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Abstract 

Climate changes have increased the awareness to how our modern way of living 
impacts the wellbeing of the planet. The ongoing debate about air pollution has 
fueled the dedication to become more environmental friendly, and to provide future 
generations with a legacy of which we can be proud. Industrial processes that 
involve around combustion are today a major source of hazardous pollutants, such 
as mercury, Hg. The waste incineration plant Dåva 1, Umeå, utilizes the combustion 
of municipal waste to generate energy to be used for district heating of the city core. 
The concentration of Hg in the effluent wastewater has nevertheless occasionally 
exceeded the limit of 0.001 mg/L. Thus, this thesis was aimed to; I) map the 
distribution of Hg in the flue gas cleaning process at Dåva 1, and; II) gain knowledge 
about its chemical speciation in order to; III) suggest actions to decrease the levels 
of Hg in the water discharged into the Umeå River. Sampling included both flue gas 
and wastewater throughout the cleaning system at Dåva 1 and analysis was carried 
out using Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) and Thermal 
Decomposition Atomic Absorption Spectroscopy (TD-AAS). The WinSolGasWater 
(WinSGW) software was used for speciation modelling and the efficiency of the Hg 
precipitation, using Trimercapto-S-Triazine (TMT15), was assessed in the metal 
removal process. Mercury was quantified in the condensing scrubber water and 
hence confirmed that this source contributed with Hg to the metal precipitation 
step. The modelling suggested a predominance of the soluble species HgCl2(aq), 
HgCl3

-(aq) and HgCl4
2-(aq) in the wastewater samples. Additionally, the 

precipitation agent, TMT15, was not observed to be necessary for Hg removal. 
Instead, the results indicated that Hg was particle bound or already precipitated 
and by so were contradicting the WinSGW model. Thus, either the flocculant used is 
unable to aggregate particles to promote sedimentation or the sedimentation design 
itself could be suboptimal for the isolation of the particles.  
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Sammanfattning 

Klimatförändringar har ökat vår medvetenhet om hur vårt moderna sätta att leva 
påverkar planetens välmående. Den pågående debatten om luftföroreningar har 
ökat engagemanget för att bli mer miljövänlig och på så sätt ge våra barn ett arv 
som vi kan vara stolta över. Industriella processer som använder sig utav 
förbränning är idag en av de större källorna till skadliga föroreningar som till 
exempel kvicksilver, Hg.  Avfallsförbränningsanläggningen Dåva 1 i Umeå använder 
sig av kommunalt avfall för att producera energi som sedan används i 
fjällvärmenätverket runt stadskärnan. Dock har halterna av Hg i utsläppvattnet 
ibland överstigit gränsen, 0,001 mg/L, av mängden Hg som får släppas ut i vatten. 
Målet med detta arbete var därför att; I) kartlägga Hg halterna i rökgasreningen på 
Dåva 1 och; II) skaffa kunskap om vad i för kemisk from Hg kan tänkas finnas för 
att; III) ge förslag på hur man skulle kunna minska utsläppen av Hg till Umeå 
Älven. Provtagningen inkluderade både rökgas och avfallsvatten genom hela 
reningsprocessen på Dåva 1 och proverna analyserades sedan med ICP-MS samt 
TD-AAS. För att bestämma specieringen på Hg så användes 
modelleringsprogrammet WinSGW och för att förstå problemet med att isolera Hg 
så undersöktes TMT15:s förmåga att fälla ut Hg i efterjusteringen.  
Resultaten visade att Hg kunde hittas i vattnet från kondensator skrubben, i 
enlighet med den misstanke som funnits sen tidigare. Modelleringen visade på att 
under förhållandena som finns i skrubbarna så är den vanligaste formen av Hg en 
blandning av HgCl2(aq), HgCl3

-(aq) och HgCl4
2-(aq). Utöver detta så konstaterades 

det att TMT15 inte har någon inverkan på utfällningen av Hg. Istället så föreslår 
resultaten att Hg är partikelbundet, eller redan utfällt. Alltså kan det vara så att 
flockningsmedlet inte samlar ihop partiklarna tillräckligt för att tas om hand i 
sedimenteringen, eller så kan sedimenteringsprocessen i sig själv vara problemet. 
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1. Introduction 

Mercury, Hg, has long been known to be a potent toxin able to simultaneously 
disrupt multiple biochemical pathways in the body. The element exerts its toxicity 
through binding of proteins and DNA, or more specifically to phosphates, thiols and 
pyridines building up the said biomolecules[1,2,3].  
Hg, emitted from anthropogenic- and natural sources, deposits in the ocean 
sediments were it is transformed by bacteria into the readily bioavailable and 
bioaccumulative methyl-Hg, MeHg. Hence, the primary route of exposure to Hg is 
through dietary intake of seafood[4]. In humans, exposure to the element has been 
observed to cause neurological damage to the central nervous system leading to 
forgetfulness and loss of muscular motor skills. Nevertheless, symptoms are often 
devious and a latency effect has been noticed, causing death long after exposure to 
the metal[5,6,7]. 
Mercury can be found in three oxidation states namely HgI, HgII and Hg0, the latter 
being a liquid state at ambient conditions. This property differentiates Hg from 
other metals as it is the only metal existing as a stable gas under room condition[4, 8]. 
Nevertheless, the volatility, along with the toxic properties, of the element has made 
it a health concern all around the globe. Coal combustion-, chlor-alkali- and 
municipal waste incineration plants are responsible for the majority of the Hg 
emitted directly into the atmosphere, which helps to facilitate long rage transport of 
the pollutant[9,10]. Thus, Hg has been observed to affect the wildlife in areas remotely 
distant for the point of emission, an example being the Artic[11,12]. 
Furthermore, stricter legislations have governed the development of clean 
technology to help decrease the pollution. Such Hg capturing devises include 
electrostatic precipitators, sorbent injection systems, fabric filters, wet scrubbers 
and designated metal precipitation technology. Hence, the cleaning of the flue gas is 
optimized to capture particles and to retain metals in an aqueous media. However, 
mercury capturing remains challenging due to the volatility of Hg0[13,14,15,16]. 
During combustion, Hg0 is released and carried away from the combustion chamber 
along with the flue gas. Nevertheless, as the temperature decreases oxidation takes 
place and the speciation profile for Hg changes. From the combustion of coal, Hg 
species such as HgCl2(g), HgO(s), HgSO4(g,s) and HgS(s) are formed and to some 
extent Hg adsorbs to particles, Hg(p)[17]. Similarly, Hg(p) is commonly found in flue 
gas from waste incineration plants, although Hg0 and Hg2+, the latter if the gas is Cl 
rich, remains the dominating species in the gas (figure 1)[18].  
 

 
Figure 1. Illustrative image of a common speciation profile for Hg in flue gas after 
incineration of coal. 
(Galbreath et al., 2000)[17].  
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Trapping of Hg, as soluble HgClx
y-(aq), has been made possible by the development 

of acid- and desulfurization (SO2) scrubbers. The scrubber is washed with water 
only or mixed with CaCO3 and NaOH  in order to remove HCl and SO2 from the gas, 
with Hg being captured in the process[15]. Moreover, reduction and re-emission of 
Hg0(g) has been observed to occur in the SO2 scrubber (reaction 1 and 2), however if 
SO3

2- is in excess and some Cl-  is present in the scrubber re-emission can be 
prevented by formation of a stable complex (reaction 3 and 4). Hence, a relation 
between Cl- and SO3

2- concentrations in the SO2 scrubber solution, O2(g) content of 
the flue gas and Hg re-emission has been established. Therefore, also means to 
prevent the event by additions of sulfur based additives have been suggested 
accordingly[15,19,20]. 
 
             

                 (1) 

                             
               (2) 

              
               

       (3) 

                            
                      

       (4) 

 
1.1 The power and heating plant Dåva 1 
Dåva 1 was built between the years 1998 and 2000 in order to support the growing 
municipality of Umeå with district heating and electricity. The facility was 
constructed to utilize the energy released during the incineration of municipal waste 
and designed with focus to have a low environmental impact. Subsequently, care 
was taken to ensure efficient cleaning of the flue gas prior to emission into the 
atmosphere. 
As waste is being incinerated the flue gas is continuously mixed with ammonia, NH3 
through a Selective, Non-Catalytic Reduction (SNCR) system. As NOx levels are 
restricted in the effluent gas the addition of NH3 is a necessity as this enables 
reduction of the NOx species (NO and NO2) in the gas (reaction 5 and 6)[21]. 
 
                                     (5) 

                                      (6) 

As the flue gas exits the combustion chamber active carbon is injected to remove 
organic pollutants and as a first step to extract metals from the gas. Prior to 
entering the wet-treatment part of the facility the gas stream is passed through a 
textile filter to isolate particles. The wet-treatment of the flue gas consists of two wet 
scrubbers, namely the acid scrubber and desulfurization scrubber (SO2 scrubber), in 
which HCl and NH3 is removed from the gas in the former and SO2 is removed from 
the gas in the latter. Dåva 1 uses a mixture of limestone (CaCO3) and slaked lime 
(Ca(OH)2) to  isolate SO2 as gypsum waste (reaction 7 and 8). 
 
                                   

 
(7a) 

                                 (7b) 

 
          

 

 
                            

(8) 

 
Furthermore, prior to emission the flue gas passes a condensing scrubber in which 
cooling of the gas occurs and the energy extracted is converted to district heating. 
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Simultaneously, the highly acidified water from the acid scrubber is pH adjusted 
using CaCO3 and Ca(OH)2, prior to the precipitation and aggregation of heavy 
metals by the additions of TMT15 and flocculant. 
The precipitation agent TMT15 is an organic compound consisting of a triazine ring 
with sulfur groups positioned at location 2, 4 and 6 in the ring. These sulfides are 
responsible for the coordination and binding of divalent metals through the 
formation of insoluble polymers[22]. Hence, it is commonly used to remove metals, 
such as Hg, from wastewater produced in industrial processes. 
Moreover, aggregates of particles are let to sediment before the water is mixed with 
water from the condensing scrubber and once again treated with TMT15 and 
flocculant a second time. Similarly, particles are sedimented again and the water 
discharged into the recipient, the Umeå River (figure 2)[23].  
 

 
Figure 2. Schematic image of the steps included in the flue gas cleaning process at Dåva 1. 
The location of the second metal removal process is indicated as red rectangle in the figure. 
Similarly, sampling points for wastewater, W, and flue gas, G, are pinpointed as red 
circles. The original image was made by Götaverken Miljö AB. 
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Additional information about the samples collected from the locations pinpointed in 
figure 2 is given in table 1. The denotation of the samples will be used here and forth 
throughout the report. 
 
