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Abstract 

In the Outotec Mercury Removal Process elemental mercury is removed from 
metallurgical process gas in a scrubber by washing with a mercuric chloride solution. 
The concentration of mercuric chloride is crucial to the yield of the process and the 
reagent is consumed continuously. Today the concentration is manually measured 
off-line. An on-line instrument would increase the efficiency of the process, as it 
would be possible to compensate faster for fluctuations in the concentration. 
 
The aim of this project has been to study the possibilities of an automated on-line 
instrument for concentration measurement of mercuric chloride in the wash solution. 
Out of eleven possible candidates three were chosen for further investigation at 
laboratory scale. 
 
The result shows two remaining working methods, one electrochemical and one 
spectrophotometric, and both have their advantages and disadvantages. 
Both methods measure the total amount of mercury(II) in the solution and the 
results shows that both methods is sensitive enough for the purpose. 
The most promising method when it comes to precision and robustness is the 
spectrophotometric method but it demands more maintenance and is more complex 
to automate. The simpler, voltammetric method’s main drawback is that it has shown 
to be sensitive to variations in the sample matrix. However, these issues might be 
solvable by further optimization. Both methods need more testing in the laboratory 
before continuing with experiments at industrial scale. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



II 
 

Blank page



III 
 

List of abbreviations 
 
AS Anodic Stripping 
CA Chronoamperometry 
CV Cyclic Voltammetry 
CVAAS Cold Vapor Atomic Absorption Spectroscopy 
CVAFS Cold Vapor Atomic Fluorescence Spectroscopy 
DPV Differential Pulse Voltammetry 
FIA Flow Injection Analysis 
HPLC High Performance Liquid Chromatography 
ISE Ion Selective Electrode 
LIBS Laser Induced Breakdown Spectroscopy 
ppm Parts Per Million 
ppt Parts Per Trillion 
RIU Refractive Index Unit 
UV-VIS Ultraviolet-Visible 
 

  



IV 
 

 

 



V 
  

Table of contents 

 
Abstract .......................................................................................... I	  
Table of contents ........................................................................... V	  
1. Introduction ................................................................................ 1	  
1.1	  Outotec	  Mercury	  Removal	  Process	  ................................................................................	  1	  
1.2	  Problem	  Formulation	  .........................................................................................................	  1	  
1.3	  How	  to	  solve	  the	  problem	  and	  limitations	  ..................................................................	  2	  

2. Theory ....................................................................................... 2	  
2.1	  Electrochemical	  techniques	  .............................................................................................	  2	  
2.1.1	  Ion	  Selective	  Electrode	  ................................................................................................................	  2	  
2.1.2	  Voltammetry-‐	  Diffusion	  Limited	  current	  .............................................................................	  2	  
2.1.3	  Voltammetry-‐	  Anodic	  stripping	  ...............................................................................................	  3	  

2.2	  Atomic	  absorption/fluorescence	  spectroscopy	  ........................................................	  3	  
2.2.1	  Cold	  vapor	  atomization	  ...............................................................................................................	  3	  
2.2.2	  Atomic	  absorption	  spectroscopy	  ............................................................................................	  3	  
2.2.3	  Atomic	  fluorescence	  spectroscopy	  .........................................................................................	  4	  

2.3	  Vibrational	  spectroscopy	  techniques	  ...........................................................................	  4	  
2.3.1	  Infrared	  spectroscopy	  ..................................................................................................................	  4	  
2.3.2	  Near-‐Infrared	  spectroscopy	  ......................................................................................................	  4	  
2.3.3	  Raman	  spectroscopy	  ....................................................................................................................	  5	  

2.4	  UV-‐VIS	  Spectrophotometry	  ...............................................................................................	  5	  
2.5	  Laser	  Induced	  Breakdown	  Spectroscopy	  .....................................................................	  5	  
2.6	  X-‐Ray	  Fluorescence	  Spectroscopy	  ..................................................................................	  5	  
2.7	  Refractive	  index	  measurements	  .....................................................................................	  6	  
2.8	  Method	  comparison	  ............................................................................................................	  6	  
2.9	  Expanded	  Theory	  on	  Voltammetry	  and	  UV-‐VIS	  Spectrophotometry	  .................	  6	  
2.9.1	  Voltammetry	  ....................................................................................................................................	  6	  
2.9.2	  Spectrophotometry	  .......................................................................................................................	  7	  
2.9.3	  Statistics	  .............................................................................................................................................	  7	  

3. Material ..................................................................................... 8	  
3.1	  Chemicals	  ................................................................................................................................	  8	  
3.2	  Standard	  solutions	  ...............................................................................................................	  8	  
3.3	  Industrial	  solutions	  .............................................................................................................	  8	  
3.4	  Apparatus	  ...............................................................................................................................	  8	  
3.4.1	  Voltammetry	  ....................................................................................................................................	  8	  
3.4.2	  Spectrophotometry	  .......................................................................................................................	  9	  
3.4.3	  Refractive	  index	  ..............................................................................................................................	  9	  

