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Abstract

This study was done to increase the understanding of how heavy metals in the aqueous phase are removed at
low initial concentrations in different pH and Eh values. The reaction that has been studied is mainly
hydroxide precipitation and adsorption in a condensate treatment. In the study, data from one of Vattenfalls
waste incinerators was analysed and the results from the data were then compared to previous studies. To
increase the understanding, modelling of the heavy metals behaviour in the given concentrations was then
made with Medusa and PHREEQC. The heavy metals that were analysed were Sb, As, Pb, Zn, Cr, and Cd.
The low initial concentration that vary between 36.1-23600 µg/l complicates the removal process because it
corresponds in a low driving force and the results are hard to compare to other studies whose initial
concentrations vary between 10-100 mg/l.

From the modelling and the measurement data it can be seen that Pb, Zn, Cr, and Cd was removed by
hydroxide precipitation at pH 10. According to the speciation calculations, the dominant species at this pH are
Pb(OH)2 , Cd(OH)2, Zn(OH)2 and Cr(OH)3. For arsenic a clear conclusion could not be drawn from the
modelling and the measurement data because of low precision. Due to the limited thermodynamic parameters
of antimony in comparison with other heavy metals in the database of Medusa and PHREEQC, the modelling
of antimony behaviour in condensate treatment has relatively larger uncertainty. The modelling results show
that the main species in acidic solutions for antimony is Sb(OH)3 and in basic solutions Sb(OH)-6. Further
investigation for antimony in needed for a clear conclusions to be drawn.
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1 Introduction

1.1 Background

Heavy metals are a group in the periodic table that is known for their toxicity and hazardous effects on the
environment. Because of this there are strict regulations on levels of acceptance in outlet streams from
industry since several different industries may have high concentrations of heavy metals in their outlet streams.
One such process is the “waste-to-energy” process which is an incineration process where municipal solid
waste is burned, this is an effective way to significantly reduce the volume of solid waste and to recover
energy and to thermally treat hazards. This is done by the large amount of flue gas created which is used to
recover electricity, and heat through steam generation. The problem with the flue gas is that it contains several
hazardous elements that have to be removed. To remove these contaminants from the flue gas a complex
system is utilized to meet the air and water emission regulations. One part of the system is cleaning of the flue
gas with water in scrubbers. In the system studied in this project the flue gas condensation process consists of
three scrubbing towers in which, some of the contaminants (e.g. heavy metals) are transferred into an aqueous
phase. This aqueous phase is called flue gas condensate and is collected into the wastewater tank for further
treatment.

1.2 Condensate Treatment

The heavy metals needs to be removed from the flue gas condensate into a sludge, this is done in the
condensate treatment. As shown in Fig 1, the wastewater tank has an acidic environment with a pH close to 0.
After the wastewater tank the condensate is then transferred to another tank where it is neutralized to pH 7 by
the addition of lime, which in contact with water forms Ca(OH)2, this is called the neutralisation step, see Fig
1. The condensate is referred as wastewater after this step.

Afterwards the wastewater flows into another tank where the majority of all heavy metals are removed. In this
tank ferrous sulphate and TMT is added together with more lime to increase the pH to 10,3, this step is called
the precipitation step, see Fig 1. Ferrous sulphate is an iron salt that is used for improved removal since it
forms hydroxides which promotes adsorption and co-precipitation of several heavy metals. TMT is an
organosulphide used for precipitation of specific heavy metals (e.g. Hg); it will not be discussed in this study.

After the precipitation step the wastewater is moved to another tank where anionic polymers are added for
flocculation, this step is called the homogenization step, see Fig 1. The wastewater then moves to a settling
tank called the clarifier where the heavy metals are removed by sedimentation (Avfall Sverige AB, 2008).

Figure 1. The system of the study



The most common method for removing heavy metals is by hydroxide precipitation since it is a relatively
cheap and safe method. The idea is to increase the pH of the mixture by addition of lime. This increases the
concentration of hydroxide anions which leads to the formation of insoluble heavy metal hydroxides.

The heavy metal hydroxides form solids that can easily be removed. A problem with hydroxide precipitation
is the creation of low density sludge with a small particle size that also has to be treated. Another problem is
that several heavy metal hydroxides are amphoteric, meaning that the solids created will dissolve above the
optimal pH. Since the wastewater contains a large amount of different heavy metals an optimal pH for the
whole solution is therefore impossible to find (Ayres, et al. 1994).

Another method for removal is adsorption which means that the heavy metals are removed by a reaction that
occurs at the surface of the adsorbent, it is an effective and economic method for wastewater treatment. For
the adsorption to work the adsorbent needs to be highly porous to increase the surface area. Activated carbon
and fly ash are two examples but there exist many more adsorbents. .

Many studies about the removal of heavy metals from wastewater have been made. Many of these studies
have a relatively high initial concentration of the heavy metals which leads to a lack of knowledge for the
removal at low initial concentrations. Studies regarding Antimony’s behaviour are lacking and the behaviour
of antimony which is quite complicated is therefore hard to analyse. This study aims to broaden the
understanding of how the heavy metals can be removed at very low initial concentration, antimony in
particular.

1.3 Chemical precipitation

There are several methods that can be used for removal of Cr, Cd, Pb, Zn, As and Sb from wastewater.
Chemical precipitation is the most famous method and it includes flocculation, neutralisation, precipitation,
sulphide precipitation and iron salt precipitation. The advantages of chemical precipitation are low investment,
controllable and low cost. Wastewater can also be clarified with a physicochemical method or biochemical
method, but the physicochemical method have a lot of limitations for example the applications are greatly
restricted. In this case, the chemical precipitation is used only for removing of metal in wastewater treatment
system.

 To precipitate chromium a reducing agent must be present to reduce Cr6+ to Cr3+ and after this step
Cr3+ reacts with hydroxide to form Cr(OH)3 which is insoluble in water (Mario, 1996). In wastewater
ferrous sulphate is the most common reducing agent. If only Cr3+ was present, precipitation should
occur at pH 5-6 according to Esmaeili et al, (2005).

 Cadmium exists in oxidation states 2+ and 1+, whereas Cd2+ is the most stable form. Cd2+ is very
soluble in water and stable in pH range 1-8. At pH 10 Cd(OH)2 precipitates optimally. Cadmium
hydroxide has an amphoteric behaviour (Braz, 2006).

 Zinc only has one oxidation state Zn2+. Lead has two oxidations states Pb2+ and Pb4+ where Pb2+ is
more stable, (Wood and Chu, n.d). Pb4+ only occurs in a highly oxidizing environment. They both
form hydroxides in aqueous solution but a problem with hydroxide precipitation of zinc and lead are
that their hydroxides are amphoteric (Ayres and Davis, 1994). In a system with many different metals
such as in this project, it’s problematic to find the optimum pH for precipitation. According to Ayres
and Davis, (1994) the optimum pH for hydroxide precipitation of lead and zinc is pH 9 and pH 8.6
respectively.



 Antimony exists in different forms in aqueous phase. In strong acidic conditions, antimony exists as
SbO2+ and as the anion Sb(OH)6- which dominates at neutral-basic pH. In strong basic conditions,
antimony exists as Sb(OH)4- but the dominant specie is Sb(OH)6-. Free Sb3+ can only exist in
extremely strong acidic conditions. An optimal pH for precipitation is not clearly defined. Sb(OH)3 is
amphoteric and starts to dissolve at quite low pH in comparison to other heavy metal hydroxides.
Addition of ferrous salts promotes the removal of Antimony (Filellaa, et al 2002).

 Arsenic’s properties are similarly to antimony’s but there are some differences. Antimony can exist as
Sb3+ and Sb5+ in both acid ionic and basic ionic compounds (Wilson et al, 2010). In neutral condition,
As (III) exists as As(OH)3, and a small quantity exist as AsO(OH)2-. As (V) exists as AsO2(OH)2- and
AsO3(OH)2-.

2 Methodology

2.1 Data analysis

Measurement data of concentration and pH from the condensate treatment at one of Vattenfalls incinerators
are shown in Table 1. The data includes the pH and the concentration of heavy metals at different steps of the
condensate treatment and at different dates. The concentrations had been measured at 5 different dates and
each date has the concentrations listed in a table. Of the 5 tables (See Table 9-13 in Appendix) 3 tables
contained concentration after the neutralisation step and precipitation step (See Table 8 in Appendix). Since
most of the removal occurred at these step, these 3 tables were studied. Since the two tables without the
neutralisation and precipitation concentrations contained important information, such as, sulphate, ammonium
and nitrate concentration, this was missing in the other data. A comparison was made between them and the
chosen 3 to find similar initial concentrations in the wastewater tank. The theory behind this is that a similar
concentration of heavy metals corresponds to a similar salt concentration. From this comparison one of the 3
tables was selected.

Table 1. Raw measurement data of the concentration at different steps of the condensate treatment
Sampling 21/4 08.50:10.10
ELEMENT SAMPLE 2-4 2-8 2-9 2-10 2-11
As µg/l 36,1 50 50 50 50
Cd µg/l 304 164 5 5 5
Cr µg/l 42,9 54,7 24 23,3 21,9
Pb µg/l 6650 221 13,6 8,9 11,3
Zn µg/l 23600 14000 240 238 222
Sb µg/l 1365 350 286 287 293
pH 0 6,2 9,9 10,1 10,1

Another tool to understand how the heavy metals behave is to look at the concentration of different elements
in the solid sludge to see the correlation between different elements; this correlation shows other possible
reactions between the heavy metals investigated and other elements such as calcium, chloride and sodium.

The method used is called energy-dispersive X-ray spectroscopy or EDS-analysis. A high energy beam is
focused onto the sample and excites the electrons of the elements in the sample, when the electrons returns to
the ground state an X-ray beam is emitted. Each element emits a unique X-ray because of the difference in
atomic structure (Goodge, 2016). The EDS-data comes from the neutralization step and after the
homogenization.

s


The homogenization step is not evaluated because of most of the heavy metals have already been removed.
The data was moved to excel and the correlation function was used between all the components. All heavy
metals that had a correlation coefficient above 0.5 are discussed later in the report.

2.2 Modelling of heavy metal behaviour

For theoretical evaluation of the measurement data modelling is required. The evaluation of speciation- and
removal of heavy metals was done with two different software’s, PHREEQC and Hydra/Medusa. PHREEQC
was used for evaluating the speciation of heavy metals and the usage of Hydra/Medusa was done to determine
how much heavy metals could be removed after each step. It should be mentioned that these software’s
doesn’t have complete database for this project which means that the results are not 100 % reliable.

2.2.1 PHREEQC
PHREEQC is software which is used for simulating transport processes and chemical reactions in different
systems i.e. polluted water, industrial processes and so on. The software is based on equilibrium chemistry of
aqueous solutions in contact with metals, gases, solid solutions etc. The software have many different
databases which includes plenty reaction systems. Even graphs can be obtained by using the C programming
language which shows for example how a metal decreases after a batch reaction.

There are some limitations with PHREEQC:

 The aqueous model lack flexibility in the data of the database, which are obtained after the reaction
and these, cannot be trusted to 100 percent.

 There is some problem with the surface complexation modelling since PHREEQC uses mole fraction
for the activity of surface species instead of molarity. This affects molecules which are multidentate
(two or more atom-ligand bonding).

 PHREEQC can also use inverse modelling but the problem is that the numerical methods that the
software uses has shown wrong results since it can’t handle small number i.e. if the concentration
value is too low.

So why was PHREEQC used in this project? At first the software was used for calculating the removal of
heavy metals at different pH but since some reactions for Antimony was not included in the database, the
output values which were given after simulation were not reliable. Instead the software was used for
determining which species that dominated at different pH values. It is assumed that the concentrations of
heavy metals are not time-dependent which means that it is a batch-reaction in the software. Ca(OH)2 is
titrated into the system and slowly increases the pH. Manipulation of the concentration of calcium hydroxide
was made for observing which species dominates under different conditions and pH (See Title 1.1, 1.2, 1.3
and 1.4 in Appendix). PHREEQC provided information for the simulation with Medusa since Medusa
requires specific input data of a species i.e. Cr(III) or Cr(VI) at different pH. PHREEQC could also determine
how much moles of a compound that could adsorb into the active site. Ferric oxides are the surface which
binds ions with either strong bonding (Hfo_s) or weak bonding (Hfo_w). In some cases when the mole
fraction of adsorption for weak bindings is too low the result is neglected (Parkhurst and Appelo, 1999).

Look under Title 2 in Appendix for an example on an adsorption table.