Table 1. A description of the samples collected from the flue gas cleaning process at Dåva 
1. 
The table gives complementary information to figure 2. Three different samples were 
obtained from the SO2 scrubber as shown by the bullet points. 

Sample* Sample type Denotation 
Pre quench Flue gas G1 
Pre acid scrubber Flue gas G2 
Pre SO2 scrubber Flue gas G3 
Chimney Flue gas G4 
Acid scrubber  Wastewater W1 
SO2 scrubber  Wastewater W2 

 SO2 scrubber - filtrate water Wastewater W2.1 

 SO2 scrubber - gypsum water Wastewater W2.2 

 SO2 scrubber - gypsum precipitate isolated 

from the gypsum water 

Solid W2.3 

Condensing scrubber Wastewater W3 
Water from the first metal removal process Wastewater W4 
Effluent water discharged into the Umeå River Wastewater W5 
* A sample labeled with a suffix, #1 or #2, are corresponding to the date in which it was 
collected. That is, either the 2/12/2015 or 17/2/2016.  

 
Water discharged to the recipient from Dåva 1 has over the last few years 
occasionally exceeded the limit value 0.001 mg/L Hg set by the land- and 
environmental court of Umeå, Sweden (table 2). However, it is important to state 
that this limit value is much stricter than the limit of 0.03 mg/L set by the European 
Commission[24]. 
 
Table 2. Historically measured levels of Hg in the effluent water at Dåva 1. 
Reported concentrations are given in the unit mg/L. 

Hg in effluent water (mg/L) 

Quarter 2012 2013 2014 2015 

1 (Jan-Mar) 0.0004 0.0007 0.0011ӿ 0.0005 

2 (Apr-Jun) 0.0003 0.0013ӿ 0.0013ӿ 0.0010ӿ 

3 (Jul-Sep) 0.0007 0.0009 0.0005 0.0004 

4 (Oct-Dec) 0.0007 0.0016ӿ 0.0009 N/A 
ӿ Values are exceeding the limit value, 0.001 mg/L, set by the Swedish authority for Hg in 
effluent water. 
 
It was hypothesized that HgCl2(aq), transported with the wet flue gas, was able to 
avoid the droplet separator in the acid scrubber and hence ended up in the SO2 
scrubber and later in the condensing scrubber. The condensate water that is 
entering the second precipitation step is thus thought to be a reason to why Hg is 
insufficiently removed from the wastewater prior to discharge. At this point the 
amount of Hg entering from the condensate water is unknown. 
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1.2 Aim of the diploma work 
The aim of this thesis was to; I) map the distribution of Hg throughout the cleaning 
process at Dåva 1; II) determine the chemical speciation of Hg in the wet-treatment 
process using speciation modelling and; III) evaluate if it could be possible to 
optimize a step in the cleaning process and thus decrease the Hg levels in the 
effluent water. The primary target for part III) was the second precipitation step in 
the wet-treatment part of the flue gas cleaning (figure 2).   
Additionally, I hypothesized that Hg if able to enter the SO2-scrubber is re-emitted 
in the form of Hg0(g). Hence, it would be possible to decrease the Hg levels 
downstream by adding TMT15[20]. 
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2. Popular scientific summary including social and 

ethical aspects 

2.1 Popular scientific summary 
The use of metals has become more and more important in our society. Every day 
you either use your phone, tablet or computer for work related issues or for 
checking up on social media. Similarly, cities are continuously expanding which 
requires extensions of pipelines and building of residences. Hence, metals have 
become a necessity for growth and development. Sadly, this has also lead to an 
increase in toxic metals in our surroundings, one of them being the heavy metal 
mercury. As early as the 1960s it was observed that mercury had a negative effect on 
the wildlife although a total ban preventing usage of the metal was not implemented 
until 2009 by the Swedish government. 
The unique property of mercury to exist as a gas at room temperature has made it a 
problematic metal to deal with, in regards to environmental pollution. This is 
especially prominent in industrial processes utilizing the burning of coal and waste 
to produce electricity and heat, but inconveniently is releasing mercury into the 
atmosphere. Additionally, in comparison to chemical compounds, metals are not 
degraded and instead circulate in the environment until isolated and removed. 
 
The aim of this thesis was to gain a better understanding about the distribution and 
chemical forms of mercury present in the flue gas cleaning process at the municipal 
waste incineration plant called Dåva 1. Additionally, this knowledge would be used 
to suggest means to decrease the levels of mercury released from the facility into the 
Umeå River. At Dåva 1, the flue gas is cleaned by leading the gas through scrubbers 
in which metals are washed out from the gas and retained in the water instead. This 
later allows further cleaning of the water in order to isolate metals. The process is 
much like passing your drink through a strainer, to remove unwanted chunks of ice 
and fruit meat, to make a clean and well tasting refresher. 
 
The results indicated that the occurrence of particle bound mercury in the 
wastewater could be the origin to the problem with an ineffective mercury removal. 
The cause is either thought to be derived from the flocculant, a chemical with glue 
like properties, not being able to induce sufficient aggregation (clustering) of 
particles resulting in poor sedimentation (removal) of mercury. Perhaps it could 
also be due to the flow rate of water being too fast to promote sedimentation before 
discharged into the Umeå River. As an analogy, the process can be explained as a 
magnet (sedimentation) trying to attract and isolate metal scarps (aggregates of 
mercury) from a treadmill (flow of water) which is constantly carrying metal 
towards the magnet. If metal scraps are present in large chunks, the size of these 
metal scarp clusters will make it easier for the magnet to attract and removed the 
metal. Similarly, if the speed of the treadmill is to fast or metal scraps are to small 
the metal is not attracted to the magnet in the same extent. 
Moreover, it was verified that mercury in the flue gas, normally emitted through the 
chimney, was able to diverge from the normal pathway and instead end up as an 
addition to the above mention process. 
Thus, in order to decrease the amount of mercury discharged it would be 
recommended to revise the flocculant type used, the amount of flocculant added, 
the time allowed for particles to sedimentate and the design of the sedimentation. 
Furthermore, the addition of a chemical, trapping mercury, in the flue gas 
treatment process should be considered as a mean to decrease the load on the 
removal process. This thesis has helped to improve the understanding on how 
mercury is distributed in the flue gas cleaning at Dåva 1, and hence contributed with 
knowledge to make the air we breathe cleaner. 
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2.2 Social and ethical aspects 
Our society is continuously evolving and so also is the modern way of living. Access 
to comfortable things such as electricity and hot water has become necessities for a 
comfortable life and are as good as taken for granted. Hence, coal combustion 
plants and waste incineration plants have been developed to supply with both of the 
aforementioned resources. However, both are also sources contributing with 
emission of contaminants, such as Hg, into the environment. Thus, development 
and environmental health are often thought as contradicting one another, e.g. when 
discussing greenhouse gases[25].  
Different countries have their own restrictions limiting the amounts of 
contaminants allowed to be released, even though the emissions themselves can 
stretch beyond the borders of the country. As a result, even though one country emit 
low amounts of pollutant the individuals of that county can suffer from deposition 
of contaminants released by another country, having less strict regulations[26]. 
Nevertheless, to prevent such situations the countries in the EU have agreed upon 
legislations for air quality, although this of course does not apply to countries not 
included in the EU. The limit value for mercury emission in the EU is 0.05 mg/Nm3 
at 11 % O2 in the flue gas[24]. Furthermore, the European commission established 
that renewable energy, or green energy, should be strived for when plausible. Sadly 
this is not always the obvious choice due to economic reasons, especially in 
developing countries. Hence, rich countries are expected to emit less pollutants 
than developing countries which has fueled the discussion about environmental 
equality[25,24]. With regard to this thesis it would be unethical not attempting to 
decrease the emission of Hg, as Sweden is economically stable, especially as rich 
countries have a stronger prerequisite to collect and remove contaminants from 
their county. Additionally, as Hg is being phased out from products in Sweden the 
power and heating plants are playing an important role in the removal of the 
contaminant from the society. Moreover, due this phasing out of Hg in Sweden 
stricter legislations have been implemented in comparison to the limits set by the 
EU. This puts a high demand on the removal efficiency of Hg from the flue gas 
produced in the power and heating plants. As it is not always economically feasible 
by the industry itself to implement state of the art technology to solely remove Hg, 
ideas which are cheaper and still deliver in terms of results are desired but are more 
difficult to conceive. Hence, money is a limiting factor of what we can and cannot do 
to decrease environmental pollution.      
That being said, the development of green technology has been increased alongside 
a greater awareness of environmental- and health issues we are facing today. 
Nevertheless, the challenges are many and often very complex as both political and 
economic aspects must be taken into account[25,27]. 
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3. Experimental  

3.1 Sampling 
Sampling of flue gas and wastewater was carried out two times throughout this 
thesis. The collection dates were the 2/12/2015 and 17/2/2016, hereafter denoted as 
a suffix, #1 or #2, after the sample denotation to indicate which date the sample was 
collected. 
Metlab miljö AB and Ilema miljöanalys AB were responsible for collection of flue 
gas. The method used by these firms were in accordance with the method described 
in Värmeforsks mäthandbok 2ed, 2000, for total Hg determination[28]. The points 
of flue gas withdrawal from the cleaning process at Dåva 1 can be seen in figure 2 
and a sample description is given in table 1. 
Collection of wastewater was done either through a tap, if a closed process, or 
through a hatch, if a more easily accessed process. Wastewater was withdrawn from 
the acid scrubber (W1), the SO2 scrubber (W2), the condensing scrubber (W3), after 
the first metal removal process (W4) and as effluent water exiting the second metal 
removal process (W5) (figure 2, table 1) .  
The oxidation-reduction potential (mV), temperature (oC) and pH were measured 
on site immediately after sampling. Collection of water was made in the order of 
expected low Hg concentration to expected high Hg concentration. A field blank 
containing ultrapure water was treated the same way as the samples. 
 

3.1.1 Sample preservation 

The wastewater samples from the first collection (#1) were split into two aliquots 
and weighed, after which one aliquot of each sample were acid treated to contain 1 
%, g/v, HCl (Suprapur 30 %, Merck). No acid preservation of sample from W1 was 
done and no aliquots were prepared for the second round of sampling (#2). 
Weighing and acid preservation of sample from the second sampling was 
nevertheless done as described. Additionally, the raw water of the SO2 scrubber was 
split into two aliquot samples, namely W2.2 and W2.3, by letting the gypsum 
precipitate to sediment and latter pour off the liquid phase (W2.2). No preservation 
was made for the flue gas samples. All samples were stored in the fridge at 4oC. 
 

