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Abstract 
The removal of lignin in a Kraft pulp mill, with the aim to utilize the lignin as more value added green 
product than just firing lignin in black liquor, is possible with a LignoBoost plant. The LignoBoost 
plant uses sulfuric acid in the process and this results in an increased net input of sulfur to the pulp 
mills recovery cycle. The sodium/sulfur balance in a Kraft pulp mill is an important factor to be able 
to run a mill optimal. The increased input of sulfur into the mill when implementing a LignoBoost 
plant is therefore an issue to address.  

A too high sulfur/sodium ratio in the Kraft pulp mill is often solved by purging electrostatic 
precipitator dust from the recovery boiler. The major component of the ESP dust is sodium sulfate. 
When purging ESP dust from the recovery boiler the mill loose sodium and the need of sodium make-
up increases. A large extent of the ESP dust that is not purged is returned to the recovery cycle of the 
mill via the evaporation plant. If the recycled sodium sulfate could be split and returned to the 
recovery cycle as one controlled sodium- and one controlled sulfur component or at least split into 
two flows where sulfur is enriched in one flow and sodium in the other flow, the sodium/sulfur 
balance would be easier controlled. 

During this master thesis the split of sodium and sulfur in sodium sulfate is addressed. The aim is to 
study opportunities to: 

• Enrich sodium and sulfur in two flows from the dissolved ESP dust, which is normally recycled to 
the evaporation plant. 

• Produce one sulfur component and one sodium component that can be utilized in the Kraft pulp 
mill, especially in an integrated LignoBoost process. 

• Accomplish this by using an electrochemical split of the sodium sulfate from the ESP dust to 
generate sodium hydroxide and sulfuric acid. 
 

To be able to produce one sulfur component and one sodium component from the dissolved ESP dust 
an electrodialysis with or without bipolar membranes is the method to use decided after contact with 
Eka Chemicals research and development department and literature studies. An electrodialysis cell 
produce sodium hydroxide and sulfuric acid, from the sodium sulfate solution, that can be used in the 
Kraft pulp mill.  

The difficulty by using an electrochemical cell with ion selective membranes is the need of a pure 
feed to the cell. If a high content of contaminations, such as multivalent ions, is present in the feed 
solution to the cell scaling can be formed. Scaling leads to shorter membrane life that result in higher 
operational cost for the cell stack. Due to the multivalent ions in the electrostatic dust a pre-treatment 
such as carbonate- and hydroxide precipitation removal of the ions is suggested, which results in a 
decrease of the multivalent ions in the feed solution. 

In previous work concerning electrochemical split of sodium sulfate the lack of utilization for the 
produced acid became negative in an economical point of view. The need of sulfuric acid to the 
LignoBoost plant is an advantage for the economical study. 

In this master thesis is: 

• An economical case study for the implementation of an electrochemical cell, electrodialysis 
with or without a bipolar membrane, in a Kraft pulp mill performed. 

• A sensitivity analysis performed and evaluated in the aim of addressing the change in 
payback time due to alternating: 
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 Sodium price 
 Membrane life 
 Utilization of the acid produced from the electrochemical cell. 

  

The economical case study concerns a Kraft pulp mill with a LignoBoost plant. Utilization of the acid 
to the LignoBoost- and tall oil plant is varied, as is the membrane life for the cell stack. The 
membrane life is varied due to the difficulty of predicting the ESP-feed solutions affect on the 
membranes. The feed solution has to be tested in a cell to decide the real life for the membrane in this 
case. 

The electrodialysis cell with bipolar membranes indicates promising economical gain for future 
implementation in a mill with LignoBoost lignin removal compared to the electrodialysis cell that 
indicates no economical gain for future implementation in a mill.  For a mill with both a LignoBoost 
plant and a tall oil plant, i.e. optimized utilization of acid from the electrodialysis with bipolar 
membrane, and a five years membrane life in the cell, a payback of one and a half year can be 
reached. The same case but for an electrodialysis results in nine and a half payback years. 