2.2.2 Hydra/Medusa for heavy metals
Hydra/Medusa was developed by inorganic chemical professional Ignasi Puigdomenech from KTH in Sweden,
including two parts, HYDRA and MEDUSA. The software has a better and bigger database for each heavy
metal compared to PHREEQC. The application includes the precipitation equilibrium, the acid-base
equilibrium, redox equilibrium, and the coordination equilibrium. The results are illustrated in graphs which



are very helpful for the examination study. This software can also be used to research the heavy metals
speciation change and behaviour in water. Medusa was used to simulate each heavy metals behaviour with
additions of Ca(OH)2 and FeSO4 in the wastewater (Zhou, 2015).

3 Results and discussion

3.1 Evaluation of experimental results

3.1.1 Analysing of experimental results

The initial concentration and the removal rate from the measurement data is presented in Table 2. The data is
from 21/4-2015 and shows concentration in the wastewater tank for Cd, Cr, Zn, Pb, As, and Sb. Table 2 also
presents the removal in percentage of initial concentration after the neutralisation step and precipitation step.

Table 2. Measurement data from 21/4-2015

The initial concentrations vary between 36.1-23600 µg/l for the different heavy metals. The big difference in
initial concentration causes the values to be of different reliability. For the metals with the lowest
concentration, As and Cr the data from the neutralisation step is not presented because of low reliability. The
low reliability is due to the low precision in the detection apparatus due to limitations in detection. For the
precipitation step there is a concentration step for Cr so it was included.

Sample from
21/4-15

Initial conc.
after WW
tank, µg/l

Removal after
neutralisation, in
% of initial conc.

Removal after
precipitation, in
% of initial
conc.

Cadmium 304 46 98,3
Chromium 42,9 - 44
Zinc 23600 40,7 99
Lead 6650 96,6 99,8
Arsenic 36,1 - -
Antimony 1365 74,3 79



Figure 2.3. These graphs show the concentration of the heavy metals in the different steps of the condensate
treatment.

The results of the removal of the heavy metals illustrated in Fig 2,3 shows how the concentration of Pb, Zn,
Cr, Cd changes at the different steps. There is almost no removal after the precipitation step and the different
metals behave differently in the first two steps. Pb has mayor removal at the neutralisation step where 96.6 %
is removed from an initial concentration of 6.65 mg/l. For Cd and Zn the removal occurs at both the
neutralisation step and the precipitation step. For Zn 40.7 % and then 99 % from an initial concentration of
23.6 mg/l and for Cd 46% and then 98.3 % from an initial concentration of 0,304 mg/l. For Cr the
concentration rises and then drops to about 44% removal. This strange behaviour may be due to the low initial
concentration of 0,042 mg/l and limitations of measurement apparatus.

Figure 4. The concentration of the heavy metals in the different steps of the condensate treatment.

As shown in Figure 4 the percentage of removal for antimony after the precipitation step was 79% with an
initial concentration of 1.37 mg/l. Most of the removal occurs at the neutralisation step where 74.3 % is
removed. Sb was the metal with the highest concentration after all removal steps with a concentration of 0.293
mg/l. It does not fully precipitate and is the only metal with both a relatively high initial concentration and not
a removal rate close to 100 %.



3.1.2 Discussion

3.1.2.1 Chromium
In the neutralisation step 0 % of Cr precipitated, this is expected since no ferrous sulphate was present. In the
precipitation step ferrous sulphate is added and 44 % Cr was precipitated at pH 10.3. According to Baijnath et
al, (2014) about 70 % is precipitated when the pH is 10.3 and according to Fu and Wang, (2011) 92 % is
precipitated at pH 8,7. This does not agree with the given data, a reason for this is because the initial
concentration in the given data is 0,042 mg/l in comparison to 10 mg/l respectively 100 mg/l for the other
studies. A low concentration corresponds in a low driving force. The amount of ferrous sulphate added in the
precipitation step is not known for our study, a reason for the low percentage of removal maybe that the
concentration for ferrous sulphate is too low. In the tests of Baijnath et al, (2014) the dosing of 1500mg/l
ferrous sulphate was present.

3.1.2.2 Cadmium
In the neutralisation step 46 % Cd was removed, this is not expected since Cd starts to precipitate at pH 8, so
the removal of Cd is not a result from precipitation. No studies have been found with a similar initial
concentration as in the given data which is 0,304 mg/l whereas most studies have an initial concentration of
10-100 mg/l. The removed Cd could be a result of adsorption mechanisms. According to Cho et al, (2005)
around 50 % was removed at pH 7 with an initial concentration of 100 mg/L and a fly ash dose of 10 g/l.

In the precipitation step 98.3 % Cd was precipitated at pH 10.3. According to Olmsted and Williams (1997)
the main form is Cd(OH)2, but only Cd2+, H2O, Na+, and OH- are assumed to be present in the wastewater.
According to Peters and Shem (n.d) 98% precipitation was obtained at pH 10.5 but a higher initial
concentration was used at 5 mg/l compared to 0.3 mg/l.

3.1.2.3 Lead
In the neutralisation step 96.6 % Pb was precipitated at pH 7. The results agree with Pang et al, (2009) as 94
% was precipitated at pH 7 in absence of coagulants with an initial concentration of 7 mg/l compared to the
concentration of 6.5 mg/l in the given data, the main form is Pb(OH)2.

In the precipitation step 99.8 % Pb is precipitated at pH 10.3. Since Pb(OH)2 is amphoteric, this amount of
removal is higher than what is found by Pang et al,(2009) since other chemicals such as ferrous sulphate and
lime is present other reactions may occur such as adsorption (Lu et al, 2011).

3.1.2.4 Zinc
In the neutralisation step 40.7% Zn is removed at pH 7. This is relatively low according to Pang et al, (2009)
where 90 % is precipitated at pH 7 with an initial concentration of 10 mg/l. According to Chen et al, (2009) 95
% Zn is precipitated at pH 7 with an initial concentration of 100 mg/l but a 500 mg/l fly ash and 900 mg/l lime
is also present in the solution.

In the precipitation step 99% Zn is precipitated in the given data at pH 10.3. This concurs a study by Pang et
al, (2009) where 99.7 % precipitation is obtained at pH 9.6 with an initial concentration of 10 mg/l, the main
form is Zn(OH)2.

3.1.2.5 Arsenic
A clear conclusion could not be drawn for arsenic, because of low concentration and precision in the given
data.



3.1.2.6 Antimony
Antimony is a toxic metalloid, in water it exists as Sb(III) and as Sb(V). In basic conditions Sb(V) is the most
stable form. At low pH Sb(III) is the predominant form and it is Sb(III) that form solid hydroxides in the form
of Sb(OH)3. The hydroxide is amphoteric and starts to dissolve at quite low pH in comparison to other heavy
metal hydroxides. Addition of ferrous salts promotes the removal of Antimony.

In the given data 74 % of Sb was removed in the neutralisation step. This is most likely due to hydroxide
precipitation. At the precipitation step the removed amount increases to 79 %. In comparison to other studies
such as, Avdić and Czygan, (n.d) where 98 % is removed regardless of initial concentration. The low value of
removal after precipitation may be that the concentration of ferrous salt was too low. In a study by Bagby and
West (1995) there was a clear correlation between the ratio Fe/Sb and percentage of removal. In the given data
the ratio of Fe/Sb is around four and this should be equivalent of a removal of around 70 % according to
Bagby and West (1995). Another reason for this may be that some of the antimony exist as Sb(V) which as
described above does not form insoluble hydroxides. There is however findings of Sb(V) hydroxide, and
Sb(OH)6- hydroxide forming solids together with calcium.

3.1.3 EDS
The composition of the sludge was evaluated at 20 different points as seen in Fig 5. At each point the atomic
% of the different elements in the sludge is given to see the correlation. The data contains 20 series; each
series contains the atomic percentage of different heavy metals in the sludge, as seen in fig 5, that come from
the neutralisation step and after the homogenisation. The data from the homogenisation step will not be
evaluated because large amounts of heavy metals have already been removed. The correlation is evaluated in
Excel by the function CORR which uses a correlation coefficient that describes the linear relationship between
the elements and a number close to 1 tells us that the relationship is positively linear.

Figure 5. This sludge is from the neutralisation step, the yellow dots are where the samples are taken

Table 2 . The correlation coefficients with a higher value than 0.5.
Pb Sb Cr Zn

Fe 0.77 - - 0.7
Mn 0.73 - - 0.74
Zn 0.6 - - -
Ca - 0.96 - -
Al - - - 0.63
Cl - - - 0.77
Cu - - 0.5 0.7



The correlation indicates that a reaction has occurred between the two elements. As seen in Table 2, Pb have a
high correlation with Fe, Mn and Zn. Sb have a high correlation with Ca. Cr have some correlation with Cu
and Zn have many correlations with Fe, Mn, Al, Cl, Cu and Pb. In some cases the correlation points to similar
precipitation reactions. One example of this is how both Pb and Zn have a high coefficient with Fe which is
due to the adsorption mechanism between ferric hydroxide and the two metals. The same conclusions can be
drawn for Mn.

The correlation for Cd and As are not evaluated because of low atomic concentration and precision of data.
This is obvious since a significant precipitation of these heavy metals was not achieved in the neutralisation
step.

Figure 6 shows the corresponding changes in the atomic percentages of Sb and Ca in the EDS measurement
points. It should be noted that the unit for calcium is divided by 100. The correlation coefficient between
these two elements is 0, 96. This tells us that antimony and calcium share a linear relationship which means
that they react and precipitate with each other. A possible assumption is the precipitation reactions resulted in
a formation of Ca(Sb(OH)6)2.

Figure 6. The corresponding concentration changes of Sb and Ca in the same measurement points by the EDS.



3.2 Modelling

3.2.1 Removal of Chromium
Chromium is a heavy metal and is a member in group 6 of the periodic table. It occurs in oxidation states +3
and +6, where Cr(III) and Cr(VI) are the most stable forms, but it can have oxidation states from one to six.
Cr(VI) compounds are only stable in aerobic environments and are reduced to Cr(III) in anaerobic conditions.

3.2.1.1 Chromium speciation

Figure 7. Redox diagram for chromium modelling. For more data of chromium speciation check Table 1 in
Appendix.

As shown in Figure 7, the dominant species of chromium in acidic conditions are Cr3+ and CrOH2+ however at
pH 5 HCrO4- is the dominant species until pH 7 where CrO42- is the dominant species in basic conditions (See
Figure 1 in Appendix). This means that the dominant specie of chromium ion is Cr3+ in acidic solutions while
the dominant specie of chromium ion in basic solutions is Cr6+. Eh is also dependent on pH, while pH is
increasing from 0 to 12 Eh is decreasing from 1 to 0.57 (See Figure 3 in Appendix).

3.2.1.2 Chromium removal rate after neutralisation
Ca(OH)2 was added in the neutralisation tank to increase pH of wastewater from 0 to 6 (See Figure 1 in
Appendix). Most common oxidation state for chromium is Cr3+ so there is no oxidation change during the
neutralisation. No solid was formed in the neutralisation tank and CrOH2+ were strongly attracted to the fly
ash surface containing ferric oxides which means that an adsorption occurred (See title 2.1 in Appendix). As
mentioned above 5.3 % CrOH2+ was adsorbed and this means that after neutralisation 94.7 % of CrOH2+

remains in the solution: [CrOH2+] = 6.629*10-7 [M] (See calculations A in Appendix).

3.2.1.3 Chromium removal rate after precipitation
Both Ca(OH)2 (s) and FeSO4 (s) were added in the precipitation tank at the same time. One can see that
Cr2O3 is precipitated during the precipitation step; however it dissolves at pH 7.35 so it needs to be removed
from the solution before dissolving (See Figure 2 in Appendix). It should also be mentioned that the
concentration of Cr(OH)3 is too low in comparison to the concentration of Cr2O3 which means that it is
neglected.

The removal rate of chromium over the whole process is 54.04 % (See calculations A in Appendix).



3.2.1.4 Discussion
According to Eh-pH diagram (See Figure 4 in Appendix), it is easily to see that Cr3+ dominates at pH ranges
from 0 to 4 and then CrOH2+ dominates from pH 4 to 6. Under basic conditions CrO42- dominates at
corresponding Eh value. The simulation from Medusa matches well with the Eh-pH diagram for chromium.

According to the measurement data no chromium precipitated at the neutralisation tank, the concentration of
Cr even got higher after this step which means that the measurement can be faulty. At the precipitation tank
56.12 % chromium was removed and according to the simulation 54.04 % of chromium can be removed over
both steps. However just like mentioned above the solid Cr2O3 (s) dissolves at pH 7.35 which means that it
needs to be removed in the precipitation tank before the pH increases to 10.