3.2 Analysis of samples using TD-AAS 
Prior to any analysis of the flue gas and wastewater samples a screening of the 
concentrations to be expected had been carried out using TD-AAS (Advanced 
Mercury Analyzer 254, AMA254, LECO). Sample holders, made out of nickel, were 
decontaminated in an oven at 550oC for 2 h before 50 µL of sample was loaded and 
analyzed. 
 

3.2.1 Flue gas 
Before analysis with TD-AAS (Direct Mercury Analyzer 80, DMA80, Milestone) the 
samples G1, G2, G3 and G4 were treated with 10 %, v/v, of H2O2 (AnalR NormaPur, 
VWR Chemicals) to dissolve precipitates, such as MnO2(s), formed in the solution 
(figure 2, table 1). This was not necessary for samples#2 as these already contained 
H2O2, added by Ilema AB on site. 
For each sample two replicates and a matrix spike (MS) containing 10 ng/g of Hg 
standard (ICP grade standard, Fluka analytics) were prepared. Additionally, seven 
method blanks were prepared containing 10 %, v/v, H2O2 in ultrapure water. 
The limit of detection (LOD) and limit of quantification (LOQ) for the analysis was 
calculated using equations 1 and 2. 
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                                               (Eq.1) 

                                                (Eq.2) 

Additionally, the Hg concentration measured in the flue gas was calculated to 
correspond to a concentration in a flue gas containing 11 % oxygen (equations 3 and 
4). 
 
 

            
   (

                   

                    
) 

(Eq.3) 

  
   

   

        

 
(Eq.4) 

 
Where; Cx is the dry gas corrected concentration of Hg; Vol %Desired and Vol %Measured 
is the O2 % amount corrected to and measured in the system, respectively; WHg, the 
amount of Hg detected in the sample and GVsample, the sample gas volume collected. 
 

3.2.2 Wastewater 

Prior to analysis samples were digested in HNO3 (Suprapur 65 %, Merck) and HCl 
using microwave assisted acid digestion (MWD). 
Two replicates and one MS, 100 ng/g Hg, were prepared for each of the wastewater 
samples W1, W2.1 and W2.2 (figure 2, table 1). The MWD vessels HP-500, made 
from polytetrafluoroethylene (PFTE), were weighed empty, after 20 g of sample had 
been added and again after the addition of 4 mL HNO3 and 1 mL of HCl to the 
vessels. 
Additionally, seven method blanks and two 0.3 g marine sediment CRM, PACS-2, 
were prepared in 20 g ultrapure water. The MWD system (MARS X, CEM) was  
programmed to run in accordance with the EPA method 3015A, for digestion of 
wastewater[29]. Analysis was then carried out using TD-AAS, DMA80.  
 

3.2.3 Gypsum waste 

The sample W2.3 was centrifuged (Mega star 1.6, VWR) two times at 4500 rounds 
per minute (rpm) for 15 minutes (figure 2, table 1). The supernatant was pipetted of 
from the solid pellet after which three replicates of 1 g gypsum were dried overnight 
in an oven at 105 oC. The sample was then analyzed simultaneously as samples W1, 
W2.1 and W2.2 using TD-AAS, DMA80. 
 

3.3 Analysis of samples using ICP-ID-MS 

3.3.1 Reverse isotope dilution 

To determine the concentration of Hg in the wastewater samples W3, W4 and W5 
isotope dilution ICP-MS (ICP-ID-MS) was selected as the chosen technique for 
quantification (figure 2, table 1). 
The Hg natural isotope abundance reference standard was prepared by an 
authorized person at the University. If not otherwise stated all preparations of 
standards and samples have been made gravimetrically. 
The 200Hg enriched isotope, with a nominal concentration of 632 µg/g, and the 
natural Hg isotope reference was diluted using ultrapure water with a resistance of 
18.2 ohm-cm to achieve a final concentration of 10 µg/g, respectively. From the 
standards; 1) a 200Hg enriched sample; 2) a natural isotopic abundance sample and 
3) a sample blend of the 200Hg and natural isotopic abundance standard were 
prepared in triplicates. The replicates were diluted to 10 ng/g and analyzed using 
ICP-MS (Elan DRC, PerkinElmer) for all seven isotopes of Hg.   
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Instrumental operation parameters such as nebulizer gas flow rate, auxiliary gas 
flow rate and plasma gas flow rate were set to 0.64 L/min, 1.20 L/min and 15.0 
L/min, respectively. Additionally, the lens voltage and radio frequency power of the 
ICP-MS was set to 8 V and 1350 W, respectively. 
The concentration of Hg in the enriched standard was calculated in the blend using 
equation 5. 
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)   

 
 
   
   

 
                

       
 
   
   

 
      

  
(Eq.5) 

 
Where; Cs and Cnat are the concentration of Hg in the enriched spike and natural 
isotope standard in mol/g, respectively; Ws and Wnat are the amount, in g, of 
enriched standard and natural isotope standard added to the blend; R200/202 is the 
mass bias corrected intensity ratio of the 200Hg and 202Hg isotope in the blend and 
As and Anat is the isotope abundance of the 200Hg and 202Hg in the enriched standard 
and natural isotope standard, respectively. 
 

3.3.2 Wastewater 

Before analyzing the samples W3, W4 and W5, expected to contain a low 
concentration of Hg, the enriched standard was added to the samples which were 
subsequently acid digested and pre-concentrated using MWD and solid phase 
extraction (SPE), respectively. The SPE procedure was based on the method 
developed by Blanco R.M. et al., 2000[30].   
 
For each of the wastewater samples an MS of 1 ng/g Hg and 200Hg, respectively, 
were prepared along with two replicates of 20 g each. Samples were acid digested as 
previously described and filtrated through a 0.2 µm filter (Filtropur S, 
polyehtersulfonate membrane, Sarstedt). Additionally, two wastewater CRM 
replicates of ERM-CA713 and seven method blanks were prepared. 
 
To prepare the hydrophilic-lipophilic-balance (HLB, Oasis) SPE column for loading 
of the sample a couple of solution were required. Hence, a 0.1 % 
diethyldithiocarbamate (DDTC) (ACS reagent, Sigma Aldrich) solution was 
prepared from a 0.5 M ammonium acetate buffer (Analytical grade, Fisher 
Scientific) with a pH of 9. The buffer pH was adjusted using 5 %, v/v, NH4OH (ACS 
reagent, 25 %, Sigma Aldrich). Additionally, thiourea salt (ACS reagent, Merck) was 
diluted in 0.5 % HCl, v/v, to yield a 10 % thiourea, 0.5 % HCl solution. 
 
Equilibration and washing of the column was done by pumping 5 mL MeOH 
(Synthesis grade, Fisher Scientific) and 5 mL ultrapure water through it. To modify 
the solid phase of the cartridge to retain Hg, 5 mL 0.1 % DDTC solution was added. 
Decontamination of the column, using 1 mL 10 % thiourea solution, was then 
carried out whereafter the pre-acid digested samples were loaded. After loading of 
the samples 0.3 mL of thiourea solution was used to flush the cartridge before 
eluting the analyte with 1 mL 10 % thiourea. The eluent was weighed, diluted with 
ultrapure water, re-diluted with 2 % HNO3 and filtrated through a 0.2 µm filter 
prior to analysis using ICP-MS. 
Samples were analyzed for the isotopes 183W, 200Hg, 201Hg and 202Hg using the 
instrumental parameters defined previously. The concentration of Hg in the 
samples was calculated using equation 6. 
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(Eq.6) 

 
Where; Cs and Cx are the concentration of Hg in the enriched spike and the sample 
in mol/g, respectively; Ws and Wx are the amount, in g, of enriched spike and 
sample added to the blend; R200/202 is the mass bias corrected intensity ratio of the 
200Hg and 202Hg isotope in the blend and As and Ax is the isotope abundance of 
200Hg and 202Hg in the enriched standard and sample, respectively. 
 
Moreover, five standards of W (ICP grade standard, Fluka analytics), 0, 0.5, 1, 50 
and 100 ng/g, in 1 % HCl were made to evaluate the risk of W interference 
whereafter analysis using ICP-MS was carried out. 
 

3.4 Ion chromatography 
The wastewater samples#1 collected from locations W1, W2, W3,W4 and W5 (figure 
2) were sent to the Department of Ecology and Environmental Science (EMG) at 
Umeå University for determination of the Cl- and SO4

2-
 content of the samples using 

ion chromatography. The aliquot of the samples#1 not being acid preserved were 
filtrated through a 0.2 µm sterile filter and analyzed using isocratic elution with a 
mobile phase consisting of NaHCO3/Na2CO3. A As22 Dionex anion exchange 
column was used by EMG to carry out the measurement.  
 

3.5 Mercury speciation modelling 
The input component matrix, with formation/solubility constants, was created with 
the aid of Medusa Hydra 32 bit version, 2010, developed by Ignasi Puigdomenech at 
the Royal Institute of Technology, KTH, Sweden. 
The component matrix was opened in WinSGW: SolGasWater, version 4.2.11, by 
Karlsson, M. and Lindgren, J. (appendix, table A-1). Under the tab “Variation of 
each component” the activity of H+ was set to vary with constant steps, the e- 
activity was specified to be constant and for the selected components Hg2+, Cl- and 
SO4

2- the total concentration was set to also be constant. Under the next tab “Input 
data: Each component” the values experimentally determined for the components 
were inserted. To obtain a diagram spanning the complete pH scale the log activity 
of H+ was set to zero and the number of steps adjusted so that the final value 
reached 14. Ionic strength and temperature was kept as default, that is, allowed to 
have infinite dilution and 25oC, respectively.  
For the modelling of samples W1, W4 and W5 a ionic strength correction was 
implemented, namely the Davies ionic strength model (figure 2)[31]. 
A distribution of the Hg species in the wastewater was calculated using “Fi for all 
selected components including solids”. Species with a lower fractional abundance 
than 1 % were excluded. 
 

3.6 Studying the mercury precipitation process  

3.6.1 Hg-particle association in wastewater  

An aliquot of the wastewater samples W1, W2.1 and W2.2 were filtrated through a 
0.45 µm filter (Filtropur S, polyehtersulfonate membrane, Sarstedt) and 
subsequently re-filtrated through a 0.20 µm filter. Similarly, two controls of 50 and 
100 ng/g Hg in 1 % HCl were treated as described above. Each of the filtrated 
samples were analyzed using TD-AAS, DMA80, in addition to five standards of 1, 5, 
10, 50 and 100 ng/g in 1 % HCl filtrated through a 0.20 µm filter as well. 
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3.6.2 Precipitation of Hg in a synthetically prepared sample 

To assess the efficiency of the second precipitation step at Dåva 1, batch scale 
testing, scaled down from 6 m3 to 10 g of water, was employed using the design of 
experimental approach (DOE) with a synthetically prepared sample. In DOE, a 
lower and higher limit is set for the factors of interest and the samples are prepared 
in all the possible combinations of these predefined limits. Here the factors of 
interest were pH, TMT15 additon and mixing time. The lower and higher limit set 
for these factors were 4 and 10, 0.001 and 0.004 g as well as 1 and 6 h for pH, 
TMT15 addition and mixing time, respectively. The estimated residence time used 
to define the mixing interval was calculated using the equation; 
 
 

               
                

         
 

(Eq.7) 

 
The synthetic sample was prepared based of previously reported metal 
concentrations in the water exiting the first metal removal process as well as the Cl- 

and SO4
2- concentration determined by ion chromatography (appendix, table A-2).  