The sensitivity analysis show that compared to the electrodialysis with bipolar membrane, the 
electrodialysis cell is more vulnerable to changes for the acid utilization, sodium hydroxide price and 
membrane life. The BME cell is most affected by changes in the sodium hydroxide price and the ED 
cell affects most by changes in the membrane life. 
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Sammanfattning 
Uttag av lignin i ett sulfatmassabruk med målet att använda lignin till mer värdefulla och miljövänliga 
produkter är genomförbart med en LignoBoost-anläggning. LignoBoost-konceptet använder 
svavelsyra i processen vilket resulterar i en nettoökning av svavel till massabrukets återvinningscykel. 
Natrium/svavel-balansen i ett sulfatmassabruk är en viktig faktor för optimal körning. Ökningen av 
svavel till bruket genom implementering av LignoBoost-anläggningen är därför en viktig fråga. 

En för hög svavel/natrium-kvot i sulfatmassabruket hanteras ofta genom uttag av sodapannans 
elektrofilteraska. Askans huvudsakliga komponent är natriumsulfat. Genom uttag av elektrofilteraskan 
kommer en del natrium att förloras från systemet och behovet av extra natriumtillsats ökar. Den del av 
elektrofilteraskan som ej tas ut från systemet återförs till återvinningscykeln genom indunstningen.  
Om den återcirkulerade natriumsulfaten skulle kunna splittras till en natrium- och en 
svavelkomponent vore det enklare att styra svavel/natrium-balansen. 

Detta examensarbete tar upp möjligheten av en natrium- och svaveldelning för natriumsulfat. Målet är 
att studera möjligheterna för: 

• Berika sodium och svavel i två flöden från den lösta ESP-askan, som normalt återcirkuleras 
till avdunstnings-anläggningen. 

• Producera en svavel komponent och en natrium komponent vilka ska kunna användas i 
sulfatmassabruket, speciellt med en integrerad LignoBoost-anläggning.  

•  Förverkliga detta genom elektrokemisk delning av natriumsulfat från ESP-askan för att 
generera natriumhydroxid och svavelsyra. 

 
För att kunna producera en svavel komponent och en natrium komponent från ESP-askan är det en 
elektrodialys med eller utan bipolära membran vilket ska användas efter kontakt med Eka Chemicals 
utvecklingsavdelning och litteraturstudier. En elektrodialytisk cell producerar natriumhydroxid och 
svavelsyra från natriumsulfat vilket kan användas i ett sulfatmassabruk. 

Svårigheterna med att använda en elektrokemisk cell med jonselektiva membran är behovet av en ren 
lösning till cellen. Om höga halter av kontamineringar uppstår, ex. i form av multivalenta joner, i 
saltlösningen kommer membranfällningar uppstå i cellen. Fällningar leder till en kortare 
membranlivslängd vilket resulterar i högre operativa kostnader för cellenheten. En förbehandling av 
elfilterask-lösningen till cellen, genom exempelvis karbonat- och hydroxidfällning, föreslås.  

I föregående arbeten kring elektrokemisk delning av natriumsulfat var bristen på användning av den 
producerade syran negativ i de ekonomiska kalkylerna. Behovet av svavelsyra till LignoBoost-
anläggningen blir därför en fördel för den ekonomiska studien.  

I detta examensarbete är: 

• En ekonomisk fallstudie för implementeringen av en elektrokemisk cell, elektrodialys med 
eller utan bipolära membran, i ett sulfatmassabruk utförd. 

• En känslighetsanalys utförd och utvärderad för att se hur återbetalningsåren förändrades 
genom att variera: 
 Natriumhydroxidpriset 
 Livslängden på membranen 
 Användningen av syran produceras från elektrokemiska cellen. 
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Den ekonomiska fallstudien berör ett sulfatmassabruk med en LignoBoost-anläggning. Svavelsyran 
till LignoBoost- och talloljeanläggningarna varieras liksom livslängden för membranen i cellenheten.  
Livslängden för membranen varieras på grund av svårigheten i att bestämma ESP-asklösningens 
påverkan på membranen. ESP-asklösningen måste testas i en elektrokemisk cell innan den riktiga 
livslängden av membranen kan bestämmas i detta fall. 