Figure 8. Total concentration changes for chromium have been plotted to corresponding pH (See Figure 28 in
Appendix).
According to Figure 8, the total concentration of the soluble chromium complexes should have minimal
concentration at pH 5 since Cr2O3 (s) precipitates at this pH. This means that the optimal removal of
Chromium solids occurs at pH 5

3.2.2 Removal of Cadmium
Cadmium is a heavy metal that occurs naturally in combination with zinc and is resistant to corrosion and is
not flammable. It exists in oxidation states of 2+ and 1+.

3.2.2.1 Cadmium speciation



Figure 9. Redox diagram for cadmium modelling. For more data of cadmium speciation check Table 2 in
Appendix.

The redox diagram, Figure 9, for cadmium made by Medusa can only handle Total Conc. for a maximum of 3
components so only Cl- was considered. As seen in Table 4 in Appendix both CdCl+ and CdCl2 dominate in
wastewater at pH 0 (See Table 2 in Appendix). The concentration of CdCl+ and CdCl2 reaches their maximum
value between the pH 0 and 7 and begin to decrease at pH respective 7.2 and 8.2. The concentration of CdCl+
and CdCl2 were almost 0 at pH 12. CdClOH appeared at pH 6.4 and dominated at high basic condition while
concentration of CdCl+ and CdCl2 decreased. CdClOH dominated at a short interval of pH in the basic
condition, then Cd(OH)2 (s) was precipitated at pH 11.4 (See Figure 2 in Appendix) because the solubility of
Cd(OH)2 in water is low at high basic condition so Cd(OH)2 was precipitated instead of dissolving in water.
Rest of cadmium containing compounds didn’t impact cadmium speciation because they existed as
compounds with extremely low concentration.

3.2.2.2 Cadmium removal rate after neutralisation
Ca(OH)2 was added in neutralisation tank for increase the pH of wastewater. The most common oxidation
state in water is 2+. There weren’t any oxidation change for cadmium during the treatment process according
to Medusa. The input stream contained 2.7*10-6 [M] of cadmium. There weren’t any cadmium removal during
the neutralisation step via both adsorption and chemical reaction (See Title 2.4 and Figure 5 in Appendix).
Total concentration of cadmium of the input stream was equal to total concentration of cadmium of the output
stream, 2.7*10-6 [M].

3.2.2.3 Cadmium removal rate after precipitation
With the addition of both Ca(OH)2 and FeSO4, the iron ion didn’t impact cadmium concentration and
cadmium’s reaction system in the precipitation tank. Cd(OH)2 (s) appeared at pH 11.4 and reached maximum
value at pH 12.3, (See Table 3 in Appendix). It could dissolve in high basic condition which means that the
concentration of cadmium hydroxide is decreased to 0 at pH 13.8. The removal of cadmium via absorption
was too small to even consider that in the precipitation tank (See Title 2.4 in Appendix).

[Cd] = 2.28*10-6 [M] was precipitated during the precipitation tank at pH 12.6.

The removal rate of cadmium over the whole process is 83% (See Calculation B in Appendix).

3.2.2.4 Discussion
Cd does not precipitate or affect the solubility of Cd2+ if Cl- is present but CdCl+ and CdCl2 exists at pH 0-1.
That is the reason why CdCl+ and CdCl2 dominates at strong acidic condition and forms other complexes (See
Figure 5 in Appendix).
Cadmium is a heavy metal that occurs naturally in combination with zinc and is resistant to corrosion and is
not flammable. It exists in oxidation states of 2+ and 1+. Modelling data is differentiated in comparison with
measurement data. According to modelling data, there wasn’t any concentration of cadmium that could be
removed during the whole treatment procedure. The cadmium solid hydroxide was precipitated at pH 12.3.
The error of modelling is based on assumptions that the modelling simulation was built on for example that
only Cd (II) exists in the wastewater. It should also be mentioned that the absorption data from both
PHREEQC weren’t good enough.



Figure 10. Total concentration changes for cadmium has been plotted to corresponding pH (See Figure 25 in
Appendix).
As shown in the Figure 10, the best pH interval for cadmium removal is at pH 12.6.

3.2.3 Removal of Lead

3.2.3.1 Lead speciation

Figure 11. Redox diagram for lead modelling. For more data of lead speciation check Table 4 in Appendix.

As shown in Figure 11, the dominant species of lead in acidic solution are Pb(NO2)3- and PbNO2+ but they
decrease drastically around pH 4-5 and are not dominant at pH 6. At pH 6 the dominant species of lead is the
ion form. PbCl2 and PbSO4 are not solids since the concentration of lead is too low and they are soluble in
water when the concentration is too low. At pH around 9-12 the dominant species of lead is the PbOH+,
Pb(OH)2 and Pb(OH)3- (See Table 4 in Appendix).

3.2.3.2 Lead removal rate after neutralisation
Ca(OH)2 was added in the neutralisation tank to increase pH of wastewater from 0 to 6. Most common
oxidation state for lead is Pb2+ so there is no oxidation change during the neutralisation. No solid was formed
in the neutralisation tank; however Pb2+ was strongly attracted to the fly ash surface containing ferric oxides
which means that an adsorption occurred (See Title 2.2 in Appendix). 77.1 % Pb2+ adsorbed and this means



that after neutralisation 22.9 % of lead ion remains in the solution: [Pb2+] = 3.547*10-7 [M] (See Calculations
C in Appendix).

3.2.3.3 Lead removal rate after precipitation
Both Ca(OH)2 (s) and FeSO4 (s) were added in the precipitation tank at the same time. Pb(OH)2 reached the
maximum concentration at pH 8.5 but slowly decreased at higher pH (See Figure 10 in Appendix). Pb2O3

starts to form around pH 8.5 and the concentration is constant from pH 9 which means that this solid can be
removed at pH 10 It should also be mentioned that at pH 10 the concentration of Pb(OH)2 is too low in
comparison to the concentration of Pb2O3 which means that it is neglected.

Adsorption occurred during the precipitation step where 21.5 % of Pb2+ was removed which means that after
precipitation 78.5 % of lead ion remains in the solution: 2.784*10-7 [M] (See Title 2.5 and Calculations C in
Appendix).

The removal rate of lead over the whole process is 50.23% (See Calculations C in Appendix).

3.2.3.4 Discussion
According to Eh- pH diagram (See Figure 12 in Appendix), it is easily to see that Pb2+ dominates at pH ranges
from 3.5 to 6 and then lead hydroxide complexes dominates at higher pH. At very acidic solutions lead nitrate
complexes are dominating but according to the Eh-pH diagram Pb2+ should dominate at very low pH.
Otherwise the simulation from Medusa matches well with the Eh-pH diagram for lead. It should also be
mentioned that the temperature, input data of the chlorine, nitrate etc. can affect the speciation of lead which
means that the obtained result should not match perfectly with the Eh-pH diagram for lead. From Figure 9 in
Appendix, one can see that lead reacts with nitrate, sulphate and chlorine. Lead form ionic complexes with
nitrate i.e. Pb(NO2)3- or PbNO3+ and this can affect the result since less lead ion is available for forming solids.
Similarly lead reacts with chlorine and sulphate to form PbSO4 and PbCl2 which are solids but since the
concentration of lead is so low these solids are soluble in water just like mentioned above.

According to measurement data 96.6 % lead precipitated at the neutralisation tank and 99.8 % precipitated at
the precipitation tank. According to the simulation 50.23 % lead was removed where adsorption occurred at
both tanks and Pb2O3 was precipitated at the precipitation tank.

Figure 12 Total concentration changes for lead has been plotted to corresponding pH (See Figure 29 in
Appendix).
According to figure 12, the total concentration is almost constant from pH 0-8 but at pH 9-10 the total
concentration decreases a lot since Pb2O3 is formed. This means that the optimal pH for removing lead is at
pH 9-10



3.2.4 Removal of Zinc

3.2.4.1 Zinc speciation

Figure 13. Redox diagram for zinc modelling. For more data of zinc speciation check Table 5 in Appendix.

As shown in Figure 13, different zinc containing compounds dominated in the wastewater at different pH and
Eh. Both Zn2+ and ZnCl- dominated in the acidic condition. ZnOH+ reached its maximum concentration and
dominates at middle of the pH, around pH 7.8 (See Table 5 in Appendix). After that Zn(OH)2 is formed which
is a solid compound that precipitated from pH 7.8 to pH 10. The rest of the zinc containing compounds didn’t
impact zinc speciation because of too low concentration.

3.2.4.2 Zinc removal rate after neutralisation
Ca(OH)2 was added in the neutralisation tank to increase pH of wastewater from 0 to 6. Most common
oxidation states for zinc is 2+ so there is no oxidation change for zinc during the neutralisation step. At the pH
range 0-6, all of zinc containing compounds dissolved in the wastewater. Zn2+ was strongly attracted to ions
site on the surface with different bonds for example Van Der Waal bonding or covalent bonding, which made
28.2% Zn2+ removed via adsorption at pH 0-6 (See Title 2.3 in Appendix).

[Zn2+] = 1.277*10-4 [M] were left after the neutralisation tank.

[Zn2+] = 0.5*10-4 [M] were removed via absorption in the neutralisation tank.

Total cadmium concentration left in the neutralisation, [Zn] = 3.2*10-4 [M] (See Calculations D in Appendix).

3.2.4.3 Zinc removal rate after precipitation
Both Ca(OH)2 (s) and FeSO4 (s) were added in the precipitation tank at the same time. From Figure 14 in
Appendix, Zn(OH)2 and ZnFe2O4 were produced and reached their maximum at pH 10 so that zinc containing
solids can be easily removed from wastewater. The concentration value changes for Zn(OH)2 (s) and ZnFe2O4

(s) can be observed in Table 6 in Appendix.

The removal rate of zinc over the whole process is 94.32% (See Calculations D in Appendix).



3.2.4.4 Discussion
According to Eh-pH diagram (See Figure 16 in Appendix), it is easy to see that ZnOH+ dominates at neutral
pH and then Zn(OH)2 dominates in high basic condition. That matches very well with the data from the
Medusa simulation. The differences between them are that the pH interval for each dominant compound is
different. Temperature difference can be a reason to explain why this happens. Further on, the simulation
based on data from wastewater included many different ions, such as Cl-, NH4, SO42- which can be a reason
why it didn’t match the measurement data (Fuxin, 1995).

13.5% zinc has been removed via adsorption in the neutralisation tank and 94.185% of the remaining zinc
adsorbed in the precipitation tank. There is a big difference in comparison with measurement data. Both
incomplete information of adsorption and assumptions made can be the key reason to explain why the
modelling data don’t match the measurement data.

Figure 14. Total concentration changes for zinc has been plotted to corresponding pH (See Figure 26 in
Appendix).
As shown in the Figure 14, zinc concentration reaches its minimum concentration at pH 10.



3.2.5 Removal of Arsenic

3.2.5.1 Arsenic speciation

Figure 15. Redox diagram for arsenic modelling. For more data of zinc speciation check Table 7 in Appendix.

As shown in Figure 15, H2AsO4- is the dominant species at acidic conditions until pH 7 when HAsO42-

becomes the dominant species. At acidic conditions the dominant ion form of Arsenic is As(III) but for basic
conditions the dominant ion form is As(V). Eh is also dependent on pH, while pH is increasing from 0 to 12
Eh is decreasing from 0.324 to -0.524 (See Figure 19 in Appendix).

3.2.5.2 Arsenic removal rate after neutralisation
No adsorption or precipitation occurs for Arsenic at the neutralisation tank.

3.2.5.3 Arsenic removal rate after precipitation
No adsorption or precipitation occurs for Arsenic at the precipitation tank.

3.2.5.4 Discussion
According to the Eh- pH diagram (See Figure 20 in Appendix) it is easy to see that H3AsO3 is the dominant
species at low pH and that at higher pH, As (III) changes species to As(V) which is the dominant species in
basic conditions. The simulation from Medusa matches well with the Eh-pH diagram for Arsenic.
Antimony, Sb and Arsenic, As belongs to group 15 of the periodic table. Both of them are metalloid and their
characteristics are brittle, strong toxicity, and potentially harmfulness to the environment. The end of electron
configuration is identical, ns2np3, since the outer shell contains 5 electrons. There are four species of antimony
in natural water (5+, 3+, 0, 3-), but they hardly form the M3- ion which make Sb (III), Sb (V), As (III) and
As(V) the most common valence states. Arsenic’s properties are similar to antimony’s but there are some
differences. Antimony can exist in both acid ionic and basic ionic compounds (Wilson et al, 2010). However



for arsenic the acidic ionic compound dominates. Organic arsenic such as DMA and MMA is strongly toxic in
water.