4. Method ...................................................................................... 9	  
4.1	  Voltammetry	  ..........................................................................................................................	  9	  
4.1.1	  Cyclic	  voltammetry	  .......................................................................................................................	  9	  
4.1.2	  Anodic	  stripping	  .............................................................................................................................	  9	  
4.1.3	  Differential	  pulse	  voltammetry	  .............................................................................................	  10	  
4.1.4	  Chronoamperometry	  .................................................................................................................	  10	  

4.1.5	  SEM-‐EDS	  ............................................................................................................................	  11	  
4.2	  Spectrophotometry	  ..........................................................................................................	  12	  
4.2.1	  Solution	  preparation	  .................................................................................................................	  12	  
4.2.2	  Sample	  preparation	  procedure	  .............................................................................................	  12	  



VI 
 

4.2.3	  Absorbance	  measurement	  ......................................................................................................	  12	  
4.3	  Refractive	  index	  .................................................................................................................	  12	  

5. Results ...................................................................................... 13	  
6. Discussion ................................................................................ 13	  
7. Conclusions ............................................................................... 13	  
8. Further work ............................................................................ 13	  
9. Acknowledgements ................................................................... 13	  
10. References .............................................................................. 13	  
Appendix ........................................................................................ 1	  
 
 
 
 
 
 
 
 
 
 
 
 



 

1 
 

1. Introduction 

1.1 Outotec Mercury Removal Process 
Most metallurgical treating processes include a thermal stage. As mercury exists as a 
trace element in most metallurgical raw materials and is volatile in its elemental form 
it is released during these processes and continues with the process gases. In the gas 
phase mercury is present in dust, soluble salts and as elemental mercury. Common 
gas scrubbers and electrostatic precipitators can remove the dust and soluble 
mercury species but the elemental mercury passes these cleaning steps. 
The Outotec Mercury Removal Process removes the elemental mercury in the gas 
phase by scrubbing the gas with a mercuric chloride solution. The process takes 
advantage of the fast reaction between the elemental mercury and the mercuric 
chloride to mercurous chloride that is an insoluble precipitation that can be removed 
and handled in a controlled way. 
If the raw material is a sulfide ore, which is common, the gas will also contain sulfur 
dioxide that is most often oxidized to sulfuric acid as a by-product and any remaining 
mercury in the gas phase will end up in the finished acid as a contamination leading 
to a lower selling value [1]. 
 
The main chemical reactions are: 
Precipitation of mercury in the scrubber 

Hg0(g)+HgCl2(aq)→Hg2Cl2(s)  
Regeneration of mercuric chloride 

Hg2Cl2 s +Cl2(g)→2HgCl2(aq)  
The summary reaction of the process 

2Hg0(g)+Cl2(g)→Hg2Cl2(s) 

1.2 Problem Formulation 
The problem formulation of this project is that the incoming amounts of elemental 
mercury in the process gas can change quite fast depending on the surrounding 
temperature, raw material and numerous other factors that affects the process. The 
process can handle these variations as long as the concentration of mercuric chloride 
in the wash solution is in the correct interval as it is consumed in the precipitation 
step. If the concentration is too low the precipitation of elemental mercury will be 
incomplete and if the concentration is too high significant amounts of mercuric 
chloride will start to follow the gas stream further in the process. Today the 
concentration is measured off-line and the measurements have to be done by hand by 
trained personnel. This system is quite slow and cannot always detect fast changes in 
incoming amounts of elemental mercury. 
If it would be possible to continuously, or at least several times an hour, measure the 
concentration of mercuric chloride automatically, on-line, the process could be more 
optimized by narrowing the concentration interval for the wash solution. 
 
Some of the benefits of an on-line measurement besides a more efficient and stable 
process are a quality assurance of the sulfuric acid byproduct and a safer workplace 
for the personnel. 
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1.3 How to solve the problem and limitations 
The beginning of the project was a literature study to create an overview of possible 
methods to be able to choose the most suitable ones to continue with for further 
examination. 
 
A list of demands was set up for the project as a guideline. 

• Chemically robust and insensitive to changes in the matrix 
• Mechanically robust, i.e. industrial grade 
• Low maintenance 
• Repeatable measurement 

 

2. Theory 

Following common methods were found to be possible candidates for an on-line 
mercury analyzer and were evaluated at a theoretical level. 

2.1 Electrochemical techniques 

2.1.1 Ion Selective Electrode 
An ion selective electrode, ISE, is a type of electrode that has an affinity for a specific 
analyte ion. The activity of the analyte ion in the solution corresponds to measurable 
changes in potential between the ISE and a reference electrode. This is possible by 
using an inner filling solution with a known amount of analyte together with an inner 
and outer reference electrode. The inside is in contact with the surrounding liquid via 
a liquid- or solid membrane (depending on the type of construction) that selectively 
binds the analyte. The analyte ions equilibrate with the interface surface and a 
potential difference arises over the membrane, which is detectable by measuring the 
potential difference between the two reference electrodes. The drawbacks with an ISE 
are that the membrane can be quite chemically sensitive and a lot of interferences can 
occur since most membranes don’t have 100% selectivity for the analyte ion. Another 
drawback is that the electrode will only respond to free ions. So, if the analyte ion is 
bounded to ligands in complex formations the response will be much smaller than if 
the analyte were free. Because of these drawbacks the ISE is not suitable in this case 
with a quite complex and constantly varying matrix and mercury bound in chloride 
complexes [2][3][4]. 

