig. 1 it can also be concluded that all measure
ments were able, or would be able if they were given more time, to 
decrease the initial mercury concentration at least two orders of 
magnitude from the starting concentrations, i.e. removing > 99% of the 
mercury. For the starting concentrations between 10 and 1000 µg L− 1 

Hg2+, it is interesting to note that the final mercury concentrations are 
well below the WHO guideline value for safe drinking water (6 µg L− 1). 

Another central result from Fig. 1 is that electrochemical alloy for
mation is effective at removing mercury also at the very low starting 
concentration of 250 ng L− 1 Hg2+. In this measurement, the mercury 
concentration decreased to about 6 ng L− 1 Hg2+ in less than 8 h. This is 
important for practical decontamination and sanitation which often aim 
at mercury concentrations well below the WHO limit. It should be noted 
that the thin film working electrodes used here were designed to have 
high control and to be able to study the electrochemical alloy formation 
process in detail and not designed for fast mercury uptake. In practice, 
mercury retrieval will be done using electrodes that allow significantly 
faster uptake by having a large surface area, e.g., porous electrodes or 
columns packed with nanoparticles. Copper electrodes, a more abun
dant and cheaper alternative to platinum, can be used to remove mer
cury from water, however copper is unstable in oxidizing acids, and 
without potential control it is also unstable in water. In addition, copper 
electrodes cannot be electrochemically regenerated and reused. [18] 
Gold can also be used as an electrode material instead of platinum, as it 
is well known that gold and mercury form a stable amalgam. However, 
gold is currently more expensive than platinum and the most stable gold- 
mercury alloy species is Au3Hg, which has 12 times less mercury ca
pacity than PtHg4 (per noble metal atom). [35] Less noble metals, such 
as zinc, aluminium, tin, etc. could potentially also be used, but in 
practice these metals would likely oxidize and prevent alloy formation 
and/or be prone to dissolution and degradation. [36,37]. 

With the current measurement procedures and the detection and 
quantifications limits of the ICP-MS used, we were not able to conduct 
experiments with starting concentrations lower than 250 ng L− 1 Hg2+. 
However, we expect that the electrochemical alloy formation will 
remove mercury from solutions also at substantially lower 
concentrations. 

The data presented in Fig. 1 was obtained by performing measure
ments in a two-electrode configuration. The main reason for this was to 
keep the system as clean as possible and to avoid potential contamina
tion from or adsorption of mercury in the porous glass frit of the refer
ence electrode. This was found to be extremely important when covering 
more than four orders of magnitude in concentration and going to sub-µg 
L− 1 Hg2+ levels. The applied potential between the WE and CE in the 
two-electrode measurements was established from three-electrode 
measurements with the WE at 0.16 V vs. RHE. Care was taken to keep 
a fixed and constant distance between WE and CE in the two-electrode 
measurement, but it should be mentioned that the actual potential of 
the WE is less well defined and more difficult to control in a two- 
electrode setup. 

Comparing the rates of mercury removal in the two-electrode mea
surements presented in Fig. 1 with those obtained in three-electrode 

configuration (some presented previously19, and more presented in 
Fig. 2 below), the process is faster in the two-electrode configuration. 
The reason for this is most likely related to the fact that we chose to use 
stirring in the two-electrode measurements, which was not the case in 
the three-electrode measurements. In the concentration range of 
50–1000 µg L− 1 the rate of mercury removal is approximately 3–5 times 
higher for the two-electrode (with stirring) compared to three-electrode 
(without stirring) configuration. These results indicate that stirring has a 
clear effect on the rate of mercury removal from solution, as it increases 
the transport of mercury ions to the electrode surface. However, very 
similar results for total amount of mercury removed and dependence on 
mercury ion concentration at different concentrations were found with 
and without stirring. 

3.2. Apparent reaction order in Hg2+ concentration 

Mercury removal rates in the batch experiments were estimated by 
calculating the removed mercury from the start of the experiment to the 
first concentration measurement, usually after 1–2 h, and normalized by 
the projected area of the electrode. The amount of mercury removed was 
calculated from the change in concentration, which makes it somewhat 
uncertain as to which concentration the calculated rate reflects. In the 
analysis presented below, we have used the initial concentration as a 
base for the derived rates. We evaluated the strategy to use the average 
concentration as the base for the derived rates and concluded that the 
results were not significantly affected. In the EQCM measurements, the 
rate of mercury uptake is derived directly from the measured frequency 
shift and as the volume of electrolyte was large compared to the elec
trode, the mercury concentration was virtually constant during these 
measurements. The resulting rates from batch experiments with both 
three- and two-electrode configuration, as well as EQCM measurements 
are presented in Fig. 2. 