A clear conclusion could not be drawn for As because of low concentration and precision in the given data.
Therefore no comparison could be made. As shown in Figure 18 in Appendix, there weren’t any precipitation
that occurred in the precipitation step because the main dominant specie, As(V) exists as H2AsO4- and
HAsO42- which don’t form arsenic solid compounds under basic condition. This is also why As (III) didn’t
react with hydroxide by addition of Ca(OH)2 (s). After FeSO4 have been added in the precipitation tank at pH
6-10, there is no solid precipitation because Fe(II) isn’t very active to react with As ion. If Fe (III) as
Fe2(SO4)3 would have been added in the precipitation tank, it can remove the arsenic from wastewater via
arsenate and arsenious acid which reacts with Fe (III) to precipitate arsenic containing sediments during the
pH 8 - 9. These reactions take place with addition of Fe2(SO4)3:
Fe2(SO4)3 + 3Ca(OH)2 = 3CaSO4 (s) + 2 Fe(OH)3 (s)
Fe(OH)3 + H3AsO4 = FeAsO4 (s) + 3H2O
Fe(OH)3 + H3AsO3 = FeAsO3 (s) + 3H2O
These are the reasons why the arsenic removal rate during the whole treatment process is 0%.

Figure 16 Total concentration changes for arsenic has been plotted to corresponding pH (See Figure 30 in
Appendix).
According to Figure 16 the total concentration is almost constant from pH 0-10 which means that almost no
arsenic precipitates. There could have been some faulty concentrations at corresponding pH since one have to
zoom in at the graph Medusa shows for reading off the concentration values.

3.2.6 Removal of Antimony
Antimony is the most important and interesting heavy metal in this project. There are limited papers that
describe antimony and less knowledge of antimony made it more difficult to solve the antimony problem.
Antimony has a strong sulphur affinity, sulphur compounds such as Sb2S3 dominates in nature. Sb2S3 can
transform to many different antimony oxides under damp condition, such as Sb2O4 and Sb3O6(OH). There are
two ways that Sb2O3 can dissolve in water, one is when antimony is immediately oxidized to Sb2O3- and the
other is that antimony is in the form of Sb (III), (Li et al, 2009). Antimony exists in different speciation in
aqueous phase. Sb(OH)6- dominate under basic conditions and Sb(OH)3 dominate under acidic conditions.
When the concentration of antimony increases in water, antimony containing compounds hydrolyse easily. (Li,
et al, 2003)

Both arsenic and antimony belong to the metalloids. Some of the properties of antimony are similar with
arsenic’s (Wilson et al, 2010) so part of antimony’s properties can be learned from antimony’s properties. As
the same as arsenic, Sb(III) is more toxic than Sb(V) and Sb(III) always exist in ion form as well, removal rate



of Sb(III) is much lower than removal rate of Sb(V). Therefore, Sb(III) is reduced to Sb(V) must be the first
step before the removing of arsenic from arsenic-containing wastewater.

3.2.6.1 Antimony speciation

Figure 17. Redox diagram for antimony modelling. For more data of antimony speciation check Table 5 in
Appendix.

As shown in Figure 17, Sb(OH)2+ is dominating at acidic conditions together with the low concentration of
Sb(OH)3 between pH 0 to 2.2 (See Table 8 in Appendix). While the concentration of Sb(OH)2+ decreases,
Sb2O4 was precipitated at pH 0.47 and increased extremely fast and reached its maximum concentration
between 0.5 and 4.6. Sb2O4 began to dissolve at pH 4.6 and concentration of Sb2O4 became 0 at pH 5.5. Then
Sb(OH)6- dominated from pH 6 to 12 in the wastewater.

3.2.6.2 Antimony removal rate after neutralisation
After the Ca(OH)2 have been added to the wastewater in the neutralisation, the pH of wastewater increases
from 0 to 6. There was no absorption involved during the neutralisation procedure. Most common oxidation
states are 3+ and 5+. Antimony existed as 3+ in the very acidic condition in the wastewater and then antimony
gradually existed as 5+ with increased pH. Both Sb2O3 and Sb2O5 were precipitated during the pH 0.47 to 5.5
which was presented as Sb2O4 that is a combination of both antimony containing solids (See Table 8 in
Appendix). Thereafter Sb2O4 dissolves with increased pH.

The maximum concentration of Sb2O4 is 0.5534*10-5 [M] (See Calculations E in Appendix).

3.2.6.3 Antimony removal rate after precipitation
Both Ca(OH)2 and FeSO4 were added in the wastewater in the precipitation tank, the pH of wastewater is
increased from 6 to 10. According to Figure 22 in Appendix, there weren’t any changes for the total antimony
concentration. Antimony existed as Sb(OH)6- from pH 6-10 and Sb(OH)6- is a soluble complex. Neither
precipitation nor absorption occurred during the precipitation step. Fe(OH)2Cl (s) was precipitated, which was
meaningless for the study.

The removal rate of antimony over the whole process is 48.71% (See Calculations E in Appendix).

3.2.6.4 Discussion
Eh-pH diagram (See Figure 23 in Appendix) shows when Eh is 0.5-1 and pH is 0-12. According to Figure 24
in Appendix, Sb(OH)2+ dominates at acidic conditions with 0.5V Eh, then Sb(OH)3 take over when pH and Eh



value increases. The antimony speciation change in the wastewater is almost identical in comparison with Eh-
pH diagram (See Figure 21 and Figure 24 in Appendix).

There is limited knowledge about Antimony in comparison with the others heavy metals. The antimony
simulation wasn’t good enough because of the lack of database for antimony. In the neutralisation tank, the
Sb3+ ion forms Sb(OH)2+ compounds which can react with hydroxide from Ca(OH)2 and produce Sb(OH)3 (s),
metal hydroxide precipitate. Figure 22 in Appendix shows that no metal hydroxide is produced during the
neutralisation step besides Sb2O4. The reaction that is involved in this situation is:

Sb3+ + 3OH- = Sb(OH)3 (s)

In the precipitation tank, FeSO4 can oxidise to hydroxide iron, Fe(OH)3 (s). Antimony salt can react with
Fe(OH)3 and precipitate insoluble solid compounds. The main reactions that are involved during the
precipitation step (Haibing et.al 2003):

4FeSO4 + 10H2O + O2 = 4H2SO4 + 4Fe(OH)3 (s)

Fe(OH)3 + SbO33- = FeSbO3 (s) + 3OH-

Fe(OH)3 + SbO45- = FeSbO4 (s) + 3OH-

Antimony (III) only reacts with Cl- to produce SbCl4- , which has very low concentration in acidic condition
(See Figure 21 in Appendix). In fact, antimony (III) can react with aqueous ammonia to precipitate white
Sb(OH)3 and thereafter SbCl4 can be converted to insoluble salt SbOCl (s) under this acidic condition:

Sb3+ + 3NH3 +3H2O = Sb(OH)3 (s) +3NH4+

SbCl4 + H2O = SbOCl (s) +2H+ + 3Cl

Database from Medusa doesn’t include these reactions so the modelling results have big deviation in
comparison with the measurement data.

Figure 18. Total concentration changes for antimony has been plotted to corresponding pH (See Figure 27 in
Appendix).
As shown in the Figure 18, the best pH interval for antimony removal is between 0.5 and 4.6.

4 Conclusion

To better understand the fate of heavy metals in the condensate treatment, modelling in MEDUSA and
PHREEQC have been compared to measurement data from Vattenfall. The reason for this study is because
other studies have a much higher initial concentration of heavy metals. This leads to an increased driving



force and a different behaviour of the heavy metals in the removal process. The main factor for the removing
the heavy metals is increasing the pH which decreases the Eh.

In the modelling the removal of lead, cadmium, zinc, chromium and antimony is achieved mainly hydroxide
precipitation with the main reaction Mn++ nOH- M(OH)n (s). According to the modelling ferric oxide
adsorptions does not occur for cadmium, antimony and arsenic but it occurs for lead, zinc, and chromium.
According to other studies, ferric oxide adsorption should only occur for antimony. For arsenic no conclusions
could be drawn from the measurement data and no reaction or adsorption occurred in the modelling.
According to the modelling the dominant species of lead, cadmium, zinc and chromium at pH 10 are Pb(OH)2 ,
Cd(OH)2, Zn(OH)2 and Cr(OH)3, this concurs with the literature. Since the hydroxide precipitation and the
adsorption is the main removal processes, other reactions are neglected. Due to the limited thermodynamic
parameters of antimony in comparison with other heavy metals in the database of Medusa and PHREEQC, the
modelling results of antimony could be with relatively large uncertainty. The modelling results show that the
main species in acidic solutions is Sb(OH)3 and in basic solutions Sb(OH)-6. Further investigation for
antimony in needed for a clear conclusions to be drawn. The percentage of removal from the modelling does
not totally agree with the measurement data, a reason for this is because of incomplete databases for the
modelling software and low initial concentration in the measurement data or the actual reaction system are not
re-achieved in ideal thermodynamic equilibria. More measurement data and complete databases are needed
for more accurate results.
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7 Appendix

1 Speciation determination with PHREEQC

1.1 Input data from PHREEQC: Neutralisation tank

DATABASE C:\phreeqc\database\minteq.v4.dat #Huge database with all heavy metals

SOLUTION 1 #heavy metals speciation in wastewater

temp 25 #assume wastewaters temp is 25

pH 0 #very acidic solution

pe 7.2 #pe = -log(electron activity), default = 4

density 1 #water density

# Data för våra metaller tagna från 21 april medan för alla andra 10 mars!

units mg/L #All elements we need to discuss in wastewater tank

Ca 1130

Fe 6.92

Ni 0.027

Sb 1.365

As 0.0361

Cd 0.304

Cr 0.0429

Pb 6.650

Zn 23.6

Cl 11000 as Cl-

N(-3) 0.59 as NH4+

S(+6) 12 as SO4-2

N(+5) 25.3 as NO3-

reaction 1

Ca(OH)2

0.6493955 moles



End

1.2 Output data from PHREEQC: Neutralisation tank

pH = 5.996

Speciess Molality Activity Molality Activity Gamma cm³/mol

As(3) 1.351e-21

H3AsO3 1.348e-21 1.348e-21 -20.870 -20.870 0.000 (0)

H2AsO3- 2.859e-24 6.854e-25 -23.544 -24.164 -0.620 (0)

H4AsO3+ 2.811e-27 6.740e-28 -26.551 -27.171 -0.620 (0)

HAsO3-2 1.875e-28 6.195e-31 -27.727 -30.208 -2.481 (0)

AsO3-3 9.045e-33 2.367e-38 -32.044 -37.626 -5.582 (0)

As(5) 4.771e-07

HAsO4-2 4.219e-07 1.394e-09 -6.375 -8.856 -2.481 (0)

H2AsO4- 5.350e-08 1.283e-08 -7.272 -7.892 -0.620 (0)

AsO4-3 1.670e-09 4.369e-15 -8.777 -14.360 -5.582 (0)

H3AsO4 1.600e-12 2.249e-12 -11.796 -11.648 0.148 (0)

Cd 2.678e-06

CdCl+ 1.809e-06 4.338e-07 -5.742 -6.363 -0.620 (0)

CdCl2 4.906e-07 4.906e-07 -6.309 -6.309 0.000 (0)

CdCl3- 3.502e-07 8.397e-08 -6.456 -7.076 -0.620 (0)

Cd+2 2.743e-08 1.675e-08 -7.562 -7.776 -0.214 (0)

CdOHCl 1.747e-10 1.747e-10 -9.758 -9.758 0.000 (0)

CdNO3+ 8.130e-12 1.949e-12 -11.090 -11.710 -0.620 (0)

CdOH+ 5.446e-12 1.306e-12 -11.264 -11.884 -0.620 (0)

CdSO4 5.152e-12 5.152e-12 -11.288 -11.288 0.000 (0)

Cd2OH+3 4.187e-14 1.096e-19 -13.378 -18.960 -5.582 (0)



Cd(SO4)2-2 2.760e-14 9.120e-17 -13.559 -16.040 -2.481 (0)

Cd(OH)2 8.086e-17 8.086e-17 -16.092 -16.092 0.000 (0)

Cd(NO3)2 3.595e-17 3.595e-17 -16.444 -16.444 0.000 (0)

Cd(OH)3- 2.023e-22 4.849e-23 -21.694 -22.314 -0.620 (0)

Cd(OH)4-2 2.358e-29 7.791e-32 -28.627 -31.108 -2.481 (0)

CdHS+ 0.000e+00 0.000e+00 -89.847 -90.467 -0.620 (0)