ICP grade elemental standards (Fluka analytics), CaCl2*2H2O (ACS reagent, Sigma 
Aldrich) and Na2SO4 (ACS reagent, Sigma Aldrich) were used to prepared the 
sample which was spiked to containing 10 ng/g Hg. The sample was split into three 
aliquots and pH adjusted to 4, 7 and 10 using HCl and NaOH (ACS reagent, Sigma 
Aldrich). The addition of TMT15 was made in accordance with the DOE design 
matrix created using MODDE (Version 10.0.0 (Build 3693), 2013 by Umetrics AB). 
Moreover, three blanks were prepared from an aliquot of synthetic sample without 
any Hg spike. The samples were then mixed by rotation for 1, 3.5 and 6 h, filtrated 
through a 0.2 µm filter and acid preserved to contain 1 %, g/g, HCl. Analysis was 
carried out using TD-AAS, DMA80. 
 

3.6.3 Precipitation of Hg in wastewater  

Based on the influx flow values of 1.8 m3/h and 6.7 m3/h, the ratio 0.212:0.788 was 
calculated for the fraction of water in the second precipitation tank that were 
originating from the first metal removal process and the condensing scrubber. 
The water samples were added in the ratio defined and pH adjusted to 7.2, as 
described previously. The sample was spiked to contain 6.4 ng/g of Hg and TMT15 
added in accordance with the DOE design matrix as previously described. 
Three control samples with; A) Hg spike but without TMT15; B) no Hg spike but 
with TMT15 and; C) no Hg spike nor TMT15 were prepared. Additionally, three 
blanks in ultrapure water were made and treated in the same way as the sample. 
Mixing, filtration and acidification of samples were done as previously described. 
Moreover, two additional control samples, E) and D), spiked with and without 6.4 
ng/g Hg, respectively, were prepared from the sample blend without any further 
treatment, i.e. no TMT15 addition, no filtration or acidification. Analysis was carried 
out using TD-AAS, DMA80.  

3.6.4 The interaction between Hg, TMT15 and flocculant in wastewater  
Two samples were prepared in triplicates with the wastewater sample blend 
corresponding to the water in the second precipitation tank. To one set, 0.0004 g of 
TMT15 was added and both samples were mixed for 1 h at 15 rpm. After the 1 h 
mixing, 0.002-0.008 g of flocculant (Anionic polyacrylamide, Magnaflocc), a 
substance used at Dåva 1 to aggregate the precipitated Hg, was added to the samples 
and left to mix for 30 minutes. Centrifugation was carried out four times for 15 
minutes at 4500 rpm using the Mega star 1.6, after which an aliquot of 1 mL was 
withdrawn and re-centrifuged for 20 minutes at 12000 rpm using the microfuge 
22R centrifuge (Beckman Coultier). The supernatant was collected and acidified as 
previously described. Analysis was carried out using TD-AAS, DMA80. 
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4. Results and Discussion 

4.1 Validation of the measurements  
Two things used for the assessment of measurement validity is; 1) precision, how 
well replicates of a measurement resemble one another. This is often given as the 
standard deviation of the measured sample; 2) accuracy, how well the measured 
value of an instrument is in agreement with that of a predefined and trusted value.  
Certified reference materials are normally regarded as having trusted values. 
Moreover, another means to establish the accuracy of a measurement is to 
determine the analyte recovery in a spiked sample. Additionally, various types of 
blank samples are used to evaluate if there could have occurred any contamination 
of the samples during pretreatment, which could also affect the accuracy of the 
measured values. Below follows a short section about the measurement precision 
and accuracy of the analyses made. 
 
Based on the TD-AAS measurement of the method blanks for the flue gas- and 
wastewater samples G1-G4 and W1-W2.3, a LOD and LOQ of 0.15 ng/g, 0.50 ng/g 
and 0.41 ng/g, 1.36 ng/g, respectively for the samples was obtained. Furthermore, 
the field blanks from Metlab AB and Ilema AB were >LOD but < LOQ and <LOD, 
respectively, which indicated that the absorbing solution from Metlab AB did 
contain some Hg. The measured concentration of the CRM, MESS-3, during the flue 
gas samples analysis was 103 ± 1.3 ng/g and 90 ± 4.4 ng/g for the sampling done by 
Metlab AB and Ilema AB, respectively. Hence, good instrumental performance was 
observed during the analysis of the samples collected by Ilema AB as the CRM was 
within the certified amount of 91 ± 9 ng/g. For the wastewater analysis a measured 
concentration of 3015 ± 500 ng/g was obtained for the CRM, PACS-2,  which was 
within the certified amount of 3040 ± 200 ng/g.  
Moreover, the recovery of the sample matrix spike ranged from 62 % to 110 % for 
the flue gas samples collected during the first sampling. In comparison, samples 
G2#2 replicate 1 and G4#2 replicate 2 were the only samples for which a recovery 
could be given. The recovery was 68 % and 88 %, respectively, for sample G2 and 
G4. Additionally, the recoveries for the wastewater samples W2.1 and W2.2 were 
ranging from 95 % to 102 %. Although, for sample W1#1 and W1#2 the recovery was 
lower, 76 % and 46 % respectively. Refer to figure 2 and table 1 for sample 
denotations.    
 
The ICP-ID-MS analysis of the method blanks for the wastewater samples W3, W4 
and W5 gave a LOD and LOQ of 0.32 ng/g and 1.08 ng/g, respectively. Hence, the 
concentration of the field blanks was observed to be below LOD. The measured 
value of the CRM, ERM-CA713, was 1.65 ± 0.04 ng/g which meant that the value 
was lower than the certified value 1.84 ± 0.11 ng/g. Matrix spike recoveries could 
only be given for sample W3 for which a recovery of 63 % and 20 %, respectively, 
was obtained for the two samples collected (figure 2, table 1). 
 
The LOD and LOQ for the three Hg precipitation experiments were; a) 0.16 ng/g 
and 0.53 ng/g for the precipitation in a synthetic sample; b) 0.08 ng/g and 0.27 
ng/g for the precipitation in actual wastewater and; c) 0.09 ng/g and 0.29 ng/g for 
the experiment combining TMT15 and flocculant. Moreover, the CRM, MESS-3, 
measured during experiment a) was 96 ±0.7 ng/g, i.e. within the certified amount. 
For experiment b) and c) ERM-CA713 was analyzed and the measurement accuracy 
was within the accepted limit of the certified value (1.84 ± 0.11 ng/g). Specifically, 
1.79 ± 0.08 ng/g and 2.00 ± 0.05 ng/g for experiment b) and c), respectively.  
 
 
 

 
 



14 
 

4.2 Mapping the distribution of mercury in the flue gas cleaning 
process  

4.2.1 TD-AAS analysis of flue gas 

As two flue gas samples had been collected in sequence of one another at the each of 
the sampling points selected in the flue gas cleaning process, it made it possible to 
evaluate how the Hg levels were varying in the system during a short period of time. 
The concentration of Hg in the first of the two replicate samples were observed to 
generally be higher than the levels in the second sample, an exception being sample 
G1#1.  Nevertheless, a tendency of the Hg levels to decline post quencher was 
noticed as the flue gas progressed through the scrubbers (figure 2, table 1 and 2). 
Moreover, two samples from the first sampling done by Metlab AB could not be 
quantified, these were G4 replicate 2 and the field blank. In contrast, two of the 
samples namely replicate 1 of sample G2 and replicate 1 of sample G4 were 
measured above the LOQ for the sampling done by Ilema AB (table 3). The reason 
for the poor quantification of the samples collected in the second round of sampling 
are thought to be due to the firms additions of dilute H2O2 after sampling had been 
finished. 
 
Table 3. TD-AAS analysis results of the Hg concentrations in the flue gas samples 
collected the 2/12/2015 and 17/2/2016 at Dåva 1.  
The LOD and LOQ for the measurement were 0.15 ng/g and 0.50 ng/g, respectively. The 
points of the flue gas samples collected are indicated in figure 2. 

Sample Hg sampling #1 (ng/g) Hg sampling #2 (ng/g) 

Pre quench 1 (G1) 7.0 ± 0.5 >LOD <LOQ 

Pre quench 2 (G1) 19.9 ± 0.1 >LOD <LOQ 

Pre acid scrubber 1 (G2) 10.1 ± 0.1 0.7 ± 0.05 

Pre acid scrubber 2 (G2) 3.1 ± 0.4 >LOD <LOQ 

Pre SO2 scrubber 1 (G3) 5.5 ± 0.5 >LOD <LOQ 

Pre SO2 scrubber 2 (G3) 3.3 ± 0.1 >LOD <LOQ 

Chimney 1 (G4) 1.0 ± 0.2 4.1 ± 0.1 

Chimney 2 (G4) <LOD >LOD <LOQ 

Field blank >LOD <LOQ <LOD 

 
Additionally, the concentration determined in the Hg absorbing solution was 
recalculated to give the results as dry gas corrected values, 11 volume percent O2 
corrected values and as Hg emission per hour in accordance with previous reported 
data (appendix, table B-1 and B-2). One of the two flue gas samples, for each 
sampling, collected at the chimney was above the LOQ for the analysis and could be 
compared to historical data. The measurement made by Metlab AB was lower than 
previously reported levels. In comparison, the sampling made in February, 2016, by 
Ilema AB was similar to that reported before. Nevertheless, for both measurements 
the 11 volume % O2 normalized Hg emission was below the limit value of 30 µg/m3, 
or 0.03 mg/m3, for flue gas emission (table 4). 
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Table 4. A comparison between the Hg emission determined and levels previously 
reported at Dåva 1. 
The limit value for Hg emission to air is given in 11 volume % O2 content in the flue gas. The 
abbreviation, ntg, stands for normalized dry gas.  