Elektrodialys med bipolära membran indikerar goda ekonomiska förutsättningar för framtida 
implementeringar i ett bruk med LignoBoost-lignin uttag jämfört med elektrodialytisk cell som inte 
visar någon ekonomisk förutsättning för framtida implementeringar i ett bruk. Ett bruk med båda en 
LignoBoost- och en talloljeanläggning, det vill säga optimerade användningen av syran från 
elektrodialytiska cellen med bipolära membran, och ett membran med femårig hållbarhet, en 
återbetalningsperiod på ett och ett halvt år kan åstadkommas. Likadant fall fast med elektrodialytiska 
cellen resulterar i nio och ett halvt återbetalnings år. 

Känslighetsanalysen visar att den elektrodialytiska cellens återbetalnings år påverkas mer av 
förändringar i syreanvändningen, natriumhydroxidpriset och livslängden på membranen jämfört med 
den elektrodialytiska cellen med bipolära membran. BME-cellens återbetalnings år påverkas mest av 
förändringar i natriumhydroxidpriset och ED-cellens återbetalningsår mest av membranets livslängd. 
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1. Introduction 

1.1 Background 
By implementing a LignoBoost process in a Kraft pulp mill, an increase of the production of pulp can 
be achieved. The concept and aim of a LignoBoost plant is to remove a quantity of the lignin from the 
black liquor and use it for more value added green products. The lignin can in the future serve as an 
internal pulp mill bio-fuel for the limekiln or the bark boiler, alternatively be sold for external use. 

The sulfur intake in the mill is usually increased due to the need of acid in a LignoBoost plant. This 
creates, a need for purging more electrostatic precipitator dust from the recovery boiler to keep the 
Na/S-ratio in balance. By the discharge of more ESP dust, and thereby discharge of sodium, the need 
of makeup chemicals (for example added as NaOH) will increase.  

Internal generation of H2SO4 and NaOH could be a solution. An electrochemical split can make this 
happen. Electrodialysis produces sodium hydroxide and sulfuric acid from sodium sulfate. 

The possibility of creating an electrochemical split of the sodium sulfate from the ESP dust to 
generate sodium hydroxide and sulfuric acid is investigated in this master thesis. The investigation is 
looking into the possibilities from both a technological- and economical point of view. 

1.2 Aim 
The aim of this thesis is to study if it is feasible to split the ESP dust in an electrochemical process 
generating NaOH and H2SO4 in a case when a LignoBoost process is implemented into the Kraft mill. 

The aim is also to compare the electrochemical processes of electrolysis (ED) and electrodialysis with 
bipolar membrane (BME) and to clarify the need of pre-treatment for both processes. The economical 
case study concerns a Kraft pulp mill with a LignoBoost plant and the utilization of the acid to the 
LignoBoost- and tall oil plant is varied as the membrane life for the cell stack.  
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1.3 Method 
1. Selection of electrochemical cells 

 
Two theoretical electrochemical cells were suggested in the aim of possible future 
studies/tests to split the ESP dust to sodium hydroxide and sulfuric acid. The electrochemical 
method was decided to be used after contact with Eka Chemicals research and development 
department and literature studies. Which kind of different electrochemical splits to use were 
after literature studies on previous work and contact with expertise in the field suggested.  
 

2. Analytical methods 
 
- ICP-AES, ICP-MS, TIC or Kone for the ESP analysis. 

 
A couple of ESP dust samples from recovery boilers were collected from different Kraft pulp 
mills in Scandinavia and analyzed. The analysis showed what elements the dust contains. A 
number of the collected dust samples had already been treated with one of the suggested pre-
treatment step and it was important to see if the pre-treatment lived up to its expectations. 
Eurofins carried out the tests. 
 

3. Feasibility study  
 

An economical case study was carried out with the aim of giving the payback years a mill will 
get by implementing an electrodialysis cell or an electrodialysis cell with bipolar membranes. 
Membrane life and acid utilization were parameters that were varied depending on the mills 
operation. The mills were already equipped with a LignoBoost- and a tall oil plant. 
 
The economical case study was based on a method described in Appendix two. The amount 
base and acid, from the electrochemical cell, the Kraft pulp mill can utilize is paid off the 
install capital costs in the aim of lowering the calculated payback years by implementation of 
an electrochemical cell in a Kraft pulp mill. By vary the membrane life different annual 
operational costs are calculated. 
 