Cd(HS)2 0.000e+00 0.000e+00 -173.962 -173.962 0.000 (0)

Cd(HS)3- 0.000e+00 0.000e+00 -262.141 -262.761 -0.620 (0)

Cd(HS)4-2 0.000e+00 0.000e+00 -348.783 -351.264 -2.481 (0)

CrOHCl2 3.238e-14 3.238e-14 -13.490 -13.490 0.000 (0)

CrO3Cl- 6.855e-22 1.643e-22 -21.164 -21.784 -0.620 (0)

Cr(NH3)6Cl+2 0.000e+00 0.000e+00 -74.235 -76.716 -2.481 (0)

Cr(2) 1.128e-24

Cr+2 1.128e-24 3.726e-27 -23.948 -26.429 -2.481 (0)

Cr(3) 8.170e-07

Cr+3 6.964e-07 1.822e-12 -6.157 -11.739 -5.582 (0)

Cr(OH)+2 1.185e-07 3.914e-10 -6.926 -9.407 -2.481 (0)

Cr(OH)2+ 1.950e-09 4.674e-10 -8.710 -9.330 -0.620 (0)

CrCl+2 1.937e-10 6.398e-13 -9.713 -12.194 -2.481 (0)

Cr(OH)3 1.723e-12 1.723e-12 -11.764 -11.764 0.000 (0)

CrOHSO4 1.219e-13 1.219e-13 -12.914 -12.914 0.000 (0)

CrCl2+ 6.869e-14 1.647e-14 -13.163 -13.783 -0.620 (0)

CrOHCl2 3.238e-14 3.238e-14 -13.490 -13.490 0.000 (0)

CrSO4+ 2.329e-14 5.585e-15 -13.633 -14.253 -0.620 (0)

CrO2- 3.440e-15 8.248e-16 -14.463 -15.084 -0.620 (0)

Cr(OH)4- 2.809e-15 6.735e-16 -14.551 -15.172 -0.620 (0)



CrNO3+2 8.874e-16 2.932e-18 -15.052 -17.533 -2.481 (0)

Cr2(OH)2SO4+2 1.305e-18 4.311e-21 -17.884 -20.365 -2.481 (0)

Cr2(OH)2(SO4)2 3.361e-25 3.361e-25 -24.474 -24.474 0.000 (0)

Cr(NH3)5OH+2 0.000e+00 0.000e+00 -62.321 -64.802 -2.481 (0)

Cr(NH3)6+3 0.000e+00 0.000e+00 -71.669 -77.251 -5.582 (0)

Cr(NH3)6Cl+2 0.000e+00 0.000e+00 -74.235 -76.716 -2.481 (0)

Cr(6) 4.388e-16

HCrO4- 3.917e-16 9.390e-17 -15.407 -16.027 -0.620 (0)

CrO4-2 4.712e-17 2.876e-17 -16.327 -16.541 -0.214 (0)

CrO3Cl- 6.855e-22 1.643e-22 -21.164 -21.784 -0.620 (0)

H2CrO4 7.680e-23 7.680e-23 -22.115 -22.115 0.000 (0)

CrO3SO4-2 1.165e-23 3.850e-26 -22.934 -25.414 -2.481 (0)

Cr2O7-2 9.409e-29 3.109e-31 -28.026 -30.507 -2.481 (0)

Cr(NH3)5OH+2 0.000e+00 0.000e+00 -62.321 -64.802 -2.481 (0)

Cr(NH3)6+3 0.000e+00 0.000e+00 -71.669 -77.251 -5.582 (0)

Cr(NH3)6Cl+2 0.000e+00 0.000e+00 -74.235 -76.716 -2.481 (0)

Pb 3.178e-05

PbCl4-2 1.415e-05 4.675e-08 -4.849 -7.330 -2.481 (0)

PbCl+ 1.202e-05 2.881e-06 -4.920 -5.540 -0.620 (0)

PbCl2 3.491e-06 3.491e-06 -5.457 -5.457 0.000 (0)

PbCl3- 1.573e-06 3.770e-07 -5.803 -6.424 -0.620 (0)

Pb+2 4.904e-07 2.994e-07 -6.309 -6.524 -0.214 (0)

PbOH+ 3.079e-08 7.381e-09 -7.512 -8.132 -0.620 (0)

Pb2OH+3 1.338e-08 3.502e-14 -7.874 -13.456 -5.582 (0)

PbNO3+ 6.797e-10 1.630e-10 -9.168 -9.788 -0.620 (0)

PbSO4 1.924e-10 1.924e-10 -9.716 -9.716 0.000 (0)



Pb(OH)2 2.291e-12 2.291e-12 -11.640 -11.640 0.000 (0)

Pb4(OH)4+4 6.256e-13 7.455e-23 -12.204 -22.128 -9.924 (0)

Pb(SO4)2-2 4.605e-13 1.521e-15 -12.337 -14.818 -2.481 (0)

Pb(NO3)2 1.019e-14 1.019e-14 -13.992 -13.992 0.000 (0)

Pb(OH)3- 9.379e-17 2.249e-17 -16.028 -16.648 -0.620 (0)

Pb3(OH)4+2 9.489e-18 3.135e-20 -17.023 -19.504 -2.481 (0)

Pb(OH)4-2 1.636e-20 5.406e-23 -19.786 -22.267 -2.481 (0)

Pb(HS)2 0.000e+00 0.000e+00 -172.652 -172.652 0.000 (0)

Pb(HS)3- 0.000e+00 0.000e+00 -261.430 -262.051 -0.620 (0)

Sb(3) 9.527e-19

Sb(OH)3 4.781e-19 4.781e-19 -18.320 -18.320 0.000 (0)

HSbO2 4.745e-19 4.745e-19 -18.324 -18.324 0.000 (0)

Sb(OH)2+ 4.968e-23 1.191e-23 -22.304 -22.924 -0.620 (0)

SbO+ 1.741e-23 4.175e-24 -22.759 -23.379 -0.620 (0)

SbO2- 3.177e-24 7.617e-25 -23.498 -24.118 -0.620 (0)

Sb(OH)4- 1.761e-24 4.222e-25 -23.754 -24.374 -0.620 (0)

Sb2S4-2 0.000e+00 0.000e+00 -359.516 -361.997 -2.481 (0)

Sb(5) 1.110e-05

SbO3- 1.110e-05 2.661e-06 -4.955 -5.575 -0.620 (0)

Sb(OH)6- 3.350e-09 2.961e-09 -8.475 -8.529 -0.054 (0)

SbO2+ 3.295e-18 7.899e-19 -17.482 -18.102 -0.620 (0)

Zn 3.574e-04

Zn+2 1.778e-04 1.085e-04 -3.750 -3.964 -0.214 (0)

ZnCl+ 1.282e-04 7.396e-05 -3.892 -4.131 -0.239 (0)

ZnCl2 3.180e-05 3.180e-05 -4.498 -4.498 0.000 (0)

ZnCl3- 1.187e-05 6.852e-06 -4.925 -5.164 -0.239 (0)



ZnCl4-2 6.250e-06 9.294e-07 -5.204 -6.032 -0.828 (0)

ZnOHCl 9.504e-07 9.504e-07 -6.022 -6.022 0.000 (0)

ZnOH+ 4.444e-07 1.065e-07 -6.352 -6.972 -0.620 (0)

ZnNO3+ 4.186e-08 1.004e-08 -7.378 -7.998 -0.620 (0)

ZnSO4 3.116e-08 3.116e-08 -7.506 -7.506 0.000 (0)

Zn(OH)2 1.657e-10 1.657e-10 -9.781 -9.781 0.000 (0)

Zn(SO4)2-2 1.078e-10 3.562e-13 -9.967 -12.448 -2.481 (0)

Zn(NO3)2 7.369e-14 7.369e-14 -13.133 -13.133 0.000 (0)

Zn(OH)3- 3.401e-14 8.154e-15 -13.468 -14.089 -0.620 (0)

Zn(OH)4-2 9.644e-19 3.186e-21 -18.016 -20.497 -2.481 (0)

ZnS(HS)- 0.000e+00 0.000e+00 -171.936 -172.556 -0.620 (0)

Zn(HS)2 0.000e+00 0.000e+00 -172.542 -172.542 0.000 (0)

Zn(HS)3- 0.000e+00 0.000e+00 -259.341 -259.961 -0.620 (0)

ZnS(HS)2-2 0.000e+00 0.000e+00 -261.464 -263.945 -2.481 (0)

Zn(HS)4-2 0.000e+00 0.000e+00 -349.639 -352.120 -2.481 (0)

1.3 Input data from PHREEQC: Precipitation tank

DATABASE C:\phreeqc\database\minteq.v4.dat #Huge database with all heavy metals

SOLUTION 1 #heavy metals speciation in wastewater

temp 25 #assume wastewaters temp is 25

pH 6

pe 7.2 #pe = -log(electron activity), default = 4

density 1 #water density

# Data för våra metaller tagna från 21 april medan för alla andra 10 mars!

units mg/L #All elements we need to discuss in wastewater tank

Ca 1130

Fe 6.92

Ni 0.027



Sb 0.350

As 0.05

Cd 0.164

Cr 0.0547

Pb 0.221

Zn 14

Cl 11000 as Cl-

N(-3) 0.59 as NH4+

S(+6) 12 as SO4-2

N(+5) 25.3 as NO3-

reaction 1

Ca(OH)2

0.0005 moles

End

1.4 Output data from PHREEQC: Precipitation tank

pH = 10.053

Log Log Log mole V

Speciess Molality Activity Molality Activity Gamma cm³/mol

As(3) 6.712e-28

H2AsO3- 5.823e-28 3.376e-28 -27.235 -27.472 -0.237 (0)

H3AsO3 5.756e-29 5.756e-29 -28.240 -28.240 0.000 (0)

HAsO3-2 3.117e-29 3.520e-30 -28.506 -29.453 -0.947 (0)

AsO3-3 2.098e-31 1.552e-33 -30.678 -32.809 -2.131 (0)

H4AsO3+ 4.302e-39 2.494e-39 -38.366 -38.603 -0.237 (0)

As(5) 6.756e-07

HAsO4-2 4.352e-07 4.915e-08 -6.361 -7.308 -0.947 (0)

AsO4-3 2.403e-07 1.777e-09 -6.619 -8.750 -2.131 (0)



H2AsO4- 6.763e-11 3.921e-11 -10.170 -10.407 -0.237 (0)

H3AsO4 5.670e-19 5.959e-19 -18.246 -18.225 0.022 (0)

Cd 1.477e-06

CdOHCl 8.791e-07 8.791e-07 -6.056 -6.056 0.000 (0)

CdCl+ 3.230e-07 1.872e-07 -6.491 -6.728 -0.237 (0)

CdCl2 1.823e-07 1.823e-07 -6.739 -6.739 0.000 (0)

CdCl3- 4.632e-08 2.685e-08 -7.334 -7.571 -0.237 (0)

Cd+2 2.748e-08 8.397e-09 -7.561 -8.076 -0.515 (0)

CdOH+ 1.317e-08 7.634e-09 -7.880 -8.117 -0.237 (0)

Cd(OH)2 5.513e-09 5.513e-09 -8.259 -8.259 0.000 (0)

Cd(OH)3- 6.651e-11 3.855e-11 -10.177 -10.414 -0.237 (0)

CdSO4 4.697e-11 4.697e-11 -10.328 -10.328 0.000 (0)

CdNO3+ 9.953e-12 5.770e-12 -11.002 -11.239 -0.237 (0)

Cd(SO4)2-2 1.338e-13 1.512e-14 -12.873 -13.821 -0.947 (0)

Cd2OH+3 4.344e-14 3.213e-16 -13.362 -15.493 -2.131 (0)

Cd(OH)4-2 6.395e-15 7.223e-16 -14.194 -15.141 -0.947 (0)

Cd(NO3)2 6.284e-16 6.284e-16 -15.202 -15.202 0.000 (0)

CdHS+ 0.000e+00 0.000e+00 -96.504 -96.740 -0.237 (0)

Cd(HS)2 0.000e+00 0.000e+00 -186.209 -186.209 0.000 (0)

Cd(HS)3- 0.000e+00 0.000e+00 -280.745 -280.982 -0.237 (0)

Cd(HS)4-2 0.000e+00 0.000e+00 -374.511 -375.458 -0.947 (0)

Cr(2) 5.354e-34

Cr+2 5.354e-34 6.047e-35 -33.271 -34.218 -0.947 (0)

Cr(3) 1.745e-10

CrO2- 8.975e-11 5.203e-11 -10.047 -10.284 -0.237 (0)