Effluent flue gas* Hg dry gas 
(µg/m3*ntg) 

Hg 11 vol % O2 
(µg/m3*ntg) 

Hg (g/h) 

Reported levels    

2010-11-10 1.4 1.1 0.15 

2010-02-26 3.2 2.4 0.33 

Determined levels    

Metlab AB 0.5 ± 0.09 0.5 ± 0.08 0.06 ± 0.01 

Ilema  AB 1.8 ± 0.1 1.4 ± 0.05 0.25 ± 0.01 

Limit value N/A 30 N/A 

* Samples collected from location G4 (figure 2). 

 
Furthermore, it appeared that the quench effectively decreased the Hg levels in the 
flue gas when comparing the samples G1#1 and G2#1 (figure 2). Nonetheless, why 
the levels of G1#1 sample 1 was lower than sample 2, while the opposite was true for 
the rest of the sampling points, cannot be explained in great detail (table 3). 
However, it is likely that Hg in the gas is transported through the system at an 
uneven pace in comparison to the flue gas itself. Adsorption of Hg could potentially 
be taking place at the scrubber’s inner wall or in filling bodies present in the 
scrubbers. Subsequently, re-emission of Hg could create a memory effect in the flue 
gas cleaning system. Interestingly though is the fact that Hg was detected at 
sampling point G3 which meant that some Hg indeed is able to avoid the wet-
treatment taking place in the acid scrubber. Additionally, the concentration of Hg at 
location G3#1 was higher in comparison to the concentration leaving the facility at 
location G4#1. Hence, the SO2 scrubber, the condensing scrubber or an unknown 
process located before the chimney is able to isolated Hg from the flue gas (figure 2, 
table 1).  
 

4.2.2 TD-AAS analysis of wastewater and gypsum waste 
The wastewater samples were split into two groups, one which was analyzes using 
TD-AAS and the other for which the ICP-MS instrument was used. This was done as 
a screening analysis of the Hg concentrations, to be expected, had indicated that 
samples collected from W1 and W2 contained much higher levels of Hg than 
samples collected from W3, W4 and W5 (figure 2, table 1). Hence, the former 
samples were regarded as group 1 and analyzed using TD-AAS. 
 
The highest level of Hg was detected in sample W1 although in contrast the recovery 
of the MS was low in comparison with the other samples analyzed (section 4.1). 
Overall, a higher concentration of Hg was measured in samples collected the 
17/2/2016, compared to 2/3/2015, with the reverse being true for sample W2.3 
isolated from the gypsum water of the SO2 scrubber (figure 2, table 1 and 5).  
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Table 5. The concentration of Hg determined in the wastewater samples collected from 
the acid scrubber and SO2 scrubber, including gypsum (solid) waste. 
The LOD and LOQ for the TD-AAS measurement were 0.41 ng/g and 1.36 ng/g, 
respectively. The sampling point of the respective sample is shown in figure 2 and the 
denotation explained in table 1. 

Sample Hg sampling #1 (ng/g) Hg sampling #2 (ng/g) 

Acid scrubber water (W1) 239 ± 4.7 540 ± 22.3 

SO2 scrubber filtrate water (W2.1) 83 ± 2.0 191 ± 1.4 

SO2 scrubber gypsum water (W2.2) 88* 197 ± 1.1 

SO2 scrubber gypsum waste (W2.3) 87 ± 9.1 47 ± 3.5 

* No replicate of the sample was made 

 

Initially the analysis had been made without any digestion of the samples which had 
yielded large fluctuation in the amount of Hg detected in replicates. Additionally, a 
significant decrease in the concentration of Hg had been observed for samples W1, 
W2.1 and W2.2, respectively, after filtration through a 0.20 µm filter. Hence it was 
eminent that the wastewater samples were inhomogeneous, i.e. contained particles 
or precipitates of the analyte. Due to this is was expected that samples could suffer 
from poor recovery of the MS as the MWD method did not guarantee a total 
digestion[29]. Nonetheless, as described in section 4.1 poor recovery was only 
observed for sample W1 which suggested that Hg could be existing in the form of 
Hg(p) or as a strong precipitate in the acid scrubber (figure 2, table 1). 
Moreover, as Hg was found in sample W2.3 it would be possible to use this 
observable to decrease the Hg levels in the SO2 scrubber water by depositing Hg in 
the gypsum waste. The possibility to isolate and prevent Hg from further transport 
from this point in the cleaning system is of interest. However, this is not a new idea 
and research has been made[15, 19,20, 32]. Hence, by adding TMT15 to the SO2 liquor it 
should be possible to complex Hg2+(aq) ions and prevent the amount of Hg re-
emitted through reaction 2 (section 1). 
Moreover, 434 ton of gypsum was produced 2015 at Dåva 1 which would correspond 
to a total of 22-39 g of Hg, or 0.09-0.05 g/ton, in the gypsum waste that year.  
 

4.2.3 ICP-MS analysis of wastewater 
Prior to sample pretreatment of the second group of wastewater samples, W3, W4 
and W5, the SPE method had been optimized to yield analyte recoveries of 108-120 
% in a real sample matrix. This was done to ensure that a small volume of eluent 
could be used to collect a sufficient amount of Hg in order to maximize the signal 
intensity retrieved in the ICP-MS. 
The choice of using isotope dilution to improve the measurement reliability was 
based on the fact that the samples contained low amounts of Hg and that 
pretreatment of the samples were likely to be required. Whereas a loss of analyte 
due to sample handling is difficult to avoid it would be possible to correct for such a 
loss after analysis using this method. Additionally, matrix effects leading to an 
increase or decrease the intensity of the analyte would also be corrected for with 
isotope dilution[33]. 
 
Poor signal intensity and salt deposition onto the sampler cone of the ICP-MS had 
been observed in trial measurements of samples without any pretreatment. 
Furthermore, it was obvious that extraction was required to remove Hg from the 
sample matrix. Thus, this would improve the signal which was believed to be 
suppressed due to a space charge effect in the quadrupole or by ionization 
suppression present from elements in the matrix with low ionization potential[34,35]. 
Additionally, the existence of other interfering elements, such as W, would also be 
minimized in the samples[36]. However, form the external calibration made there 
was no evidence of any such interference after SPE. 
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No Hg could be detected in the field blanks or in any of the samples W4. The 
concentrations of Hg in samples from location W5 were between LOD and LOQ, i.e. 
0.32-1.08 ng/g. Hence, it is not possible to tell if the effluent water was or was not 
exceeding the limit value although, the concentration range was in agreement with 
that previously reported (table 2). Moreover, it was possible to quantify the levels of 
Hg in samples at point W3, collected from the condensing scrubber. These were 1.3 
± 0.06 ng/g and 2.6 ± 0.02 ng/g, respectively, for the first and second round of 
sampling (figure 2, table 1). 
 
Additionally, the levels determined in the sample collected from W3 and W4 gave 
some interesting information about the functionality of the metal removal 
processes. Water, from the acid scrubber, originally containing high levels of Hg 
was observed to be decreased to levels below 0.32 ng/g after the first metal removal 
process. Thus, the steps involved in the first metal removal process appear to be 
working as intended and the levels of Hg are decreased below the limit value. In the 
second precipitation tank, water from the first metal removal process, W4, is mixed 
with water from the condensing scrubber, W3, with influx flow rates of 1.8 m3/h and 
6.7 m3/h, respectively. Interestingly, the levels of Hg in the condensing scrubber 
were quantifiable and above the limit value of 1 ng/g. It is intriguing that the 
precipitation and isolation is working in the first metal removal process with influx 
concentrations above 200 ng/g, while the second process cannot sufficiently cope 
with concentrations just above 1 ng/g (figure 2, table 1 and 5). The tank size, flow 
rate of water, pH, TMT15 - and flocculant additions to the precipitation- and 
flocculation tank are parameters which differentiates the two metal removal 
processes from one another. These differences could be related to the problem at 
hand (appendix, table B-3). 
Important to note is the fact that the samples collected the 2/12/2015 were not 
immediately analyzed and losses due to adsorption or diffusion to or through the 
inner wall of the PE-HD bottles is a possibility. The acidification do not preserve 
samples indefinitely[37,38, 39]. Nonetheless, enriching the samples with 200Hg at an 
earlier stage would have corrected for such losses.  
 
A mass balance calculation was made based on all the results obtained from the flue 
gas and wastewater measurements. Thus, a summarized overview of the 
distribution of Hg in the flue gas cleaning process at Dåva 1 can be obtained from 
figure 3. 
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Figure 3. Illustrative image of the distribution of Hg observed in the flue gas cleaning 
process at Dåva 1. 
The flow of Hg in wastewater and flue gas as well as the concentrations measured at the 
points sampled is included. See figure 2 and table 1 for further details. The original image 
was made by Götaverken Miljö AB. 

 

4.3 Speciation modelling of mercury in the wet-treatment process 

4.3.1 Ion chromatography  

Ligands that were selected to be incorporated in the modelling for the speciation of 
Hg in the wastewater were Cl- and SO4

2-. The concentrations of these ligands were 
measured by ion chromatography.  
The results from the analysis indicated that the Cl- concentration was highest for 
those processes which were downstream of the acid scrubber. Sulfate levels were 
observed to be similar between the samples W1, W2.1 and W2.2. Nevertheless, the 
levels declined after the first and second metal removal process. The water 
withdrawn from the sampling point W3 was lower in both Cl- and SO4

2- content in 
comparison to the rest of the samples (figure 2, appendix, table B-4). 
Moreover, temperature, pH and pE were also determined in the wastewater sample 
and were used in the model along with the Cl- and SO4

2- concentrations measured. 
Please refer to appendix, figure B-1 or temperature, pH and pE values. 
 

4.3.2 Modelling using WinSGW 

To deepen the understanding on the distribution of Hg in the various cleaning steps 
at Dåva 1 and to find an explanation to why the metal was not isolated in the second 
metal removal process, modelling was carried out in agreement with the hypothesis 
that Hg was most likely associated with Cl-. 
Variables such as pH, pE, Cl-- and SO4

2- content was considered in addition to ionic 
strength for the water collected at W1, W4 and W5 (figure 2, table 1). The reason for 
incorporating ionic strength for these samples was based on the observed levels of 
Cl- in the wastewater.  
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The speciation modelling suggested that HgCl2(aq), HgCl4
2-(aq) and HgCl3

-(aq) were 
generally the dominating species in the wastewater samples collected. However, the 
model also indicated that hydroxides were most prominently abundant for the 
sample collected at sampling point W4 (figure 4). 
 