From the results in Fig. 2, it is clear that the absolute rate of mercury 

Fig. 2. Natural logarithm of the mercury removal rate versus the natural log
arithm of the initial mercury concentrations in the measurements. Red dots: 
two-electrode batch measurements, blue dots: three-electrode batch measure
ments, and green dots: EQCM flow cell measurements. For batch measurements, 
the electrolytes were 50 ml 1 mol L− 1 nitric acid solution with initial mercury 
concentrations 1000–0.25 µg L− 1 Hg2+ for the two-electrode measurements and 
75,000–50 µg L− 1 Hg2+ for the three-electrode measurements. WE: 100 nm 
platinum film (2.25 cm2 area), CE: platinum wire. Reference electrode: Hg/ 
Hg2SO4. Potential = 0.16 V vs. RHE. For the EQCM measurements the elec
trolytes were flowing 0.5 mol L− 1 sulfuric acid with mercury concentration 
between 10 000–100 µg L− 1 Hg2+. WE: Quartz sensor with 200 nm platinum 
film (0.20 cm2 area), CE: platinum top wall of the electrochemistry module. 
Reference electrode: Hg/Hg2SO4. Potential = 0.18 V vs. RHE. (For interpreta
tion of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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removal is larger for higher initial concentrations, thus, the rate has a 
clear concentration dependence. To analyse the dependence in more 
detail, we can first consider the overall reaction (reaction (3). As the 
surface area of platinum was constant in all measurements of the same 
type (i.e. batch and EQCM) and the amount of platinum was higher than 
the amount of mercury removed, we can treat the reaction as being 
pseudo-first order in platinum and include the platinum concentration 
in the rate constant. The general rate expression can then be written: 

r = kCα
Hg2+ (5)  

lnr = lnk+ αlnCHg2+ (6)  

where r is the rate, k is the rate constant, CHg2+ is the mercury concen
tration and α is the reaction order in mercury ion concentration. Taking 
the logarithm of the rate expression makes it possible to determine both 
the reaction order and the rate constant from a plot of lnr vs lnCHg2+ , as 
done in Fig. 2. From analyzing the results in Fig. 2, we determined the 
apparent reaction order in mercury ion concentration to 0.73, 0.8 and 
0.86 for two-electrode, three-electrode and EQCM measurements, 
respectively. A reaction order below one in Hg2+ concentration indicates 
that the alloy formation is not proceeding directly via Hg2+ in solution, 
as indicated by reaction (3). Instead, it appears likely that the reaction 
proceeds via formation of metallic mercury on the surface, according to 
reaction (1), followed by the chemical alloy formation according to re
action (2). If the electroplating of metallic mercury (reaction (1) is faster 
than the alloy formation (reaction (2), there will be an accumulation of 
metallic mercury on the surface, which explains the apparent overall 
reaction order of less than one in Hg2+ concentration. 

It is interesting to note that despite the fact that the absolute rates 
differed somewhat between two- and three-electrode setup in the batch 
experiments, the apparent reaction orders are very similar. It should also 
be pointed out that the rates presented in Fig. 2 are normalized to pro
jected area. This will not affect the comparison between the batch ex
periments with two- and three-electrode setup as these were performed 
with identical electrodes, but for the EQCM measurements a thicker 
platinum film with a slightly higher roughness was used. The electro
chemical surface area (ECSA) of the evaporated platinum films was 
estimated from hydrogen underpotential deposition (HUPD) by per
forming cyclic voltammetry in non-mercury, Ar-saturated 0.5 mol L− 1 

H2SO4. [38] The roughness factor (i.e. ECSA divided by projected area) 
was found to be approximately 2.5 for the films used in the batch ex
periments and approximately 3.3 for the films used in the EQCM 
experiments. 

3.3. Apparent activation energy 

Using the EQCM setups, measurements where the temperature was 
varied between 20 and 60 ◦C were carried out in order to determine an 
apparent activation energy of the electrochemical alloy formation. The 
results are shown in Fig. 3 as an Arrhenius plot with the natural loga
rithm of the rate of mass increase plotted against the reciprocal of the 
temperature. Results from both setups are plotted together as they give 
similar results (see supplementary information for further details). The 
error bars represent the standard error of the data for each temperature. 