Cr(OH)4- 7.487e-11 4.341e-11 -10.126 -10.362 -0.237 (0)



Cr(OH)3 9.526e-12 9.526e-12 -11.021 -11.021 0.000 (0)

Cr(OH)2+ 3.821e-13 2.215e-13 -12.418 -12.655 -0.237 (0)

Cr(OH)+2 1.408e-16 1.591e-17 -15.851 -16.798 -0.947 (0)

CrOHSO4 9.006e-20 9.006e-20 -19.045 -19.045 0.000 (0)

CrOHCl2 9.751e-22 9.751e-22 -21.011 -21.011 0.000 (0)

Cr+3 8.590e-22 6.352e-24 -21.066 -23.197 -2.131 (0)

CrCl+2 1.700e-23 1.920e-24 -22.770 -23.717 -0.947 (0)

CrSO4+ 6.105e-25 3.539e-25 -24.214 -24.451 -0.237 (0)

CrCl2+ 7.336e-26 4.253e-26 -25.135 -25.371 -0.237 (0)

CrNO3+2 5.342e-28 6.034e-29 -27.272 -28.219 -0.947 (0)

Cr2(OH)2SO4+2 1.146e-33 1.295e-34 -32.941 -33.888 -0.947 (0)

Cr2(OH)2(SO4)2 1.835e-37 1.835e-37 -36.736 -36.736 0.000 (0)

Cr(NH3)5OH+2 0.000e+00 0.000e+00 -103.533 -104.480 -0.947 (0)

Cr(NH3)6+3 0.000e+00 0.000e+00 -125.322 -127.453 -2.131 (0)

Cr(NH3)6Cl+2 0.000e+00 0.000e+00 -126.036 -126.983 -0.947 (0)

Cr(6) 1.065e-06

CrO4-2 1.065e-06 3.253e-07 -5.973 -6.488 -0.515 (0)

HCrO4- 1.588e-10 9.206e-11 -9.799 -10.036 -0.237 (0)

Cr2O7-2 2.617e-18 2.956e-19 -17.582 -18.529 -0.947 (0)

CrO3Cl- 2.052e-20 1.189e-20 -19.688 -19.925 -0.237 (0)

H2CrO4 6.526e-21 6.526e-21 -20.185 -20.185 0.000 (0)

CrO3SO4-2 5.211e-22 5.886e-23 -21.283 -22.230 -0.947 (0)

Pb 1.080e-06

Pb(OH)2 6.242e-07 6.242e-07 -6.205 -6.205 0.000 (0)

PbOH+ 2.975e-07 1.724e-07 -6.527 -6.763 -0.237 (0)

Pb(OH)3- 1.232e-07 7.144e-08 -6.909 -7.146 -0.237 (0)



Pb(OH)4-2 1.773e-08 2.003e-09 -7.751 -8.698 -0.947 (0)

PbCl+ 8.572e-09 4.969e-09 -8.067 -8.304 -0.237 (0)

PbCl2 5.183e-09 5.183e-09 -8.285 -8.285 0.000 (0)

Pb+2 1.963e-09 5.998e-10 -8.707 -9.222 -0.515 (0)

PbCl3- 8.311e-10 4.818e-10 -9.080 -9.317 -0.237 (0)

PbCl4-2 4.553e-10 5.142e-11 -9.342 -10.289 -0.947 (0)

Pb3(OH)4+2 4.128e-11 4.663e-12 -10.384 -11.331 -0.947 (0)

PbSO4 7.009e-12 7.009e-12 -11.154 -11.154 0.000 (0)

PbNO3+ 3.326e-12 1.928e-12 -11.478 -11.715 -0.237 (0)

Pb2OH+3 2.217e-13 1.639e-15 -12.654 -14.785 -2.131 (0)

Pb4(OH)4+4 1.365e-13 2.221e-17 -12.865 -16.653 -3.789 (0)

Pb(SO4)2-2 8.922e-15 1.008e-15 -14.050 -14.997 -0.947 (0)

Pb(NO3)2 7.115e-16 7.115e-16 -15.148 -15.148 0.000 (0)

Pb(HS)2 0.000e+00 0.000e+00 -187.297 -187.297 0.000 (0)

Pb(HS)3- 0.000e+00 0.000e+00 -282.433 -282.670 -0.237 (0)

Sb(3) 8.686e-24

Sb(OH)3 4.277e-24 4.277e-24 -23.369 -23.369 0.000 (0)

HSbO2 4.199e-24 4.199e-24 -23.377 -23.377 0.000 (0)

SbO2- 1.341e-25 7.776e-26 -24.872 -25.109 -0.237 (0)

Sb(OH)4- 7.597e-26 4.404e-26 -25.119 -25.356 -0.237 (0)

Sb(OH)2+ 1.576e-32 9.136e-33 -31.802 -32.039 -0.237 (0)

SbO+ 5.465e-33 3.168e-33 -32.262 -32.499 -0.237 (0)

Sb2S4-2 0.000e+00 0.000e+00 -403.193 -404.141 -0.947 (0)

Sb(5) 2.910e-06

SbO3- 2.908e-06 1.686e-06 -5.536 -5.773 -0.237 (0)

Sb(OH)6- 2.606e-09 1.937e-09 -8.584 -8.713 -0.129 (0)



SbO2+ 6.416e-27 3.720e-27 -26.193 -26.430 -0.237 (0)

Zn 2.167e-04

Zn(OH)2 8.492e-05 8.492e-05 -4.071 -4.071 0.000 (0)

Zn(OH)3- 8.404e-05 4.872e-05 -4.076 -4.312 -0.237 (0)

ZnOHCl 3.595e-05 3.595e-05 -4.444 -4.444 0.000 (0)

ZnOH+ 8.075e-06 4.681e-06 -5.093 -5.330 -0.237 (0)

Zn(OH)4-2 1.966e-06 2.220e-07 -5.707 -6.654 -0.947 (0)

Zn+2 1.339e-06 4.090e-07 -5.873 -6.388 -0.515 (0)

ZnCl+ 3.366e-07 2.399e-07 -6.473 -6.620 -0.147 (0)

ZnCl2 8.877e-08 8.877e-08 -7.052 -7.052 0.000 (0)

ZnCl3- 2.310e-08 1.646e-08 -7.636 -7.783 -0.147 (0)

ZnCl4-2 6.625e-09 1.922e-09 -8.179 -8.716 -0.537 (0)

ZnSO4 2.135e-09 2.135e-09 -8.671 -8.671 0.000 (0)

ZnNO3+ 3.851e-10 2.232e-10 -9.414 -9.651 -0.237 (0)

Zn(SO4)2-2 3.928e-12 4.437e-13 -11.406 -12.353 -0.947 (0)

Zn(NO3)2 9.680e-15 9.680e-15 -14.014 -14.014 0.000 (0)

ZnS(HS)- 0.000e+00 0.000e+00 -182.628 -182.865 -0.237 (0)

Zn(HS)2 0.000e+00 0.000e+00 -186.913 -186.913 0.000 (0)

ZnS(HS)2-2 0.000e+00 0.000e+00 -279.281 -280.228 -0.947 (0)

Zn(HS)3- 0.000e+00 0.000e+00 -280.069 -280.306 -0.237 (0)

Zn(HS)4-2 0.000e+00 0.000e+00 -377.491 -378.439 -0.947 (0)

2 Adsorption simulation with PHREEQC

For adsorption ferric oxides (PHREEQC only uses this surface and not fly ash or calcium) is used as the
surface where ions “sits” on the surface with different bindings for example Van der Waal bonding or
covalent bonding. From the table below one can see that it says Hfo (which is the surface) and Hfo_s is one of
the binding site which is the stronger binding site. Hfo_w is the other binding site which is the weaker one.



This means that the value for Hfo_s says which compound is strongly attracted to the surface and vice versa
for the Hfo_w (Parkhurst & Appelo, 1999).

2.1 Neutralisation for chromium with PHREEQC Surface complexation reaction: pH from 0 to 6

Hfo_s

5.000e-06 moles

Mole Log

Speciess Moles Fraction Molality Molality

Hfo_sOHCa+2 4.691e-06 0.938 4.584e-06 -5.339

Hfo_sOCrOH+ 2.643e-07 0.053 2.582e-07 -6.588

Hfo_sOH2+ 2.584e-08 0.005 2.525e-08 -7.598

Hfo_sOH 1.800e-08 0.004 1.759e-08 -7.755

Hfo_sONi+ 3.953e-10 0.000 3.863e-10 -9.413

Hfo_sO- 2.873e-10 0.000 2.808e-10 -9.552

Hfo_sOHSO4-2 2.107e-11 0.000 2.059e-11 -10.686

Hfo_sSO4- 1.541e-11 0.000 1.506e-11 -10.822

Hfo_sOHCrO4-2 8.973e-19 0.000 8.767e-19 -18.057

Hfo_sCrO4- 5.986e-19 0.000 5.849e-19 -18.233

From the table above one can see that 5.3 % of chromium adsorbs into the ferric oxide surface. According to
PHREEQC 5.3 % of the input concentration of chromium is removed which can be obtained by division of
our input concentration (in milligram per liter) with the molecule weight (it’s also assumed that the solution is
1 liter!): = 6.2171*10-7 [M]. This means that 0.053*6.2171*10-7 = 3.2905*10-8 [M] is adsorbed in the
neutralisation step.

2.2 Neutralisation for lead with PHREEQC Surface complexation reaction: pH from 0 to 6

Hfo_s

5.000e-06 moles

Mole Log



Speciess Moles Fraction Molality Molality

Hfo_sOPb+ 3.855e-06 0.771 3.767e-06 -5.424

Hfo_sOHCa+2 1.133e-06 0.227 1.107e-06 -5.956

Hfo_sOH2+ 7.651e-09 0.002 7.476e-09 -8.126

Hfo_sOH 4.719e-09 0.001 4.611e-09 -8.336

Hfo_sONi+ 8.469e-11 0.000 8.275e-11 -10.082

Hfo_sO- 6.667e-11 0.000 6.515e-11 -10.186

Hfo_sOHSO4-2 5.992e-12 0.000 5.855e-12 -11.232

Hfo_sSO4- 4.951e-12 0.000 4.838e-12 -11.315

Hfo_w

2.000e-04 moles

Mole Log

Speciess Moles Fraction Molality Molality

Hfo_wOH2+ 1.193e-04 0.597 1.166e-04 -3.933

Hfo_wOH 7.358e-05 0.368 7.190e-05 -4.143

Hfo_wOCa+ 3.215e-06 0.016 3.142e-06 -5.503

Hfo_wOPb+ 2.685e-06 0.013 2.624e-06 -5.581

Hfo_wO- 1.040e-06 0.005 1.016e-06 -5.993

Hfo_wOHSO4-2 9.345e-08 0.000 9.131e-08 -7.039

Hfo_wSO4- 7.721e-08 0.000 7.544e-08 -7.122

Hfo_wONi+ 1.782e-09 0.000 1.741e-09 -8.759

In this case another table with the weak attracted ions is attached however it will not affect the calculations
since it is a very low mole fraction of lead (1.3 %) and it is also weakly attracted. 77.1% lead adsorbs and the
same calculations are made just as they were made for chromium (look page 1): Input concentration of lead =
3.20946*10-5 which means that 0.771 * 3.20946*10-5 = 2.4745*10-5 of lead is adsorbed in the neutralisation
step.



2.3 Neutralisation for zinc with PHREEQC Surface complexation reaction: pH from 0 to 6

Hfo_s

5.000e-06 moles

Mole Log

Speciess Moles Fraction Molality Molality

Hfo_sOHCa+2 3.559e-06 0.712 3.478e-06 -5.459

Hfo_sOZn+ 1.408e-06 0.282 1.376e-06 -5.861

Hfo_sOH2+ 1.817e-08 0.004 1.775e-08 -7.751

Hfo_sOH 1.349e-08 0.003 1.318e-08 -7.880

Hfo_sONi+ 3.198e-10 0.000 3.125e-10 -9.505

Hfo_sO- 2.296e-10 0.000 2.243e-10 -9.649

Hfo_sOHSO4-2 1.559e-11 0.000 1.524e-11 -10.817

Hfo_sSO4- 1.070e-11 0.000 1.045e-11 -10.981

Hfo_w

2.000e-04 moles

Mole Log

Speciess Moles Fraction Molality Molality

Hfo_wOH2+ 1.063e-04 0.532 1.039e-04 -3.983

Hfo_wOH 7.897e-05 0.395 7.717e-05 -4.113

Hfo_wOZn+ 8.632e-06 0.043 8.435e-06 -5.074

Hfo_wOCa+ 4.566e-06 0.023 4.462e-06 -5.351

Hfo_wO- 1.344e-06 0.007 1.313e-06 -5.882

Hfo_wOHSO4-2 9.126e-08 0.000 8.917e-08 -7.050

Hfo_wSO4- 6.262e-08 0.000 6.119e-08 -7.213



Hfo_wONi+ 2.525e-09 0.000 2.467e-09 -8.608

As for earlier example the Hfo_w for zinc will not be included because of the weak binding. Also it is
assumed that the solution is 1 liter and so on. 28.2% zinc adsorbs and the same calculations are made just as
they were made for chromium (look page 1): Input concentration of zinc = 0.00036097 which means that
0.282 * 0.00036097 = 1.018*10-4 of zinc is adsorbed in the neutralisation step.