2.1.2 Voltammetry- Diffusion Limited current 
The method uses a three-electrode cell with reference-, working- and auxiliary 
electrode. The chemical reaction of interest is the reduction of Hg2+ to Hg0 and this 
takes place at the surface of the working electrode. To be able to measure the 
potential of the working electrode a reference electrode is needed to provide a stable 
reference. Since no current ever goes through the reference electrode a third 
electrode is added, the auxiliary electrode. At this electrode an oxidation occurs, most 
likely oxidation of dissolved SO2 in this particular case, and hence a current can flow 
between the working and auxiliary electrode. When the potential is decreased at the 
working electrode the reduction of mercury ions will start at a specific potential and a 
current is starting to flow between the working and auxiliary electrode. Upon further 
decrease in potential the current increases due to increased kinetics of the red-ox 
reaction. However, at a certain potential the current starts to stabilize and further 
decrease in potential gives negligible increase in current. This is when the diffusion-
controlled limit is reached. The current will remain at this level, even though the 
potential is decreased further, until a further reduction potential of another chemical 
specie in the system is reached. From this experiment two things can be derived: the 
potential at which the current starts to increase is related to the chemical specie that 
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drives the electrochemical reaction and the magnitude of the diffusion-limited 
current is related to the activity of this specie. 
By choosing a suitable potential in the region of the diffusion-limited current one can 
continuously monitor the changes in activity of a certain analyte. 
The main drawback and the reason that this method was not a success is that since 
the potential is kept constant, the reduced mercury starts to accumulate at the surface 
of the working electrode and hence increasing the active area of the electrode. Since 
the current is dependent on the area as more analyte can reach the surface a 
significant error in the measurement builds up with time [2][3][5]. 

2.1.3 Voltammetry- Anodic stripping 
This method uses the same three-electrode cell as in 2.1.2, but instead of keeping the 
potential constant it is varied. A lot of different variants of this technique exist but the 
general principle is the same for all. First the potential is kept at a reductive level for 
the analyte to accumulate it on the working electrode surface. The second step is the 
stripping, or oxidizing, step. The potential is increased so the accumulated analyte is 
re-oxidized back into the solution. These pulses can be varied in infinite ways to 
optimize the precision of the method. The measured variable is the current that flows 
during the oxidizing step and the peak current is proportional to the concentration of 
the analyte in solution. 
This technique is mainly used for trace analysis since a long accumulation step gives 
high sensitivity, but in this case it could be useful as a development of the previous 
method described in 2.1.2 since the accumulated analyte is re-oxidized back into the 
solution and the cleanses the surface of the working electrode. This method is one of 
the most common methods in literature using both reduction and oxidation pulses 
for analysis [2][3][6]. 

2.2 Atomic absorption/fluorescence spectroscopy 

2.2.1 Cold vapor atomization 
When using the techniques of atomic absorption or fluorescence spectroscopy the 
analyte has to be in the form of free atoms. For most elements this is done by a 
heating process such as spraying the sample in a flame or by electro thermal heating 
in a graphite tube. For mercury a special technique has been developed, cold vapor 
atomization. This is feasible as free gaseous mercury atoms are easily generated at 
room temp. The principle is quite simple; the sample is reduced with a reductive 
agent in a closed vessel, commonly stannous chloride, then a carrier gas is used to 
transport the gas phase in the vessel to an optical cell were the atomic absorbance or 
fluorescence is measured. These techniques are together the most commonly used for 
high-precision determination of total mercury contents [7]. 

2.2.2 Atomic absorption spectroscopy 
The concentrated atomic vapor of the analyte is kept in an optical pathway and a light 
source is used to emit electromagnetic radiation to the sample. The radiation has the 
exact energy to excite electrons to higher energy-level orbitals, or energy states, for 
the specific analyte of interest. At the opposite side of the cell as the lamp a 
monochromator is placed that only passes light of the same wavelength as the lamp 
to a detector. Hence the amount of absorbed light by the sample can be measured. 
Absorbance is directly proportional to concentration and by constructing a 
calibration curve or using standard addition the concentration of analyte in the 
sample can be determined. Commercial on-line instruments are available using cold 
vapor atomic absorption spectroscopy, CVAAS, and with this instrument trace levels 
of metals below 1 ppb is measurable [2][7][8]. 



 4 

2.2.3 Atomic fluorescence spectroscopy 
An even more sensitive and selective atomic spectroscopy technique is atomic 
fluorescence spectroscopy. The basic instrumentation is similar to the lineup used for 
CVAAS in 2.2.2, the main difference is that the light source and the light detecting 
part is perpendicular compared to CVAAS were they are oriented in a straight line. 
This method measures the radiation that is emitted from the atom when an excited 
electron transits down to the ground state. Since not all excited atoms emits a photon 
during the transition, internal conversion between energy states is also probable, 
therefore is the fluorescence signal much weaker than the signal obtained when 
measuring the absorption. But this signal is more characteristic for the element and 
since the measurements are against a “dark” background due to the perpendicular 
optical arrangement the technique is more selective and has a much higher signal to 
noise ratio than atomic absorption spectroscopy. For mercury determinations an 
amalgamation step with a gold trap before the detector can be used to pre-
concentrate the mercury before analysis. With this method mercury levels down to 
ppt levels are achievable. One drawback for on-line measurements is that the carrier 
gas needs to be pure argon. Commercial on-line cold vapor atomic fluorescence 
spectroscopy, CVAFS, instruments are available but as pure argon is continuously 
consumed and the precision of an AAS instrument is high enough, the CVAFS 
instrument is not a good choice for these purposes [2][7][9][10]. 