The model supported the fact that the speciation of Hg in the acid scrubber was 
HgCl4

2-(aq) as hypothesized. Additionally, the speciation of Hg in samples W2.1 and 
W2.2 were also observed to be a chloride complex. Hence, one cannot rule out the 
fact that Hg could be transported over to the SO2 scrubber as HgCl4

2-(aq) in wet flue 
gas. Nevertheless, as the results from the acid scrubber water yielded a poor 
recovery (section 4.1) Hg could potentially be transported as Hg(p), although one 
cannot fully rule out the possibility of Hg0(g) transport as well. Moreover, the latter 
was not observed in the model in which Hg0(g) was included. However, no regards 
to the temperature dependence of Hg0(g) emission was incorporated in the model. 
It is important to remember that the program can only model the 
factors/parameters set by the operator. For example, as particles were not including 
in the model the program will not be able to predict a reality were particles are 
present.        
While this is the case, how come Hg in the form of HgClx

y- or as a hydroxide are not 
precipitated and isolated in the second precipitation step? Especially, as a metal-
TMT complex is stated to have a solubility similar to its MeS specie which is 
extremely difficult to dissolve in water[16]. This would mean that Hg is not a soluble 
specie to begin with or that the metal exists as a complex must stronger than the 
specie HgS, with a solubility constant in the magnitude of 1053-1054. 
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Figure 4. The determined fractional distribution and chemical speciation of Hg in wastewater from Dåva 1, modelled using WinSGW. 
Left; samples collected the  2/12/2015. Right; collected the 17/2/2016 
The experimentally determined concentration of Hg, Cl- and SO4

2-, along with pH and pE, measured on site, in the wastewater samples were used 
to make the model. Samples with high Cl- content have been corrected for ionic strength. 
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4.4 Decreasing the levels of mercury in the effluent water 

4.4.1 Hg adsorption in filters and to particles 

Wastewater samples collected from W1 and W2 were filtrated though a 0.45 µm 
filter, analyzed, and re-filtrated through a 0.20 µm filter to determine the fraction of 
precipitated or particle associated Hg (figure 2).  
As it was eminent that a loss of Hg was occurring after filtration of control samples, 
containing Hg in 1 % HCl, it was necessary to correct for the losses of soluble Hg in 
order to be able to tell the extent of which Hg could be precipitated or particle 
bound in the wastewater samples W1, W2.1 and W2.2 (figure 5). Hence, a factor of 
1.3487 was experimentally determined to correct for the concentration decrease of 
HgClx

y-(aq) after filtration through a 0.2 µm filter. The correction factor was made 
based on a linear relationship between five filtrated standards of Hg ranging from 1 
ng/g to 100 ng/g. The theoretical concentration of the standards and the 
concentration after filtration can be seen in table 6. From the theoretical Hg 
concentration in the standard samples it was possible to calculate the amount of Hg 
lost due to filtration of the 10 g samples. This was done by assuming that all sample 
liquid was completely recovered after the filtration. Moreover, as noticed either the 
measurement accuracy for the 1 ng/g standard was poor or a contamination had 
occurred in this standard.  
The concentration in the samples after the first filtration was expected to be slightly 
overestimated as the factor had been determined using a 0.20 µm sized filter. 
Additionally, samples with a concentration higher than 100 ng/g were also expected 
to be somewhat inaccurate as an extrapolation of the linear curve, used to make the 
correction factor, was necessary. 
After applying the correction factor to all samples the concentration of the controls 
where either slightly overestimated or underestimated. Nevertheless as no 
duplicates were made the standard error of the controls are not known. The samples 
W2.1#1 and W2.2#1, collected from the SO2 scrubber, were overestimated in 
comparison to the measured concentration. Nonetheless, a decrease in the levels of 
Hg in all samples was observed after the second filtration. Hence, suggesting that 
some Hg could be precipitated or potentially particle bound. 
Moreover, the Hg concentration in the sample collected from the highly acidic and 
Cl- rich acid scrubber, W1, were observed to drop drastically after the 0.45 µm 
filtration. Hence, this is a strong indication of an association between Hg and 
particles and the observed result is further supported by the modelling which 
demonstrated that under the conditions set, without any particles present, Hg 
would be found as HgClx

 y-(aq) (figure 4 and 5). 
 
Table 6. The amount of Hg lost after filtration of 10 g Hg standards through a 0.2 µm 
polyehtersulfone filter. 

Hg standard 1 ng/g 5 ng/g 10 ng/g 50 ng/g 100 ng/g 

Hg measured (ng/g) 1.0 ± 0.3 3.3 ± 0.01 6.9 ± 0.1 35.9 ± 0.4 74.6 ± 0.8 

Sample (g) 10.0 ± 0.03 10.0 ± 0.01 10.0 ± 0.01 10.1 ± 0.01 10.1 ± 0.03 

Loss (ng) -0.3 ± 6.8 18.3 ± 0.9 32.4 ± 1.0 144.5 ± 0.4 254.0 ± 7.1 

Loss (%) -4.4 ± 59.1 36.0 ± 1.2 32.0 ± 1.0 28.6 ± 0.3 25.1 ± 0.7 
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Figure 5. The determination of the degree of particle associated mercury by filtration of samples through polyethersulfone filters. 
Left; no correction factor applied. Right; with correction factor applied. Two control samples of 50 ng/g and 100 ng/g were prepared and a 
factor determined to correct for the observed decrease in concentration of the control samples after filtration. The wastewater reference values of 

the samples collected during the two occasions, #1 and #2, had been obtained earlier using TD-AAS (table 5). 

 

0

100

200

300

400

500

600

Reference 0.45 µm 0.20 µm

H
g

 (
n

g
/g

) 

Control, 50 ng/g Control, 100 ng/g

Acid scrubber water#1 (W1) SO2 scrubber filtrate water#1 (W2.1)

SO2 scrubber gypsum water#1 (W2.2) Acid scrubber water#2 (W1)

SO2 scrubber filtrate water#2 (W2.1) SO2 scrubber gypsum water#2 (w2.2)

0

100

200

300

400

500

600

Reference 0.45 µm corrected 0.20 µm corrected

H
g

 (
n

g
/g

) 

Control, 50 ng/g Control, 100 ng/g

Acid scrubber water#1 (W1) SO2 scrubber filtrate water#1 (W2.1)

SO2 scrubber gypsum water#1 (W2.2) Acid scrubber water#2 (W1)

SO2 scrubber filtrate water#2 (W2.1) SO2 scrubber gypsum water#2 (w2.2)



23 
 

4.4.2 Precipitation of Hg in a synthetically prepared sample 

As the first metal removal process had been observed to work as intended while the 
second process did not, it was of interest to determine those factors of major 
importance for the removal of Hg in these processes. Hence, the design of 
experimental approach was applied to evaluate the significance of pH, residence 
time of the water in the precipitation tank as well as TMT15 additions. 
The experiment was first carried out using a synthetically prepared sample 
representing the wastewater entering the second precipitation tank from the first 
metal removal process. 
 
The results showed that the concentration of Hg in the all of the samples prepared 
with different combinations of TMT15 addition, mixing time and pH were below the 
LOD, 0.16 ng/g. Which meant that all combinations of the factors tested yielded a 
concentration below the limit value of 1 ng/g, set for Hg in effluent water. 
Furthermore, the addition of 0.001-0.004 g TMT15 if scaled back to industrial size 
would correspond to 0.76-3.02 L/h of TMT15 to the 6 m3 precipitation tank at Dåva 
1. This is 2.5 to 9.3 times more TMT15 than is currently being added (appendix, 
table B-3). 
Sadly, due to the levels being inadequate, i.e. below LOD, it was impossible to carry 
out any modelling using Modde to determine the significance of the variables 
tested. Nonetheless, the batch scale experiment indicated that by increasing the 
TMT15 addition to 0.76 L/h and mixing to 1 h it would be possible to decrease the 
concentration of Hg below the limit value over the pH range tested.  
Furthermore, as control samples containing Hg in 1 % HCl had in in a previous test 
(section 4.3.1) been observed to exhibit a lower concentration after filtration the 
correction factor used previously was also applied to the samples in this experiment. 
 

4.4.3 Precipitation of Hg in wastewater 

The results from the previous test demonstrated that the chemical TMT15 was able 
to precipitate Hg to levels below 0.16 ng/g in a synthetic sample. To better represent 
the actual process at Dåva 1 the test was repeated using a sample blend of the 
wastewater entering the precipitation tank. 
 
In agreement with the previous experiment, the range of the variables tested yielded 
Hg concentrations below the LOD, 0.08 ng/g, after filtration had been made. 
However, the Hg level in the control; A) Hg spiked with no TMT15 was observed to 
be below LOD but above LOQ, that is between 0.08-0.27 ng/g. In comparison, the 
control samples; B) without Hg spike but with TMT15 and; C) without Hg spike and 
no TMT15, were observed to be below the LOD. Thus, this seemed to suggest that 
the addition of TMT15 had no effect on the precipitation of Hg. Perhaps the reasons 
for the low levels could be that Hg adsorbed to the inner wall of the falcon tubes or 
that Hg was initially not present as a soluble specie in the sample. The latter was at 
first glance the most obvious conclusion as the controls; D) Hg spiked with no 
TMT15 and; E) not spiked with Hg nor TMT15 which had not been filtrated were 
measured to have a concentration of 8.9 ± 0.3 ng/g and 3.0 ± 0.1 ng/g. 
Complementary to this, losses due to filtration was not expected to decrease the Hg 
levels below 0.08 ng/g if Hg was present as a soluble specie. The reason being that 
the sample had been spiked to contain 6.4 ng/g Hg and previous tests with a 10 
ng/g Hg standards had not been observed to display these losses (table 6). Hence, 
as previous tests had suggested an Hg-particle association in the acid scrubber 
water (figure 5), it was not unrealistically to presume that some smaller sized 
particles could potentially avoid to sedimentate after the first metal removal 
process. Thus, as a result would be carried with the water to the second 
precipitation tank. A reason for the elevated levels in the effluent water could thus 
be that an interaction between Hg, entering with the condensate water, and 
particles, present in the water from the first metal removal process, occur as the two 
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water flows are mixed together in the second precipitation tank. Therefore, as these 
particles were not isolated during the first sedimentation step it is likely that they 
are neither isolated in the second sedimentation step as well. Especially if one 
considers the fact that the effluent flow rate from the second precipitation tank is 
higher in comparison to the first precipitation process and that less flocculant is 
added to the tank prior to sedimentation (appendix, table B-3). 
Hence, by optimizing the sedimentation step to allow a longer time for particles to 
sedimentate or by changing the flocculant to better match the particles potentially 
carrying Hg, it would be theoretically possible to lower the effluent concentration of 
Hg. However, to do so more knowledge, i.e. size, surface charge etc., is needed 
about the particles transported in the wet-treatment system[40].  
 