From Fig. 3, it is clear that the rate of mercury removal increases with 
temperature, which also has been observed previously in batch experi
ments. [19] This is typical for an activated process and as a linear fit 
follows the data in Fig. 3 rather well, the process can be described by the 
Arrhenius equation: 

k = Ae
− Ea
kBT (7)  

where k is the rate constant, A is a pre-exponential factor ,Ea is the 
activation energy, kB= 8.617 × 10− 5 eV K− 1 is the Boltzmann constant, 
and T is the absolute temperature. From Fig. 3, an apparent activation 

energy for the alloy formation of 0.29 eV and a pre-exponential factor of 
about 3.0 × 105 ng cm− 2 s− 1 are obtained. Previous reports on the solid- 
state reaction between metallic mercury and platinum have suggested 
an activation energy of 0.35 [30] and 0.52 [21] eV. Although our value 
is slightly lower than these, it is quite close to 0.35 eV, which point to 
that the rate determining step in the solid-state reaction and electro
chemical alloy formation from mercury ions could be the same. 

An activation energy of 0.29 eV is a relatively low value, meaning 
that the threshold energy needed for the reaction to take place is low. 
This is important for selective removal of mercury, where the low acti
vation energy means that the process will be favoured instead of other 
competing reactions. [39]. 

3.4. Alloy formation in constant Hg2+ concentration 

Mass change over long time for mercury concentrations of 10 mg L− 1 

Hg2+, 1 mg L− 1 Hg2+ and 100 µg L− 1 Hg2+, measured with the EQCM 
flow cell setup, is presented in Fig. 4. The experiments all started with an 
applied potential of 0.73 V vs. RHE where the PtHg4 alloy formation 
should not occur. Except for some OH and sub-monolayer platinum 
oxide formation, no reactions should occur on the electrode and no mass 
change is expected. As can be seen in Fig. 4, this is also largely reflected 
in the EQCM data. It can be noted that there is a small background drift 
in the frequency measurements of roughly 0.1 Hz min− 1 (corresponding 
to ~ 0.03 ng cm− 2 s− 1). For the highest concentration in Fig. 4, this drift 
is negligible, while for the lowest concentration it might constitute up to 
60% of the measured signal. At the start of the measurements, the po
tential of the WE was scanned to 0.18 V vs. RHE where the alloy for
mation occurs. For all samples, first a small but clear decrease in mass 
was observed during the scan. The reason for this mass decrease is most 
likely related to desorption of OH and reduction of platinum oxide. The 
amount of OH and Pt oxide should be identical on all samples, which is 
the reason for the relatively large impact from this in Fig. 4C. Short after 
the potential has reached 0.18 V vs. RHE, a clear mass increase following 
mercury adsorption and alloy formation is observed. It is interesting to 
note that during the time at the low potential, the mass increase appears 
very linear in time, which means that the formation rate of PtHg4 is 
constant and is not affected by the growing alloy film. This is in good 
agreement with observations by Barlow and Planting on the metallic 
mercury – platinum system. [30]. 

Fig. 3. Arrhenius plot of the data from EQCM measurements at temperatures 
20, 30, 40, 50 and 60 ◦C using both EQCM setups. The electrolytes were 0.5 mol 
L− 1 sulfuric acid with mercury concentration 10 mg L− 1 Hg2+. WE: Quartz 
sensor with 200 nm platinum film (0.20 cm2 area). CE: platinum top wall of the 
electrochemistry module for the flow cell setup and a platinum wire for the dip 
sensor holder setup. Reference electrode: Hg/Hg2SO4. Potential = 0.18 V vs. 
RHE. The black line is a linear fit to the data. 
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To stop the alloy formation in Fig. 4, the potential is scanned back to 
0.73 V vs. RHE. As can be seen, this generates a rapid decrease in mass 
(most pronounced in the low concentration experiment). This is most 
likely due to a release of metallic mercury attached to the surface of the 
electrode but not bound in the PtHg4 alloy. A similar effect has been 
observed before in EQCM for PtHg4 formation. [40] It has been sug
gested that during the formation of PtHg4, a layer of metallic mercury is 
formed on the surface, from which mercury atoms can diffuse into the 
PtHg4 alloy. [22,24,26] By analysing the mass loss at the end of the 
experiments in Fig. 4, we estimate the mercury layer to be approxi
mately 0.2 nm for the 1 mg L− 1 Hg2+ experiment, which is on the order 
of one monolayer of mercury. On the 10 mg and 100 µg L− 1 Hg2+ ex
periments the mercury layer is approximately one order of magnitude 
higher and lower, respectively. After rapid loss of surface mercury, the 
mass is constant and, thus, the alloy holding a majority of the absorbed 
mercury is stable. 