2.3 Vibrational spectroscopy techniques 

2.3.1 Infrared spectroscopy 
Radiation from the infrared spectrum does not contain enough energy to excite 
electrons to higher energy states as with atomic absorption, but it is enough to excite 
a molecule to a higher vibrational state. Depending on the wavelength absorbed by 
the molecule different bends and stretches are detected, characteristic for certain 
chemical bonds. This technique is mainly used for qualitative analysis and not for 
quantitative. 
The most used technique is based on broadband spectra measurements and analysis 
by mathematical interpretation of the data by Fourier transformation. 
From a perspective of on-line measurements the technique is quite attractive since it 
detects fundamental vibrations and is easy to calibrate. However, for on-line and in-
line measurements IR spectroscopy is not suitable with todays technology, the optical 
parts are made from materials which are sensitive to chemical attack. Diamond can 
be used as a durable material but it is very expensive. Another drawback is that no 
suitable materials for fiber optics exists to transport the light from the optical cell to 
the detector, which implies that the detector needs to be attached directly to the cell 
[2][11]. 

2.3.2 Near-Infrared spectroscopy 
This technique also uses electromagnetic radiation of wavelengths that excites 
molecules to a higher vibrational energy state, but the radiation comes from the far 
end of the infrared spectrum, towards the visible part. At these energies no 
fundamental vibrations can be detected, it is instead the overtones and overlapping 
bands of these that are seen. The advantage with this spectroscopic method is that the 
materials used for the optical parts are cheap and rugged, and also fiber optical cables 
are available. As with the most common IR technique a broadband spectra is used 
and analyzed with Fourier transformation. This broadband spectra contains a huge 
amount of information but it is quite tedious to withdraw the information since the 
spectra consists of overlapping bands of overtones. However, breakthroughs in the 
field of chemometrics have made the process of calibration and analysis easier.  
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The technique has been used on solid mercury salts but the analysis on liquid 
samples is not clear and is depending on the strength of the complex bond between 
mercury and chloride [11]. 

2.3.3 Raman spectroscopy 
The Raman scattering effect is used in this technique. The scattering appears due to 
the fact that when a photon strikes a molecule and excites it to a higher vibrational 
state not all of the photons energy is absorbed. The scattered photon emerges with 
less energy and can be detected as a quite weak signal. This technique somewhat 
combines the best parts of IR and NIR, it is based on fundamental vibrations and 
operates in a convenient spectral region. However, it has some drawbacks. The fact 
that the measured signal is quite weak implies that the technique is sensitive to 
interferences from stronger fluorescence from species in the sample and from 
background radiation. Also, in general the instruments are more expensive than NIR 
[2][11]. 

2.4 UV-VIS Spectrophotometry 
As with atomic spectroscopy this technique operates at wavelengths of the 
electromagnetic spectrum that induces electron transitions. The difference between 
the techniques is that this technique measures the absorbance by molecules in a 
surrounding medium, gas or liquid. To enhance the selectivity of the measurements 
the analyte can be preconditioned with a suitable ligand to form a strong complex 
that significantly distinguish the analyte absorbance signal from the background 
signal. 
For mercury a colored complex with dithizone (diphenylthiocarbazone) is commonly 
used with measured signal around 488 nm. For on-line analysis a flow injection 
analysis-system (FIA) can be used to automate the procedure [2][12]. 

2.5 Laser Induced Breakdown Spectroscopy 
The relatively new method of LIBS is still under development for industrial on-line 
applications. The principle is that the sample is subjected to radiation from a laser so 
that a small part is ablated. The energy of the laser is enough to induce a plasma. 
Plasma consists of a mixture of excited ions and atoms and also free electrons. The 
matter emits light of characteristic wavelengths for each element present and the 
radiation is detected by a spectrometer. The advantage of this method is that it is 
possible to perform multi-element analysis without any pretreatment and the speed 
of sampling can be very fast by pulsing the laser. On the other hand it is a technique 
that is still under development and technical problems arise when it comes to 
calibration and precision. Especially for liquid samples, during the critical ablation 
step a liquid can quench the plasma by effects such as sputtering and vaporization. 
One solution to the problem can be to have a continuous sample flow or even to 
pressurize the sample flow to create a jet stream so the quenching matter is moved 
continuously [13][14][15]. 

2.6 X-Ray Fluorescence Spectroscopy 
The X-ray technique that is applicable in this project is the x-ray fluorescence 
technique XRF (x-ray fluorescence). It is a multi-element method that can analyse a 
wide range of elements in a sample very fast with acceptable precision. The energy of 
the radiation in the x-ray part of the electromagnetic spectrum is enough to ionize 
and break chemical bonds. The fluorescence technique measures the x-ray energy 
that is emitted when an x-ray photon has ionized an atom by exciting an electron 
from an inner orbital and thus created a vacant space that is filled by an electron from 
an outer orbital. The energy difference between the two orbitals is compensated by 
emission of elemental characteristic x-ray energy. The measurement is fast and most 
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devices manage to analyse all elements ranging from sodium to uranium with low 
matrix sensitivity. 
Special on-line instruments are available for industrial use [16][17][18]. 