2.4 Precipitation for cadmium with PHREEQC Surface complexation reaction: pH from 6 to 10.00

Hfo_s

5.000e-06 moles

Mole Log

Speciess Moles Fraction Molality Molality

Hfo_sOHCa+2 2.602e-06 0.520 2.602e-06 -5.585

Hfo_sO- 1.060e-06 0.212 1.060e-06 -5.975

Hfo_sOCd+ 9.198e-07 0.184 9.198e-07 -6.036

Hfo_sONi+ 3.887e-07 0.078 3.887e-07 -6.410

Hfo_sOH 2.957e-08 0.006 2.957e-08 -7.529

Hfo_sOHSO4-2 4.067e-11 0.000 4.067e-11 -10.391

Hfo_sOH2+ 1.890e-11 0.000 1.890e-11 -10.723

Hfo_sSO4- 1.311e-14 0.000 1.311e-14 -13.883

18.4 % cadmium adsorbs in the precipitation step according to PHREEQC and following calculations are
made: input concentration of cadmium: 1.4589 * 10-6 which means that 18.4 % of this adsorbs = 0.184 *
1.4589 * 10-6= 2.6844 * 10-7 .

2.5 Precipitation for lead with PHREEQC Surface complexation reaction: pH from 6 to 10.00

Hfo_s

5.000e-06 moles

Mole Log

Speciess Moles Fraction Molality Molality

Hfo_sOHCa+2 2.494e-06 0.499 2.494e-06 -5.603



Hfo_sOPb+ 1.075e-06 0.215 1.075e-06 -5.969

Hfo_sO- 1.016e-06 0.203 1.016e-06 -5.993

Hfo_sONi+ 3.860e-07 0.077 3.860e-07 -6.413

Hfo_sOH 2.833e-08 0.006 2.833e-08 -7.548

Hfo_sOHSO4-2 3.895e-11 0.000 3.895e-11 -10.410

Hfo_sOH2+ 1.810e-11 0.000 1.810e-11 -10.742

Hfo_sSO4- 1.254e-14 0.000 1.254e-14 -13.902

21.5 % lead adsorbs in the precipitation step according to PHREEQC and following calculations are made:
input concentration of zinc: 1.067 * 10-6 which means that 21.5 % of this adsorbs = 0.215 * 1.067 * 10-6 =
2.2932 * 10-7 .

2.6 Precipitation for zinc with PHREEQC Surface complexation reaction: pH from 6 to 10.00

Hfo_s

5.000e-06 moles

Mole Log

Speciess Moles Fraction Molality Molality

Hfo_sOZn+ 4.925e-06 0.985 4.925e-06 -5.308

Hfo_sONi+ 3.054e-08 0.006 3.054e-08 -7.515

Hfo_sOHCa+2 2.662e-08 0.005 2.662e-08 -7.575

Hfo_sO- 1.697e-08 0.003 1.697e-08 -7.770

Hfo_sOH 3.973e-10 0.000 3.973e-10 -9.401

Hfo_sOHSO4-2 7.208e-13 0.000 7.208e-13 -12.142

Hfo_sOH2+ 2.131e-13 0.000 2.131e-13 -12.671

Hfo_sSO4- 1.949e-16 0.000 1.949e-16 -15.710

Hfo_w

2.000e-04 moles

Mole Log



Speciess Moles Fraction Molality Molality

Hfo_wO- 9.121e-05 0.456 9.121e-05 -4.040

Hfo_wOCa+ 7.871e-05 0.394 7.871e-05 -4.104

Hfo_wOZn+ 2.772e-05 0.139 2.772e-05 -4.557

Hfo_wOH 2.135e-06 0.011 2.135e-06 -5.671

Hfo_wONi+ 2.214e-07 0.001 2.214e-07 -6.655

Hfo_wOHSO4-2 3.874e-09 0.000 3.874e-09 -8.412

Hfo_wOH2+ 1.145e-09 0.000 1.145e-09 -8.941

Hfo_wSO4- 1.047e-12 0.000 1.047e-12 -11.980

3 Speciation and removal rate for the heavy metals

3.1 Chromium

Chromium speciation for soluble complexes. Adsorption for CrOH2+ is included in the table (subtracting
adsorption values from Medusa values)



Table 1 simulated Cr with Medusa to show how Chromium Speciation changes during the pH 0 to 10 (k =
component, [C] = concentration in [µM])

Cr3+ 0.836
[µM]

0.832
[µM]

0.794
[µM]

0.631
[µM]

0.224
[µM]

0.008
51
[µM]

0 0 0 0 0

HCrO4- 0 0 0 0 0 0.331
[µM]

0.631
[µM]

0.209
[µM]

0.025
1
[µM]

0.002
82
[µM]

0

CrOH2+ 0 0.002
09
[µM]

0.025
1
[µM]

0.17
[µM]

0.537
[µM]

0.155
[µM]

0 0 0 0 0

Cr(OH)
2+

0 0 0 0 0 0 0 0 0 0 0

CrO42- 0 0 0 0 0 0.012
3
[µM]

0.170
[µM]

0.603
[µM]

0.794
[µM]

0.832
[µM]

0.836
[µM]

Total
[C]

0.836
[µM]

0.834
[µM]

0.819
[µM]

0.801
[µM]

0.761
[µM]

0.506
[µM]

0.801
[µM]

0.812
[µM]

0.819
[µM]

0.835
[µM]

0.836
[µM]

pH 0 1 2 3 4 5 6 7 8 9 10

Eh[V] 1-0.57

T [C] 25

Calculations A:

Neutralisation: Total concentration of Cr in the input stream was 8.4*10-7 [M].

Total concentration of [CrOH2+] = 7*10-7 [M].

[CrOH2+]adsorb = 7*10-7*0.053 = 3.71*10-8 [M] were removed via adsorption in the neutralisation tank.

Total concentration of chromium after neutralisation: [Cr] = 8.029*10-8 [M]

Precipitation: pH = 7: [Cr2O3]pH=7= 10-6.38 = 4.169*10-7 [M].

Total amount of Cr removal during the treatment: [Cr]removal = [CrOH2+]adsorb + [Cr2O3]pH=7 = 3.71*10-8 +
4.169*10-7 = 4.54*10-7 [M]

Removal rate: = 54.04 %



Figure 1. Neutralisation step for Chromium.

Figure 2. Precipitation step where FeSO4 have been added to the solution



Figure 3. Ehplotted against pH for Chromium

3.2 Cadmium

Table 2. Cadmium speciation as function of pH from 0 to 10 with addition of Ca(OH)2 to the solution. FeSO4
were also added to the solution between pH 6 to 10. (k = component, [C] = concentration in [µM]

k/[C] E-6M

CdCl+ 1.064 1.064 1.064 1.064 1.064 1.064 1.064 1.064 1.028 0.925 0.395

CdCl2 1.365 1.365 1.365 1.365 1.365 1.365 1.365 1.365 1.365 1.183 0.525

CdCl3- 0.061 0.055 0.029 0.005 0 0 0 0 0 0 0

Cd2+ 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.029 0.014

CdClOH 0 0 0 0 0 0 0 0.004 0.044 0.395 1.6255

Cd(OH)2 0 0 0 0 0 0 0 0 0 0 0.0057

Cd(OH)2(
S)

0 0 0 0 0 0 0 0 0 0 0

pH 0 1 2 3 4 5 6 7 8 9 10

Figure 4 Eh-pH diagram for Chromium
(Palmer & Wittbrodt, 1991).



Eh[V] 1 - 0.5

T [C] 25

Table 3. Cadmium solid hydroxide concentration as function of pH at basic conditions. (k = component, [C] =
concentration in [µM])

k/[C] 0.0748 1.963 2.2 1.4 0

Cd(OH)2(
s)

11 11.5 12 13 13.5 14

Calculations B:

Removal rate: = 83 %

Figure 5. Neutralisation step for Cadmium



Figure 6. Precipitation step where FeSO4 have been added to the solution

Figure 7. Ehplotted against pH for Cadmium



Figure 8. Eh-pH diagram for Cadmium (Takeno, 2005).

3.3 Lead

Lead speciation for soluble complexes. Adsorption for Pb2+ is included in the table (subtracting adsorption
values from Medusa values)

Table 4. Simulated Pb with Medusa to show how Lead speciation changes from pH 0 to 10 (k = component,
[C] = concentration in [µM])

Pb2+ 0 0 0 0 0 0.994
[µM]

0.994
[µM]

0.994
[µM]

0.994
[µM]

0.297
[µM]

0

Pb(NO2

)2
0 0 0.038

9
[µM]

2.63
[µM]

21.38
[µM]

0.011
7
[µM]

0 0 0 0 0

Pb(NO2

)3-
31.6
[µM]

31.6
[µM]

30.90
3
[µM]

28.18
[µM]

2.239
[µM]

0 0 0 0 0 0



PbNO3+ 0 0 0 0 0.001
02
[µM]

0.009
3
[µM]

0.009
3
[µM]

0.008
71
[µM]

0.008
71
[µM]

0.003
55
[µM]

0

PbCl+ 0 0 0 0 3.715
[µM]

15.49
[µM]

15.49
[µM]

15.49
[µM]

13.80
4
[µM]

6.918
[µM]

0.021
9
[µM]

PbCl2 0 0 0 0 2.512
[µM]

10.72
[µM]

10.72
[µM]

10.23
[µM]

8.71
[µM]

4.169
[µM]

0.013
2
[µM]

PbCl3- 0 0 0 0 0.617
[µM]

2.63
[µM]

2.399
[µM]

2.399
[µM]

2.399
[µM]

1
[µM]

0.003
98
[µM]

PbSO4 0 0 0 0 0.012
9
[µM]

0.076
[µM]

0.076
[µM]

0.076
[µM]

0.007
41
[µM]

0.002
45
[µM]

0

PbOH+ 0 0 0 0 0 0.003
[µM]

0.026
3
[µM]

0.263
[µM]

2.519
[µM]

12.88
2
[µM]

0.457
[µM]

Pb(OH)
3-

0 0 0 0 0 0 0 0 0 0.053
7
[µM]

0.174
[µM]

Pb3(OH
)42+

0 0 0 0 0 0 0 0 0 0.029
5
[µM]

0.002
[µM]

Total
[C]

31.6
[µM]

31.6
[µM]

30.94
2
[µM]

30.81
[µM]

30.47
7
[µM]

29.93
4
[µM]

29.71
4
[µM]

29.46
1
[µM]

28.44
2
[µM]

25.35
3
[µM]

0.672
[µM]

pH 0 1 2 3 4 5 6 7 8 9 10

Eh[V] 1 – 0.259

T [C] 25

Calculations C:

Neutralisation: Total concentration of Pb in the input stream was 3.210*10-5 [M].

Total concentration of [Pb2+] = 1.549*10-6 [M].



[Pb2+]adsorb1 = 1.549*10-6*0.229 = 3.547*10-7 [M] were removed via adsorption in the neutralisation tank.

Total concentration of lead after neutralisation: [Pb] = 3.175*10-5 [M]

Precipitation: pH = 10: [Pb2O3]pH=10= 10-4.81 = 1.549*10-5 [M].

[Pb2+]adsorb2 = 3.547*10-7*0.785 = 2.784*10-7 [M] were removed via adsorption in the precipitation tank.

Total amount of Pb removal during the treatment: [Pb]removal = [Pb2+]adsorb1 + [Pb2O3]pH=10+ [Pb2+]adsorb2 =
3.547*10-7 + 1.549*10-5 + 2.784*10-7 = 1.612*10-5 [M].

Removal rate: = 50.23 %

Figure 9. Neutralisation step for lead



Figure 10. Precipitation step where FeSO4 have been added to the solution



Figure 11. Ehplotted against pH for Lead

Figure 12. Eh-pH diagram for Lead (Takeno, 2005).