Each line in the respective subfigures in Fig. 4 represents the mass 
calculated from a different harmonic (3, 5, and 7). It can be seen that 
there is a slight difference in the mass increase for the different har
monics at longer times. This could be due to the different harmonics’ 
radial sensitivity as higher harmonics, are less sensitive to mass changes 
near the edge of the crystal. [34] Thus, the splitting of the harmonics 
might be explained by a non-homogeneous alloy formation over the 
crystal. However, it should be pointed out that the variation between the 
harmonics as shown in Fig. 4 corresponds to a difference in mass change 
of less than 5%, indicating a high degree of radial homogeneity of the 
formed alloy. 

3.5. Mechanisms of the electrochemical PtHg4 formation 

From the concentration measurements in Fig. 1 and the rate analysis 
in Fig. 2 it is clear that the reaction rate of the alloy formation is low. 
Estimating a turnover frequency (TOF) based on the number of mercury 
atoms removed from solution normalized to the amount of platinum 
surface atoms gives TOFs of 1.1 × 10− 5 and 2.3 × 10− 3 at 1 µg L− 1 Hg2+

and 1 mg L− 1 Hg2+, respectively. These values for TOF are substantially 
lower than typical values for (electro)catalytic surface reactions. They 
are however in good agreement with the values presented by Martins 
et al., where a TOF of around 2 × 10− 3 was found for electrochemical 
reduction in 40 mg L− 1 Hg on Pt. [32] The low values of the TOF might 
seem counter intuitive as the applied potential provides a large ther
modynamical driving force at the same time as the activation barrier is 
low. However, it is explained by the very low value of the pre- 
exponential factor found in the Arrhenius analysis. The reason for the 
low value of the pre-exponential factor is probably related to the 
transport of mercury to/in the alloy and/or the reaction mechanism of 
the alloy formation. There are three steps which can be considered as 

obvious candidates for rate limiting step, these are illustrated in Fig. 5. 
The steps are: i) the adsorption and electrochemical reduction of mer
cury ions on the platinum surface and subsequent insertion into the 
PtHg4 alloy (Fig. 5a), ii) the diffusion of mercury through the PtHg4 alloy 
film (Fig. 5b), and iii) the reaction between mercury and platinum at the 
alloy-platinum interface (Fig. 5c). 

We see a clear increase in alloy formation rate when the solution is 
stirred and, thus, the transport of mercury in solution and the local 
concentration of Hg2+ close to the electrode surface affect the rate. 
However, it is unlikely that the alloy formation process is limited by the 
rate of mercury ions reaching the surface as the diffusivity (DHg2+ = 8.47 
10− 10 m2 s− 1) [41] of Hg2+ in water is much higher than the reaction 
rates observed. In addition, the fact that the apparent reaction order in 
Hg2+ is clearly below one indicates that the alloy formation does not 
proceed directly via Hg2+. Instead, a reaction order below one can be 
explained by the reduction of Hg2+ on the electrode surface being faster 
than the alloy formation. In this situation, a full or a fraction of a layer of 
Hg0 will form on the surface and the alloy formation can proceed. The 
transport or diffusion of mercury through the alloy appears to be a fast 
step not limiting the alloy formation under these conditions, as the alloy 
formation rate in the EQCM measurements revealed a more or less linear 
mass increase in time, also at a very thick alloy layer (Fig. 4a). Instead, it 
appears as the rate limiting step is the reaction between mercury and 
platinum at the alloy-platinum interface. This was also suggested by 
Lahiri and Gupta21 to be the rate determining step in the alloy formation 
of liquid mercury and platinum. Thus, it appears as the reaction mech
anism of the electrochemical PtHg4 formation from mercury ions in 
solution is very similar to the solid-state reaction between liquid mer
cury and platinum. 