2.7 Refractive index measurements 
A quite common method to monitor several process parameters such as 
concentration, turbidity, particle size etc. is to measure the refractive index of the 
process liquid. This property is given by the quotient of the velocity of the incoming 
light and the outgoing, or directly related, the quotient between the sinuses of the two 
angles of the light at the interface. There are durable and simple commercial in-line 
instruments available that measure the refractive index continuously. It is a common 
way to measure different parameters on-line, such as concentration and particle size. 
It is although not proven as a functional method for dissolved metal salts at the actual 
concentrations in this project [19]. 

2.8 Method comparison 

2.9 Expanded Theory on Voltammetry and UV-VIS Spectrophotometry 

2.9.1 Voltammetry 
The Nernst equation (eq. 1) is obeyed by all electrochemical systems, but it is only 
valid when the system is at equilibrium, at zero current. 
For the half-cell reaction 

     aO+ne-  ⇌  bR 
The Nernst equation is defined as 

     E  =  E0- RT
nF
ln 𝒜R

b

𝒜O
a     (1) 

Where E is the half-cell potential, E0 is the standard reduction potential for the specie 
(V), R is the gas constant (8,314 J/(K×mol)), T is the temperature (K), n is the 
number of moles electrons in the reaction (mol), F is the Faraday constant 
(9,649×104  C/mol) and 𝒜 is the activity of the species (mol/dm3). 
 
For most electroanalytical techniques the system is forced from equilibrium, either by 
controlling the potential or current. For a stirred solution and at a potential extreme 
enough to limit the current to mass transport by diffusion of analyte to the active 
surface as mentioned in 2.1.2 eq. 2 is valid: 
 

     i= nFAD𝒜
δ

     (2) 

Where i is the current (A), n is the number of moles electrons in the redox reaction 
(mol), F is the Faraday constant (9,649×104 C/mol), A is the electrode area (cm2), D is 
the diffusion coefficient of the analyte (cm2/s), 𝒜 is the activity of the analyte in the 
bulk (mol/cm3) and δ is the thickness of the laminar layer at the electrode (cm). The 
parameter δ comes from the fact that around a stationary electrode in a stirred 
solution three hydrodynamic regions can be defined: First, turbulent flow 
representing the bulk solution. Second: when approaching the electrode surface a 
transition to more laminar flow is begun. This transition layer can be seen as discrete 
layers of non-turbulent solution sliding by each other with decreasing speed as the 
distance to the electrode is decreased. And the third: a thin layer of stationary 
solution directly at the electrode. The thickness of this layer is approximated to have 
a discrete thickness to be able to mathematically interpret the system [2][20], 
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The diffusion coefficient for a particle in a liquid medium can be estimated by the 
Stokes-Einstein relationship 

     D= kT
f

      (3) 

Where D is the diffusion coefficient (m2/s), k is the Boltzmann’s constant (1,38×10-23 

J/K), T the temperature (K) and f is the frictional force that can be described by the 
Stoke’s relation 
     f=6πηa      (4) 
Where η is the viscosity (kg/(m×s)) and a is the radius of the particle (m) [21]. 

2.9.2 Spectrophotometry 
The absorbance is defined as 

     A= log10
P0
P

     (5) 

Where A is the absorbance, P0 is the intensity of the incoming light and P is the 
intensity of the outgoing light from the sample. 
For dilute solutions (≲ 0,01 M) the absorbance of an analyte can be estimated by 
Beer-Lambert law according to: 
     A=ε×b×C     (6) 
Where A is the absorbance, ε is the molar absorptivity (1/(M×cm)), b the path length 
of the cuvette (cm) and C is the concentration (mol/dm3). For more concentrated 
solutions the analyte molecules start to influence each other and their properties 
changes and eq.6 loses its validity [2]. 
 
A measure of the sensitivity of the spectrophotometric method is the Sandell’s 
sensitivity (μg/cm2). It is the amount of analyte that will give an absorbance of 0,001 
and is calculated as: 
     S=b× 0,001

k
     (7) 

Where k is the slope of the calibration curve (in this case (µg/ml)/absorbance) and b 
is the path length of the cuvette (cm) [12]. 

2.9.3 Statistics 
To be able to check the precision of the methods in this work the data was statistically 
evaluated. The standard deviation is a measure of the difference between the samples 
and their mean value. In this case the samples does not represent the whole 
population so the standard deviation has to be estimated, which is done by eq.8: 

     s=
(xi-x)

2n
i=1
n-1

     (8) 

Where s is the estimated standard deviation, n is the number of samples, xi is the i:th 
sample and x is the estimated mean value of the samples. 
 