Moreover, it is important to note that no control samples were made during the 
experiment carried out in a synthetically prepared sample matrix (section 4.3.2). 
Subsequently, it is impossible to tell if the results obtained here could be influenced 
by some experimental design error which could cause the results to be false positive 
and the conclusions drawn to be incorrect.  
 

4.4.4 The interaction between Hg, TMT15 and flocculant in wastewater 

In order to evaluate if the filtration itself was to blame for the results previously 
observed in the precipitation experiments a new approach was taken. To better 
represent the precipitation process, TMT15 and the anionic flocculant used by Dåva 
1 was added after which the samples were centrifuged instead of filtrated. 
Intriguing however, was the abundance of a white precipitate in the liquid phase of 
the samples being centrifuged. Consequently, indicating that TMT15 had 
precipitated in the solution and furthermore, as this had not been observed clearly 
before, was likely to be more visible due to the addition of the flocculant[16].  
 
Moreover, the white particles remained in solution after the first set of 
centrifugation and as Hg could be retained in said particles ultracentrifugation at 
12 000 rpm was additionally required to obtain a clear liquid phase.  
Nevertheless, the levels of mercury in both of the liquid phases centrifuged at 4500 
rpm and 12000 rpm were below LOD, 0.09 ng/g. Similarly, no levels of Hg in the 
control samples which had no TMT15 added could be quantified. The concentration 
of Hg in the controls was however between LOD and LOQ, i.e. 0.09-0.29 ng/g. 
Furthermore, a Hg concentration of 2.8 ± 0.09 ng/g was detected in the original 
sample that was used to prepare the experiment. This original sample did not 
containing any TMT15 or flocculant and had not been centrifuged. Hence, the 
results again indicate that TMT15 was not required to isolate Hg from the 
wastewater.  
 
It is apparent that the results suggest that Hg is particle bound in the second 
precipitation tank at Dåva 1. Nonetheless, one could argument that it is the 
flocculant in this case that is the main factor contributing with the low Hg levels. 
This is certainly true, however the sole purpose of adding a flocculating agent is to 
aggregate suspended colloidal particles existing in a liquid phase. This in either case 
means that particles are present in the wastewater and indirectly that Hg is 
adsorbed to said particles[20]. Again, if Hg would be present as soluble specie as the 
model, based on the hypothesis, suggested (figure 4) then a complex would from 
according to the manufacturer, Evonic Industries. Although the stability of the Hg-
TMT15 complex in a aqueous media has also been questioned[16,41].  
 
Moreover, when considering the flocculation in industrial scale there would be a 
possibility that the particles carrying Hg never come in contact with the flocculant. 
This could be the case if poor homogenization of the water is occurring as the 
floccuant is added and mixed with the water in the second precipitation tank. 
Additionally, the weight of the particles might not be sufficient to allow 
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sedimentation even with flocculant bound to the surface. For the latter it could be of 
interest to add a suitable reagent to aid in the coagulation. Nevertheless, in such a 
case it is of primary importance to verify or reject that a particle-flocculant 
interaction is occurring prior to further action. Additionally, it could be the case that 
the surface charge of the particles are not suitable for the anionic flocculant used[42]. 
That is, a negative charge on the surface of the particles could be present as a result 
of Cl- adsorption for example, since Cl ions were evidently shown to be abundant in 
the water (appendix, table B-4). 
Furthermore, revising the mixing of the bulk could be of interest to ensure that a 
steady state is never reached, which could prevent a complete homogenization of 
the water. Perhaps it could also be necessary to revise the injection of the flocculant 
to guarantee a good spreading of the chemical in the tank. 
Nevertheless, the question still remains as what specie Hg enters the condensing 
scrubber as which latter ends up in the second precipitation tank, could it be Hg0(g) 
or Hg(p)?  
Additionally, if considering the former, what happens in the condensing scrubber 
that enables oxidation and formation of HgCl2(aq), as indicated by the speciation 
modelling (figure 4)? Similarly, verification is required to rule out the possibility of 
Hg entering condensing scrubber as Hg(p), which further could help to explain the 
inefficiency of the second precipitation. 
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5. Conclusions  

A memory effect of the Hg transported in the flue gas cleaning system was observed, 
i.e. the concentration of Hg in the gas is not constant but is increasing and 
decreasing in intervals. 
The gypsum product of the SO2 scrubber contained Hg. Thus, the role of the SO2 
scrubber could potentially be extended as a mean to isolate Hg, perhaps through the 
use of TMT15 as additive. 
In agreement with historical data low levels of the contaminant were observed after 
the first precipitation process. Similarly, the Hg concentration detected in the 
effluent water was within the range of past measured levels. Moreover, the 
suspicion that Hg potentially could enter the second precipitation process from the 
condensing scrubber has been confirmed. Nevertheless, these concentrations were 
low which suggests that something else deteriorates the ability to isolate Hg in the 
second metal removal process. 
In consensus with the hypothesis, the model suggested a predominance of the 
specie(s) HgClx

y-(aq) in the wastewater. Hence, it did not contribute with any 
immediate reason to why the precipitation and isolation of Hg was not working as 
intended.  
Precipitation of Hg in a synthetically prepared sample using the additive TMT15 
showed that levels below the limit value of 0.001 mg/L could be achieved. 
Nonetheless, another experiment had proven that a large fraction of the Hg in the 
acid scrubber was particle bound or possibly precipitated. Conversely, indicated 
that particles are likely to be present in the wet treatment process. Thus, a 
repetition of the experiment with control samples, in real wastewater, revealed that 
TMT15 was not required to achieve low concentration of Hg. Hence, either the 
flocculant used was not able to sufficiently aggregate particles with adsorbed Hg or 
the sedimentation design itself could be suboptimal. Perhaps, a combination of the 
two factors is responsible for the occasionally elevated levels of Hg in the water 
discharged into the Umeå River. Furthermore, the hypothesis of solubilized Hg 
transport between the scrubbers cannot be rejected according to the model results. 
Nevertheless, it cannot be ruled out either that Hg(p) or Hg0(g) is the actual reason 
to why the contaminant was detected in the condensing scrubber. 
 

6. Outlook 

How to exactly pursuit the problem to decrease the levels of Hg in the effluent water 
is a question that remains to be fully answer. However, this thesis has pinpointed 
things that are of further interest for future projects. 
Firstly, a verification, or rejection, of Hg(p) is required in the wastewater after the 
first metal removal process as well as in the condensing scrubber. 
If rejected, a new approach must the taken to solve the problem. Additionally, 
Hg0(g) or Hg(p) were believed to be the speciation of Hg emitted from the SO2 

scrubber. Hence, what could occur in the condensing scrubber which allows Hg0(g) 
to be oxidized and later end up in the condensate water? If so, would it be possible 
to inject an additive, such as TMT15, to decrease Hg re-emission in the scrubber? 
Secondly, if verified can the flocculant used be considered optimal for the 
aggregation of the particles? That is, is the size of the aggregates sufficiently heavy 
to allow sedimentation? Could it be necessary to change the flocculant or add a 
coagulation aiding agent to promote sedimentation?  
Additionally, can the design of the sedimentation step itself be improved to better 
isolate particles?  
Knowledge about the size and charge of the particles in the wastewater could be 
retrieved using Dynamic Light Scattering (DLS). Whereas the interaction of 
particles and flocculant could be potentially be studied using Fourier Transform 
Infrared Spectroscopy (FTIR). 
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9. Appendix  

9.1 Appendix A  
 
Table 1. WinSGW input matrix for the speciation modelling of Hg in the wastewater at 
Dåva 1. 

Species Log K Component H+ e- Hg2+ Cl- SO4
2- Phase 

H+ 0 C 1 0 0 0 0 Soluble 

e- 0 C 0 1 0 0 0 Soluble 

Hg 2+ 0 C 0 0 1 0 0 Soluble 

Cl- 0 C 0 0 0 1 0 Soluble 

SO4 2- 0 C 0 0 0 0 1 Soluble 

Cl2 -47.19  0 -2 0 2 0 Soluble 

Cl2(g) -45.97  0 -2 0 2 0 Gas 

Cl3- -47.93  0 -2 0 3 0 Soluble 

ClO- -57.93  -2 -2 0 1 0 Soluble 

ClO2- -111.1  -4 -4 0 1 0 Soluble 

ClO2(aq) -126.9  -4 -5 0 1 0 Soluble 

ClO3- -147.031  -6 -6 0 1 0 Soluble 

H2 -3.15  2 2 0 0 0 Soluble 

H2(g) 0  2 2 0 0 0 Gas 

H2O2 -59.601  -2 -2 0 0 0 Soluble 

H2SO4 0  2 0 0 0 1 Soluble 

HClO -50.51  -1 -2 0 1 0 Soluble 

HClO2 -109.1  -3 -4 0 1 0 Soluble 

Hg 22.301  0 2 1 0 0 Soluble 

Hg(OH)2 -6.097  -2 0 1 0 0 Soluble 

Hg(OH)2Cl- -6.14  -2 0 1 1 0 Soluble 

Hg(OH)3- -21.1  -3 0 1 0 0 Soluble 

Hg(SO4)2 2- 2.4  0 0 1 0 2 Soluble 

Hg2 2+ 30.798  0 2 2 0 0 Soluble 

Hg2OH 3+ -3.33  -1 0 2 0 0 Soluble 

Hg3(OH)3 3+ -6.42  -3 0 3 0 0 Soluble 

HgCl+ 6.753  0 0 1 1 0 Soluble 

HgCl2 13.123  0 0 1 2 0 Soluble 

HgCl3- 14.026  0 0 1 3 0 Soluble 

HgCl4 2- 14.437  0 0 1 4 0 Soluble 

HgClOH 3.22  -1 0 1 1 0 Soluble 

HgOH+ -3.4  -1 0 1 0 0 Soluble 

HgSO4 1.394  0 0 1 0 1 Soluble 

HS- 33.692  9 8 0 0 1 Soluble 

HSO4- 1.98  1 0 0 0 1 Soluble 

O2 -86.08  -4 -4 0 0 0 Soluble 

O2(g) -83.12  -4 -4 0 0 0 Gas 

O3 -156.05  -6 -6 0 0 0 Soluble 

O3(g) -153.25  -6 -6 0 0 0 Gas 

OH- -14  -1 0 0 0 0 Soluble 

S2O3 2- 38.591  10 8 0 0 2 Soluble 
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S2O8 2- -66.261  0 -2 0 0 2 Soluble 