4. Conclusions 

Measurements of the temperature and concentration dependence in 
the PtHg4 alloy formation on platinum for mercury decontamination 
show that the process has an apparent reaction order below one 
(0.73–0.86) in Hg2+ concentration. This is important information for the 
design of practical decontamination applications to perform well at 
several or specific mercury concentrations but also for fundamental 
understanding of the alloy formation process. The fact that the elec
trochemical alloy formation is effective also from solutions with an 
initial mercury concentration at least down to 250 ng L− 1 Hg2+ is 
particularly important for practical applications as it indicates that the 
process should be able to remove mercury down to extremely low levels. 
As no indications suggesting a less effective mercury removal were seen 
at the lowest concentrations of this study, it is likely that the limit for 
practical mercury removal is on the same order, or potentially even 
below that of natural waters, which is typically around a few ng L− 1. 

Fig. 4. Calculated mass change from frequency shifts via the Sauerbrey equation. The electrolytes were flowing 0.5 mol L− 1 sulfuric acid with mercury concentration 
10 mg L− 1 Hg2+, 1 mg L− 1 Hg2+ and 100 µg L− 1 Hg2+. WE: Quartz sensor with 200 nm platinum film (0.20 cm2 area). CE: platinum top wall of the electrochemistry 
module. Reference electrode: Hg/Hg2SO4. The dashed lines indicate periods with different potentials applied. Between the dashed lines, 0.18 V vs RHE was applied, 
and before and after the dashed lines 0.73 V vs. RHE was applied. Harmonics 3, 5 and 7 for the quartz sensor are shown. 
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This result also agrees well with the finding of a low activation energy of 
0.29 eV for the alloy formation process and the high stability of the 
formed alloy. The activation energy and temperature dependence are 
central for practical applications, as different types of decontamination, 
e.g. industrial streams can vary in temperature. Despite the low apparent 
activation energy, the alloy formation process still has a rather low re
action rate which is explained by the low value of the pre-exponential 
factor (3.0 × 105 ng cm− 2 s− 1) found in the rate analysis on smooth 
platinum films. With this information it is possible to design practical 
electrode systems using high surface or porous electrodes. 

Environmental implication 
Mercury contamination is a serious problem affecting the environ

ment and threatening the health of humans and animals worldwide. 
New and improved methods are needed to retrieve mercury from 
contaminated streams, and to prevent further emissions are needed to 
mitigate the situation. The mobility and spread of mercury are closely 
connected to water, which contributes to about 60% to the cycling of 
mercury in the environment. This study presents fundamental insights to 
the reaction mechanism, concentration dependance and activation en
ergy of electrochemical alloy formation, a potential future method to 
decontaminate industrial streams, under relevant conditions. 

CRediT authorship contribution statement 

Emma Feldt: Investigation, Writing – original draft. Julia 
Järlebark: Investigation, Writing – original draft. Vera Roth: Writing – 
review & editing, Visualization, Data curation. Rasmus Svensson: 
Investigation, Visualization. Pontus K.G. Gustafsson: Investigation, 
Visualization. Nora Molander: Investigation. Cristian Tunsu: 
Conceptualization. Björn Wickman: Conceptualization, Methodology, 
Supervision, Funding acquisition, Writing – review & editing. 

Declaration of Competing Interest 

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests: A 
patent application (EP 17199244.9) has been filed with C.T. and B.W 
listed as inventors. Based on the patent, a start-up company (Atium AB) 
with C.T. and B.W. as minority owners has been formed, with the 
intention to promote utilization of the results. Proof-of-concept testing 
has started but no commercial product has yet been released on the 
market. 

Data availability 

Data will be made available on request. 

Acknowledgements 

We acknowledge the Swedish Research Council Formas (project 
number 2019-01190) for financial support. This work was performed in 
part at Myfab Chalmers. Rosemary Brown is acknowledged for assisting 
in the platinum deposition on glass and quartz sensors. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.seppur.2023.124033. 

References 

[1] R. Aswathi, K.Y. Sandhya, Ultrasensitive and Selective Electrochemical Sensing of 
Hg(II) Ions in Normal and Sea Water Using Solvent Exfoliated MoS2: Affinity 
Matters, J. Mater. Chem. A. Mater 6 (30) (2018) 14602–14613, https://doi.org/ 
10.1039/c8ta00476e. 

[2] J.C. Clifton, Mercury Exposure and Public Health. Pediatr. Clin. North Am. 2007, 
54 (2), 237-+. Doi: https://doi.org/10.1016/j.pcl.2007.02.005. 

[3] T.W. Clarkson, L. Magos, The Toxicology of Mercury and Its Chemical Compounds, 
Crit. Rev. Toxicol 36 (8) (2006) 609–662, https://doi.org/10.1080/ 
10408440600845619. 
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