Confidence limits can be calculated to visualize in which interval the true value of a 
population can be found. If the true mean value is known i.e. is calculated from a 
large enough number of samples, the confidence interval is normally distributed 
around the mean value. If the mean value is estimated from a small number of 
samples the interval is t-distributed with n-1 degrees of freedom. The limits are 
calculated by eq. 9: 
     x±t(α,n-1)

s
n
     (9) 

 
Where x is the estimated mean value, s is the standard deviation, α is the confidence 
level, n is the number of samples and t(α,n-1) is the actual percentile of the t-

distribution [22].  
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3. Material 

3.1 Chemicals 
All chemicals used were of analytical grade 

− HgCl2, Merck 
− H2SO4, 18,2 molar, Merck 
− NaCl, Merck 
− 1,4-Dioxan, Merck 
− Diphenylthiocarbazone (dithizone), Fluka/Sigma Aldrich 
− 450 ppm (v/v) Sulfur dioxide in nitrogen, AGA  

3.2 Standard solutions 
Five standard solutions were made with a concentration of 0,5, 1, 2, 3 and 5 g 
HgCl2/l. The composition of the matrix is according to table 2 and is used as a mean 
of a typical wash solution. 

3.3 Industrial solutions 
Two samples from a chloride scrubber were collected from an industrial plant. The 
samples were 4 liters of the wash solution and 2 liters of the high-concentrated HgCl2 
solution, which is used to refill the wash solution with mercury chloride. Outotec 
expresses the concentration in the solutions in g/l; therefore this unit is used 
throughout in this report. The two solutions were used to make samples of >1,9 g 
HgCl2/l. To make industrial samples of concentrations below 1,9 g/l a solution of 200 
g/l H2SO4 and 20 g/l Cl- was used to dilute the wash solution. 
The reason for the sulfuric acid concentration of 200 g/l is that the concentration in 
the wash solution was assumed to be 200 g/l when the samples were collected. Not 
until after the experiments on the effect of sulfuric acid concentration in the sample 
the real concentration was determined by titration with Na2CO3 and methyl orange 
indicator. All experiments have been performed on solutions filtrated with a 0,45 µm 
syringe filter. 
 
Table 1 Main composition of the solutions used in this report 

Specie 
Standard 
solution 

Typical wash 
solution 

Industrial “wash” 
solution 

Industrial “strong” 
solution 

HgCl2 (g/l) 0,5-5 1-3 1,9 18,5 
H2SO4 (g/l) 30 10-50 240 -‐	  
Cl- (g/l) 3,5 2-5 20 -‐	  
 
As seen in table 2 the industrial wash solution has much higher concentrations of 
sulfuric acid and chloride than the typical solution. The software Medusa was used to 
create dominance diagram for the species in both the industrial and standard 
solutions. These are seen in the appendix in figure 1 and 2. In both matrixes mercury 
is bound to chloride in complexes. 

3.4 Apparatus 

3.4.1 Voltammetry 
In the beginning of the project a EG&G Model 283 potentiostat with Head Start 
software were used, but this instrument were replaced by a BAS100A potentiostat 
with BAS100W software as it was more modern and easier to use. 
To build the electrochemical cells a standard 50 ml glass cell, a thermostated 50 ml 
glass cell and a home-build electrochemical cell from a 250 ml glass beaker were 
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used. The reference electrode were a Mettler Toledo Ag/AgCl electrode with a 3 Molar 
KCl filling solution. The different platinum electrodes were a wire work electrode, 22 
mm long, area: 36,5 mm2, a disk work electrode, area: 3,1 mm2 and a mesh auxiliary 
electrode. To control the temperature of the cells a Gilson water bath and a standard 
lab thermometer were used. A simple, straight glass tube with a rubber plug were 
used as a gas inlet to the cells and a Hanna Instruments magnetic stirrer made sure 
that the samples were homogenous. In the long-term experiment an Alitea Ventur 
piston pump pumped the bulk solution through the cell. 

 
The BAS100A potentiostat was used for all voltammetric measurements except the 
anodic stripping experiments which were made with the EG&G potentiostat. 
Figure 6 and 7 in the appendix shows two examples of electrochemical cell setups in 
the lab. 

3.4.2 Spectrophotometry 
A Shimadzu UV-2100 UV-VIS spectrophotometer with UVPC software was used to 
carry out the spectrophotometric measurements. The cuvettes were standard 10 mm 
polystyrene from Sarstedt. 

3.4.3 Refractive index 
In these experiments a Varian RI-4 refractive index meter were used with a voltmeter 
to measure the refractive index of the solutions. 
 

4. Method 

4.1 Voltammetry 
During all voltammetric measurements 50 ml of sample was measured with a 
volumetric pipet and transferred to the cell. The sample was stirred with a magnetic 
stirrer and bubbled with sulfur dioxide [5]. The amount of gas supplied to the sample 
was very low, not measurable with a standard 600-1000 cm3/min flow meter. 

4.1.1 Cyclic voltammetry 
This method was used to create an overview of the electrochemical properties of the 
system. This is done by simply sweeping over a potential range of interest and is 
useful for detection of reduction and oxidation potentials of the analyte. Even though 
standard potentials can be used to estimate the electrochemical properties, these can 
be shifted in a more complex sample matrix. Different parameters have been used for 
these experiments, but mostly cycles between 0-1000 mV with scan rate of 
100mV/sec. 