SO3 2- -3.48  2 2 0 0 1 Soluble 

H2S 40.686  10 8 0 0 1 Soluble 

H2S(g) 41.683  10 8 0 0 1 Gas 

H2S2O3 40.863  12 8 0 0 2 Soluble 

H2S4 142.647  34 26 0 0 4 Soluble 

H2S5 177.454  42 32 0 0 5 Soluble 

Hg(g) 23.27  0 2 1 0 0 Gas 

Hg(HS)2 104.884  18 16 1 0 2 Soluble 

Hg(S2O3)2 2- 106.382  20 16 1 0 4 Soluble 

Hg(S2O3)3 4- 146.273  30 24 1 0 6 Soluble 

Hg2 44.298  0 4 2 0 0 Soluble 

Hg2(g) 45.761  0 4 2 0 0 Gas 

Hg2(SO4)2 2- 34.338  0 2 2 0 2 Soluble 

Hg2OH+ 26.118  -1 2 2 0 0 Soluble 

Hg2SO4 32.138  0 2 2 0 1 Soluble 

HgCl -6.601  0 1 1 1 0 Soluble 

HgCl(g) -5.101  0 1 1 1 0 Gas 

HgS 60.192  8 8 1 0 1 Soluble 

HgS(SH)- 99.384  17 16 1 0 2 Soluble 

HgS2 2- 90.884  16 16 1 0 2 Soluble 

HgSH+ 64.192  9 8 1 0 1 Soluble 

HO2- -71.251  -3 -2 0 0 0 Soluble 

HS2O3- 40.276  11 8 0 0 2 Soluble 

HS4- 138.446  33 26 0 0 4 Soluble 

HS5- 173.554  41 32 0 0 5 Soluble 

HSO3- 3.74  3 2 0 0 1 Soluble 

S 2- 14.692  8 8 0 0 1 Soluble 

S2- 61.481  16 13 0 0 2 Soluble 

S2 2- 54.65  16 14 0 0 2 Soluble 

S2O6 2- -8.21  4 2 0 0 2 Soluble 

S3 2- 93.811  24 20 0 0 3 Soluble 

S4 2- 131.746  32 26 0 0 4 Soluble 

S4O6 2- 79.887  20 14 0 0 4 Soluble 

S5 2- 167.453  40 32 0 0 5 Soluble 

S6 2- 202.996  48 38 0 0 6 Soluble 

SO2(aq) 5.58  4 2 0 0 1 Soluble 

SO2(g) 5.26  4 2 0 0 1 Gas 

Hg(l) 28.854  0 2 1 0 0 Solid 

Hg(OH)2(C) -2.601  -2 0 1 0 0 Solid 

HgCl2(C) 13.723  0 0 1 2 0 Solid 

HgO(Cr) -2.447  -2 0 1 0 0 Solid 

HgSO4(C) 3.322  0 0 1 0 1 Solid 

Hg2(OH)2(C) 25.538  -2 2 2 0 0 Solid 

Hg2Cl2(C) 48.641  0 2 2 2 0 Solid 

Hg2S(C) 76.167  8 10 2 0 1 Solid 

Hg2SO4(C) 36.957  0 2 2 0 1 Solid 

HgS(C) 72.784  8 8 1 0 1 Solid 
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S(C) 35.837  8 6 0 0 1 Solid 

 
 
Table 2. The composition of the synthetically prepared sample used in the bench scale test 
along with determined or previous reported levels. 

Element Synthetic sample (ng/g) Reference (ng/g) 

Pb 43.9 26.9 

Zn 42.7 56.4 

Cr 4.8 4.8 

Cd 1.9 0.47 

Ni 1.9 1.97 

Cu 2.1 2.6 

TI 0 0.9 

As 0 5.4 

     

Ion Synthetic sample (µg/g) Reference (µg/g) 

Ca2+ 10444 15300000 

Cl- 20888 23429 

SO4
2- 735 734 
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9.2 Appendix B 
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Table 3. Hg content of the flue gas collected by Metlab AB reported as dry gas 11 volume % O2 normalized and as Hg emission per hour. 
The denotations 1 and 2 are used for the replicate samples collected during the sampling done at Dåva 1. LOD and LOQ for the measurement were 
0.15 ng/g and 0.50 ng/g, respectively, for Hg detected in the flue gas absorbing solution. The abbreviation, ntg, stands for normalized dry gas. 
See figure 2 for sampling points and table 1 for explanations to denotation. 

Summarized results – flue gas 
sampling, Metlab AB 

Hg dry gas (µg/m3*ntg) Average Hg dry gas (µg/m3*ntg) 

Pre Quench#1 1 (G1) 5.5 ± 0.4 8.9 ± 4.8 

Pre Quench#1 2 (G1) 12.3 ± 0.1  

Pre Acid scrubber#1 1 (G2) 6.0 ± 0.1 3.9 ± 2.9 

Pre Acid scrubber#1 2 (G2) 1.9 ± 0.2  

Pre SO2 scrubber#1 1 (G3) 3.3 ± 0.2 2.7 ± 0.8 

Pre SO2 scrubber#1 2 (G3) 2.1 ±0.04  

Chimney#1 1 (G4) 0.5 ± 0.1 N/A 

Chimney#1 2 (G4) >LOD <LOQ  

Field blank#1 >LOD <LOQ N/A 

   

11 % O2 correction Hg 11 vol % O2 (µg/m3*ntg) Average 11 vol % O2 (µg/m3*ntg) 

Pre Quench#1 1 (G1) 4.9 ± 0.3 7.5 ± 3.7 

Pre Quench#1 2 (G1) 10.1 ± 0.1  

Pre Acid scrubber#1 1 (G2) 5.3 ± 0.1 3.4 ± 2.7 

Pre Acid scrubber#1 2 (G2) 1.5 ± 0.2  

Pre SO2 scrubber#1 1 (G3) 2.9 ± 0.2 2.3 ± 0.8 

Pre SO2 scrubber#1 2 (G3) 1.7 ± 0.03  

Chimney#1 1 (G4) 0.5 ± 0.1 N/A 

Chimney#1 2 (G4) >LOD <LOQ  

Field blank#1 >LOD <LOQ N/A 

   

Hg emission per hour Hg (g/h) Average Hg (g/h) 

Pre Quench#1 1 (G1) 0.6 ± 0.04 1.1 ± 0.6 

Pre Quench#1 2 (G1) 1.5 ± 0.01  

Pre Acid scrubber#1 1 (G2) 0.7 ± 0.01 0.5 ± 0.03 
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Pre Acid scrubber#1 2 (G2) 0.2 ± 0.03  

Pre SO2 scrubber#1 1 (G3) 0.4 ± 0.02 0.3 ± 0.08 

Pre SO2 scrubber#1 2 (G3) 0.3 ± 0.005  

Chimney#1 1 (G4) 0.06 ± 0.01 N/A 

Chimney#1 2 (G4) >LOD <LOQ  

Field blank#1 >LOD <LOQ N/A 

 
Table 4. Hg content of the flue gas collected by Ilema AB reported as dry gas 11 volume % O2 normalized and as Hg emission per hour. 
The denotations 1 and 2 are used for the replicate samples collected during the sampling done at Dåva 1. LOD and LOQ for the measurement were 
0.15 ng/g and 0.50 ng/g, respectively, for Hg detected in the flue gas absorbing solution. The abbreviation, ntg, stands for normalized dry gas. 
See figure 2 for sampling points and table 1 for explanations to denotation. 

Summarized results – flue gas 
sampling, Ilema AB 

Hg dry gas (µg/m3*ntg) Average Hg dry gas (µg/m3*ntg) 

Pre Quench#2 1 (G1) >LOD <LOQ N/A 
Pre Quench#2 2 (G1) >LOD <LOQ  

Pre Acid scrubber#2 1 (G2) 0.5 ± 0.03 N/A 

Pre Acid scrubber#2 2 (G2) >LOD <LOQ  

Pre SO2 scrubber#2 1 (G3) <LOD N/A 

Pre SO2 scrubber#2 2 (G3) >LOD <LOQ  

Chimney#2 1 (G4) 1.8 ± 0.1 N/A 

Chimney#2 2 (G4) >LOD <LOQ  

Field blank#2 <LOD N/A 

    

11 % O2 correction Hg 11 vol % O2 (µg/m3*ntg) Average 11 vol % O2 (µg/m3*ntg) 

Pre Quench#2 1 (G1) >LOD <LOQ N/A 

Pre Quench#2 2 (G1) >LOD <LOQ  

Pre Acid scrubber#2 1 (G2) 0.3 ± 0.02 N/A 

Pre Acid scrubber#2 2 (G2) >LOD. <LOQ  

Pre SO2 scrubber#2 1 (G3) <LOD N/A 

Pre SO2 scrubber#2 2 (G3) >LOD <LOQ  

Chimney#2 1 (G4) 1.4 ± 0.05 N/A 

Chimney#2 2 (G4) >LOD <LOQ  
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Field blank#2 <LOD N/A 

    

Hg emission per hour Hg (g/h) Average Hg (g/h) 

Pre Quench#2 1 (G1) >LOD <LOQ N/A 

Pre Quench#2 2 (G1) >LOD <LOQ  

Pre Acid scrubber#2 1 (G2) 0.06 ± 0.004 N/A 

Pre Acid scrubber#2 2 (G2) >LOD <LOQ  

Pre SO2 scrubber#2 1 (G3) <LOD N/A 

Pre SO2 scrubber#2 2 (G3) >LOD <LOQ  

Chimney#2 1 (G4) 0.25 ± 0.01 N/A 

Chimney#2 2 (G4) >LOD <LOQ  

Field blank#2 <LOD N/A 
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Table B-3. Comparison of the differences between the first and second step of metal 
removal at Dåva 1. 

 1st metal removal process 2nd metal removal process 

Variable Precipitation Flocculation Precipitation Flocculation 

Tank (m3) 1.5 0.7 6 3 

Flow rate 
(m3/h) 

1.8 1.8 8.5 8.5 

pH 10 10 7 7 

TMT15 (L/h) 0.7 0 0.3 0 

Flocculant 
(L/h) 

0 12 0 4 

 
 
Table 5. Measured Cl- and SO4

2- levels in the wastewater samples collected at Dåva 1, 
2/12/2015. Determined by ion exchange chromatography.  

Sample Cl- (g/L) SO4
2- (g/L) 

Acid scrubber water (W1) 34.7 1.6 

SO2 scrubber filtrate water (W2.1) 0.08 1.6 

SO2 scrubber gypsum water (W2.2) 0.09 1.60 

Water from the first metal removal process (W4) 23.4 0.7 

Condensing scrubber water (W3) 0.02 0.06 

Effluent water (W5) 16.3 0.5 

 
 

 

 
 

Figure B-1.The measured pH, pE and temperature, on site, in the wastewater samples 
collected at Dåva 1. 
Top; sampling made the 2/12/2015. Bottom; sampling made the 17/2/2016. Please refer to 
table 1 and figure 2 for sampling points. 
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