3.4 Zinc



Table 5. Zinc speciation as function of pH from 0 to 10 with addition of Ca(OH)2. FeSO4 were also added to
the solution between pH 6 to 10 (k = component, [C] = concentration in [µM]

k/[C] E-6M

Zn2+ 177.8 161.5 152.9 144.6 128 128 102.8 80.7 11.22 0.296 0.001

ZnCl+ 137.4 137.4 137.4 132.7 132.7 132.7 132.7 111.2 9.078 0.239 0.003

ZnCl2 44.46 44.46 44.46 44.46 42.85 42.85 41.4 36.31 2.931 0.069 0

Zn(OH)
+

0 0 0 0.005 0.052 0.538 5.152 46.03 38.55 73.97 0.948

Zn(OH)
2(s)

0 0 0 0 0 0 0 0 0 0 35.65

pH 0 1 2 3 4 5 6 7 8 9 10

Eh[V] 1 - 0.5

T [C] 25

Table 6. Zinc containing solid compounds speciation as function of pH

k/[C] E-6M

Zn(OH)2 (s) 0 0 136.8 263.6 274.2

ZnFe2O4 (s) 0 25.12 25.12 25.12 25.12

pH 6 7 8 9 10

Eh[V] 1 - 0.5

T [C] 25

Calculations D:

Neutralisation: Total concentration of Zn in the input stream was 3.7e-4 [M].

Total concentration of [Zn2+] = 1.778e-4 [M].

[Zn2+] = 1.778e-4 * 0.718 = 1.277e-4 [M] were left after the neutralisation tank.

[Zn2+] = 1.778e-4 * 0.282 = 0.5e-4 [M] were removed via absorption in the neutralisation tank.

Total zinc concentration left in the neutralisation, [Zn] = 3.2e-4 [M].

Total amount of Zn removal during the treatment: 0.5e-4 + 0.25e-4 + 2.74e-5 = 3.49e-4 [M]



Removal rate: = 94.32 %

Figure
Figure 13. Neutralisation step for zinc

Figure 14. Precipitation step where FeSO4 have been added to the solution



Figure 15. Ehplotted against pH for zinc

Figure 16. Eh-pH diagram for zinc (Galván & Valdivieso,
2009).



3.5 Arsenic
Arsenic speciation for soluble complexes.

Table 7. Simulated As with Medusa to show how Arsenic speciation changes from pH 0 to 10 (k = component,
[C] = concentration in [µM])

H3AsO3 0.324
[µM]

0.324
[µM]

0.009
12
[µM]

0 0 0 0 0 0 0 0

H4AsO3
+

0.158
[µM]

0.018
6
[µM]

0 0 0 0 0 0 0 0 0

H3AsO4 0.001
0
[µM]

0.117
[µM]

0.309
[µM]

0.072
4
[µM]

0.007
08
[µM]

0.001
[µM]

0 0 0 0 0

H2AsO4
-

0 0.018
6
[µM]

0.148
[µM]

0.437
[µM]

0.437
[µM]

0.437
[µM]

0.389
[µM]

0.229
[µM]

0.036
3

0.004
17
[µM]

0

HAsO42

-
0 0 0 0 0 0.004

37
[µM]

0.041
7
[µM]

0.229
[µM]

0.437
[µM]

0.479
[µM]

0.479
[µM]

AsO43- 0 0 0 0 0 0 0 0 0 0 0.005
01
[µM]

Total
[C]

0.483
[µM]

0.478
[µM]

0.466
[µM]

0.444
[µM]

0.444
[µM]

0.442
[µM]

0.431
[µM]

0.458
[µM]

0.473
[µM]

0.483
[µM]

0.484
[µM]

pH 0 1 2 3 4 5 6 7 8 9 10

Eh[V] 0.324-(-0.524)

T [C] 25



Figure 17. Neutralisation step for Arsenic

Figure 18. Precipitation step where FeSO4 have been added to the solution



Figure 19. Ehplotted against pH for Arsenic

Figure 20. Eh-pH diagram for Arsenic (Shafer, Overdier & Kerr, 2007).



3.6 Antimony

Table 8. Antimony speciation as function of pH from 0 to 10 with addition of Ca(OH)2. FeSO4 were also added
to the solution from pH 6 to 10 (k = component, [C] = concentration in [µM]).

k/[C] E-6M

Sb(OH)2+ 11.21 4.446 0 0 0 0 0 0 0 0 0

Sb(OH)3 0.16 0.016 0.002 0 0 0 0 0 0 0 0

Sb(OH)6- 0 0 0 0 0.027 2.82 11.13 11.13 11.13 11.13 11.13

Sb2O4 (s) 0 5.534 5.534 5.534 5.534 4.083 0 0 0 0 0

pH 0 1 2 3 4 5 6 7 8 9 10

Eh[V] 1 - 0.58

T [C] 25

Calculations E:

Removal rate: = 48.71 %

Figure 21. Neutralisation step for Antimony



Figure 22. Precipitation step where FeSO4 have been added to the solution

Figure 23. Ehplotted against pH for Antimony



Figure 24. Eh-pH diagram for Antimony (Awe, 2008).



4 Measurement data and total concentration data

Table 9. Data set 1 given from Vattenfall
Sampling 24/3 09.50-12.00
ELEMENT SAMPLE 2-4 2-8 2-9 2-10 2-11
Fe µg/l 12190 <30 <30 <30 <30
As µg/l 300 300 300 300 300
Cd µg/l 400 332 <30 <30 <30
Cr µg/l 38 22 30 30 30
Ni µg/l 119 168 16,5 <30 <30
Pb µg/l 7510 219 300 300 300
Zn µg/l 29800 11900 111 109 110
Sb µg/l 1760 836 649 586 586
pH << 1 5,9 10,1 10,12 10,9
kond. mS/cm 102,7 26,3 25,5 24,1 24,4
Flöde m^3/h 10,05

Table 10. Data set 2 given from Vattenfall
Sampling 7/4 08.45-10.00
ELEMENT SAMPLE 2-4 2-8 2-9 2-10 2-11 2-2(1) 2-2(2)
Fe µg/l 2330 14,4 0 0 0 156000 1460
As µg/l 43,1 0 0 0 0 175 0
Cd µg/l 257 208 0 0 0 241 224
Cr µg/l 28,8 23,6 0 0 0 283 43,3
Ni µg/l 51,7 186 29,9 35,6 29,3 426 77,7
Pb µg/l 4040 301 51 42,1 19,1 11300 234
Zn µg/l 16300 11700 247 322 358 23000 13900
Sb µg/l 788 347 280 285 295 1860 6,16
pH <<1 7,1 10,3 10,1 10,1 6,1 6
kond. mS/cm 107,9 28,5 29 29,2 29,4 3,97 3,96
Flöde m^3/h 12,21

Table 11. Data set 3 given from Vattenfall
Sampling 21/4 08.50:10.10
ELEMENT SAMPLE 2-4 2-8 2-9 2-10 2-11
Fe µg/l 2420 <5 <5 <5 <5
As µg/l 36,1 50 50 50 50
Cd µg/l 304 164 5 5 5
Cr µg/l 42,9 54,7 24 23,3 21,9
Pb µg/l 6650 221 13,6 8,9 29,3
Zn µg/l 23600 14000 240 238 11,3
Sb µg/l 1365 350 286 287 222



pH 0 6,2 9,9 10,1 293
kond. mS/cm 137 54,2 52,6 55 10,1
Flöde 9,77 52,7

Table 12. Data set 4 given from Vattenfall
Sampling 10/2 09.30-11.00
ELEMENT SAMPLE 2-1A 2-2A 2-3A 2-4A 2-5A 2-6A 2-7A
Ca mg/l 87,7 599 7 1210 10400 9960 9940
Fe mg/l 4,23 0,816 0,348 56,8 0,109 <0.01 0,0148
K mg/l 80,6 37,1 8,03 59,8 66,9 64,1 64,3
Mg mg/l 27,8 162 1,67 210 5,09 5,11 5,38
Na mg/l 396 195 921 319 335 325 337
Al µg/l 351 1130 188 56400 319 193 205
As µg/l 61,8 <0.5 1,83 80,4 <20 <20 <20
Ba µg/l 482 88,5 29,5 386 639 583 596
Cd µg/l 529 231 37,7 715 1,25 1,13 1,14
Co µg/l 3,99 36,7 0,299 55,2 <0.2 <0.2 <0.2
Cr µg/l 37,5 1,61 2,26 254 8,3 7,54 8,16
Cu µg/l 6610 522 256 5930 3,64 1,17 <1
Hg µg/l 1860 23,7 61,5 1520 1,2 0,749 0,502
Mn µg/l 145 11500 23,2 29900 27,4 11,7 16,5
Ni µg/l 29,8 78,2 2,02 330 1,19 0,94 1,94
Pb µg/l 16400 424 991 14900 19 8,87 2,31
Zn µg/l 75500 21400 4360 79400 53,1 29,4 33,2
Mo µg/l 28,5 9,91 1,51 43,9 11,1 10,9 11,8
V µg/l 6,33 1,97 0,617 96,5 3,36 2,24 2,35
Sb µg/l 2570 15,5 105 2030 257 244 244
Tl µg/l 3,98 4,53 0,239 5,63 2,65 2,52 2,33
klorid mg/l 34400 248 33,2 18600 18400 17300 18000
sulfat mg/l 6,05 2090 1730 41,6 775 774 738
ammonium mg/l 1,97 0,558 0,051 1,3 1,13 1,07 1,01
nitrat mg/l 25,7 76 17,1 48,7 37,9 38,6 39,5
pH 0,1 6,03 4,56 0,42 8,42 8,49 8,03
kond. mS/cm 334 3,42 3,99 185,6 44,2 43,1 42,7
Flöde m^3/h 4,3 3,08 7,38

Table 13. Data set 5 given from Vattenfall
Sampling 10/3 09.30-11.00
ELEMENT SAMPLE 2-1 A 2-2 A1 2-2 A2 2-3 A 2-4 A 2-6 A 2-7 A
Ca mg/l 10 16900 734 0,882 1130 7130 7540
Fe mg/l 4,69 403 0,361 0,0828 6,92 0,0158 0,0259
K mg/l 130 176 44,1 1,97 64,8 66,8 70,5
Mg mg/l 0,729 372 42,8 <0.1 30,2 45,4 46,7



Na mg/l 199 91,2 77,4 31,5 112 114 118
Al µg/l 536 327000 307 36,6 5820 443 372
As µg/l 99,9 349 <0.5 0,713 39,8 <20 <20
Ba µg/l 795 2010 97,4 11,5 343 472 510
Cd µg/l 922 650 86 12,1 348 0,632 0,7
Co µg/l 5,37 158 <0.2 <0.2 4,93 <0.2 <0.2
Cr µg/l 59,8 661 72,8 <0.9 62,1 35 35,7
Cu µg/l 9320 12200 47,5 65,7 3220 12,4 8,54
Hg µg/l 977 982 454 1,5 606 0,614 0,241
Mn µg/l 185 30600 20 3,92 2200 19,3 15,9
Ni µg/l 32,1 449 8,39 <0.6 27 <0.6 0,989
Pb µg/l 25300 36600 38,4 64 9020 8,59 3,67
Zn µg/l 94500 78000 6240 1180 35500 37,4 34,3
Mo µg/l 42,8 159 14,9 0,602 25,7 8,9 10,2
V µg/l 9,1 738 0,941 <0.2 13,3 3,49 2,51
Sb µg/l 3110 3440 16,6 42,2 1170 355 365
Tl µg/l 4,73 9,39 <0.1 <0.1 1,72 0,183 0,359
klorid mg/l 28800 240 223 9,58 11100 11500 6640
sulfat mg/l <12.0 1500 1400 50,2 <12.0 400 99,9
ammonium mg/l 0,94 <0.050 <0.050 <0.050 0,59 0,46 0,536
nitrat mg/l 12,1 106 98,4 <2.00 25,3 27,8 16,9
pH << 1 7,01 6,97 5,57 << 1 8,29 8
kond. mS/cm 337 3,08 3,32 0,201 127,7 31 32,4
Flöde m^3/h 3,44 3,45 4,21 10,21

Figure 25. the total concentration graph for Cadmium. The red numbers are the one which are used for
plotting.



Figure 26. the total concentration graph for Zinc. The two last rows are used for plotting total concentration
to corresponding pH.

Figure 27. the total concentration graph for Antimony. The two last rows are used for plotting total
concentration to corresponding pH.



Figure 28. the total concentration graph for Chromium. Total concentration is plotted against pH.

Figure 29. the total concentration graph for Lead. Total concentration is plotted against pH.



Figure 30. the total concentration graph for Arsenic. Total concentration is plotted against pH.
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