4.1.2 Anodic stripping 
Expedient potential ranges were found with cyclic voltammetry, CV, for reduction 
and oxidation of mercury in the samples. The result from the CV experiment is shown 
in figure 4. These experiments were only performed on the standard solutions with 
the platinum-wire working electrode. The parameters used can be seen in table 3. 
 
Table 2 Parameters used for anodic stripping 

Parameter Range 

Reduction Potential (mV) - 50 

Accumulation time (s) 1-10 

Oxidation Potential (mV) 300-1200 

Scan rate (mV/s) 100-150 
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4.1.3 Differential pulse voltammetry 
Just as for anodic stripping, 4.1.2, the potential is pulsed in a square wave with the 
purpose of reducing the analyte for a specific time and then reverse the reaction and 
oxidize the analyte back into the solution and clean the electrode. The difference 
between the methods is that the measured parameter in this case is the difference in 
current at the end of the two pulses and not only the peak current at oxidation. To 
find the suitable potentials the cycles in figure 4 was used. To find the appropriate 
length of the pulses the current as a function of time was plotted at the chosen 
potentials. Fig 1 and 2 below shows these plots for the reduction at 20 mV and 
oxidation at 1000 mV illustrated by lines made from mean values of three replicates. 
The platinum wire electrode was used as working electrode in these measurements. 

 
Figure 1 The current produced by reduction of Hg(II) in differential pulse voltammetry as 
a function of time at 20 mV. 

Figure 2 The current produced by oxidation of Hg(II) in differential pulse voltammetry as 
a function of time at 1000 mV after 5 seconds of reduction at 20 mV. 

From the plots in figures 1 and 2 the length of the potential pulse was chosen to 37 
seconds for oxidation at 1000 mV and 3 seconds for reduction at 20 mV. At the end of 
each pulse the current was sampled during 300 milliseconds and the output 
parameter is the current difference between the two potential steps for each pulse 
period. The reason that the length of the oxidative pulse was exactly 37 seconds is 
that the software has a limit of a total pulse length of 40 seconds. Since it was 
possible with a length of 37 seconds it was utilized to make sure that the electrode 
surface was thoroughly cleansed. The profile of the pulse can be seen in figure 3 
below. 

 
Figure 3 The potential and pulse times used for differential pulse voltammetry. The long 
pulse is the oxidation phase and the short pulse is the reduction phase. 

4.1.4 Chronoamperometry 
A method that measures the current that flows through the cell during a reductive 
potential at the working electrode was developed, a chronoamperometric method, 
CA. The potential pulse and experimental setup for this method is just the same as for 
differential pulse voltammetry, DPV, except that the output signal is not the 
difference in current between the two potential steps, it is only the current that is 
induced during the reductive potential. As a suitable and representative output signal 
the mean value of the current between three and ten seconds of the pulse was used.  
These experiments were part of a troubleshooting process to measure the 
concentration of the industrial sample. In this process the samples were diluted ten 
times with deionized water to lower the ionic strength to approximately the same as 
the standard samples. At the same time the sensitivity of the method was tested. 
Both the platinum wire and disk electrodes were used for the measurements. 
As the software samples the signal each ten millisecond and the signal was measured 
between 3 and 10 seconds a program was written in the software Matlab to handle 
the large amounts of data. The data is saved as .txt files and the program opens the 
file and calculates the mean and standard deviation of each sample. 
The potentials used for the measurements were slightly different from the ones used 
for DPV. The reason for the change in reduction potential was to make sure that the 
potential was extreme enough to make the method only dependent on the diffusion 
rate. The result was not significantly different from the result obtained with 20 mV 
potential for the 1,9 g HgCl2/l industrial sample, but the 5 mV potential was chosen 
anyway to obtain complete reduction, even for higher concentrations of HgCl2. As 
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seen in figure 1 the current for the standard solution is decaying slowly with time, so a 
lower potential should cover different matrixes and higher concentrations of HgCl2. 

4.1.4.1 Temperature dependence 
To control the temperature in the experiments the thermostated electrochemical cell 
was used with a heated water bath. The temperature in the cell was measured with a 
standard glass thermometer. 

4.1.4.2 H2SO4 Dependence 
To determine the effect of the concentration of H2SO4 on the measurements, the 2 g 
HgCl2 /l standard solution was used with a sulfuric acid concentration of 30 g/l. This 
solution was then spiked with concentrated sulfuric acid to 50, 75 and 100 g/l. The 
concentration of mercury was kept quite constant using this method; the 
concentration in the 100 g H2SO4 /l sample was 1,92 g HgCl2/l. As a reference a 
standard calibration curve made of three points was used, to compensate for the 
dilution effect of HgCl2 on the signal so the specific effects of H2SO4 on the 
measurements could be shown as the measurement error in g HgCl2/l. The curve was 
made from standards with 30 g H2SO4 /l. This seemingly complicated method was 
used as it reduced the number of mercury samples and simplified the workflow. 
 

4.1.4.3 Long-term analysis 
To see how the Chronoamperometry, CA, method worked over a longer period of 
time an experiment was made on the diluted industrial sample. The setup for this 
experiment was a bit different since the mercury is expected to be consumed slowly 
during measurements. This is due to the long oxidation pulse at the working 
electrode when reductive currents are induced at the auxiliary electrode. To make 
sure that this would not affect the long-term experiment a flow cell of the 250 ml 
beaker was circulated with a 1-liter bulk solution in closed system. A 1-liter bulk with 
a concentration of 0,19 g HgCl2/l was calculated to be more than enough to ensure 
that the signal was unaffected. The flow rate was set to 100 ml/min, as it was the 
maximum rate possible with the pump, this was not enough to create a stable signal 
so a magnetic stirrer was added to the setup. The first attempt was made with the 
disk electrode but after approximately three hours an air bubble had adsorbed on the 
electrode and quenched the signal as no analyte could interact with the electrode 
surface. In the second attempt the wire electrode was successfully used without any 
bubbles on the surface. 

4.1.4.4 Dilution test 
The industrial sample was diluted with different factors of a constant mercuric 
chloride concentration. A solution was made with 1,9 g/l mercuric chloride in 
deionized water. This was then used to dilute the industrial sample 3, 5 and 10 times. 
These experiments were done to create a more “normal” wash solution to test the 
method and to see sensitivity to disturbances in the sample matrix. This experiment 
was of interest since the sample was expected to have levels of pollutions well above 
normal levels. The three-point calibration curve has been used as reference to the 
measured concentration of HgCl2. 

4.1.5 SEM-EDS 
A solid precipitate was formed during the long-term test. It was analyzed with a 
Scanning Electrode Microscope equipped with an Energy Dispersive X-ray 
Spectrometer, SEM-EDS, to determine the composition of the solid product. 
The sample was prepared by filtration and drying of the solid and then analyzed with 
an excitation potential of 20 kV for four replicates, each at a unique spot of the 
sample. 
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4.2 Spectrophotometry 
The samples were mixed with dithizone (diphenylthiocarbazone) in an acidic 
environment to create strong orange-colored complexes. The concentration range 
was chosen according to [12] to mg/l. The samples were first diluted 100 times and 
then 1 ml of sample were mixed with reagents to 10 ml to a final dilution of 1000 
times. The concentration of dithizone and sulfuric acid was adjusted to fit the 
optimized values found in [12]. With a concentration of 1,56×10-3 molar dithizone the 
ratio between mercury and dithizone were between 1:12-36 for a mercury chloride 
concentration range of 1-3 g/l, which were within the optimal range according to [12]. 

4.2.1 Solution preparation 
1,56×10-3 Molar Dithizone bulk solution 
0,01 g dithizone was measured on a laboratory scale in a glass beaker. The solid 
powder was then dissolved in a small amount of 1,4-Dioxane and transferred to 25 ml 
volumetric flask. The flask was then filled to the mark with dioxane and shaken 
thoroughly. The solution was stored in a small plastic flask. New bulk solution was 
made each day. 
H2SO4 solution, 3 Molar 
8,24 ml of concentrated sulfuric acid was diluted to 50 ml with deionized water in a 
volumetric flask. This was then used to create a total acidity of 0,18 molar in the 
samples. 
Dilution of HgCl2 samples 
The wash, dilution and the high-concentration solution were all diluted 100 times by 
taking 1 ml of solution and dilute with deionized water in a 100 ml volumetric flask. 
These three solutions were then used to create a 1 ml sample of the desired 
concentration HgCl2. 
The standard solutions were also diluted 100 times each before mixing. 

4.2.2 Sample preparation procedure 
1 ml of HgCl2 sample was mixed with 850 µl of dithizone bulk solution in a 10 ml 
volumetric flask. Followed by direct addition of 600 µl 3 M H2SO4. After one minute 5 
ml dioxane was added and then the sample was diluted to the volume by deionized 
water. A blank sample was prepared in the same way but with deionized water 
instead of the HgCl2 solution. 

4.2.3 Absorbance measurement 
After the samples were prepared the absorbance was measured between 400 and 800 
nm. The standards were measured first and then the industrial samples the day after. 
The wavelength chosen to measure the absorbance was the wavelength where the 
peak absorbance value was measured for the standards, 503 nm. The blank solution 
was used to set the background absorbance in the instrument so all the samples were 
corrected for the blank solution. The samples were measured as fast as possible after 
preparation, within two hours. 

4.3 Refractive index 
The refractive index meter used for the measurements is originally an HPLC detector. 
The detector has two cells, one for a reference solution and one for the sample. In this 
case a syringe was connected to the inlet of the detector and the sample was pushed 
manually through the system. The refractive indexes for the standard solutions were 
measured in the concentration range 0-5 g/l with deionized water used as a 
reference. The detector has analog outputs for recording devices such as printers and 
data loggers. In this case around 2 ml of sample was injected and then the signal was 
allowed to stabilize for at least 3 minutes. Hence, no peak in the signal or similar was 
expected as in a normal HPLC analysis and the signal could be measured with a 
standard voltmeter. This procedure was made according to the instruction manual for 
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the instrument [23]. Two data points were collected at the beginning of the project at 
cell temperature 35 °C and the other measurements were made in the end of the 
project at 30 °C cell temperature. Unfortunately the temperature was not deliberately 
altered. 

5. Results 

6. Discussion 

7. Conclusions 

8. Further work 
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