A survey of the price for sulfuric acid and sodium hydroxide was executed in the pursuit of 
using relevant prices of the acid and the base in an economical evaluation. 
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2. Theory 

2.1 Na/S balance 

 

Figure 1. A general overview of a Kraft process with a LignoBoost plant. The sulfur output and input 
are shown in orange. Dashed lines represent the recovery cycle and solid lines represent the fiber 
line.[F1] 

Sodium and sulfur are two important elements in a Kraft pulp mill. Sodium acts as counter cation to 
the active cooking chemicals hydroxide (OH-) and hydrogen sulfite ion (HS-) in the digester and 
sulfur as element in the active cooking chemical hydrogen sulfite ion. Sodium can also be found in the 
chemical recovery cycle as salt. Figure 1 shows a Kraft pulp mill with in- and outputs of sulfur. 

The ratio between sodium and sulfur is important for the run ability of a Kraft pulp mill. Major 
disturbances can be obtained if a surplus of one of the compounds appears. For example can a surplus 
of sulfur cause a decrease of the causticizing in the limekiln. 

The recovery cycle of the cooking chemicals for a Kraft mill was in the beginning self-regulated due 
to the emissions of for example the sulfur dioxide increased when the sulfidity increased. [1] 

Today’s more strict regulation of a closed system in a Kraft mill make the balance of sodium and 
sulfur more difficult to control. The Kraft pulp mills often deal with a surplus of sulfur due to limited 
amount of sulfur emissions allowed. [1] Kraft pulp mills in Scandinavia often regulate the Na/S-
balance by purging electrostatic precipitator dust (contains around 60% Na2SO4) from the recovery 
boiler when noted increase in sulfidity. [2] 

By purging ESP dust, from the recovery boiler to control the sulfidity, an amount of sodium is also 
lost. For every mole of sulfur you purge two moles of sodium are lost. The loss of sodium results in 
sodium shortage in the mill and the need of sodium make-up, as NaOH will therefore increase. The 
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high price of sodium will increase the cost for the mill due to the increase of needed make-up sodium. 
[1] 

2.2 LignoBoost 
There are several different methods of extracting lignin from the black liquor and one of them is the 
LignoBoost process, see figure 2 and 3. [3] The use of carbon dioxide to precipitate the lignin, the 2 
steps–filtration and the re-acidulation with sulfuric acids are each very important steps in the 
LignoBoost process. Prior problems with the precipitation of lignin have been plugging of the filter 
cake and plugging in the medium. This resulted in too large filter areas. The LignoBoost concept was 
a development caused by these problems and nowadays no unnecessary large filter areas have to be 
used due to the re-acidulation step in the process. [4] 

 

Figure 2.The Kraft process with LignoBoost implemented. [F1] 

2.2.1 Process description 
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Figure 3.The LignoBoost process. The green coloured area is the way of the lignin travel through the 
process. [F2] 

1. Precipitation 

From the evaporation plant black liquor, with a dry solids content of 30-45 %, is taken and lignin is 
precipitated with carbon dioxide, 8 bar, by lowering the pH to 9-10.5. The precipitated lignin particles 
are matured in tanks. To mature the flow in tanks results in lower filtration resistance and thereby the 
flow is easier to filtrate. The carbon dioxide is today used in pure form, but studies have been done of 
the possibility to use the carbon dioxide-rich flue gases from the limekiln instead. The carbon dioxide 
neutralizes the hydroxide ions (residual alkali) in the black liquor and the phenolic OH groups in 
lignin. The carbon dioxide consumption varies mainly depending on the different OH- concentrations 
in the liquor. 

2. First Filtration 

This filtration cycle is divided into; filtration, compression, air dewatering and cake discharge.  

Slurry from the mature tanks enters the chamber pressure filter. A hydraulic pump lock the filter 
under pressure and a cake is formed. The filtrate is returned to the later part of the evaporation plant. 

Next step is to stabilize the cake by an inflated rubber membrane on one side. Compressed air is 
applied on the membrane side and the free water is removed on the other side of the cake. Finally 
opening the press discharges the cake.  

3. Re-slurry and acidulation 
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In the acidulation the lignin cake is acidified to pH 2-4 with sulfuric acid and/or spent acid if 
available. The low pH of the slurry gives the ability to drive off hydrogen sulfite and carbon dioxide. 
H2S is captured in a white liquor scrubber. The acid consumption depends mainly on the carbonate 
and bicarbonate amount in the current black liquor. [4] 

If spent acid is available from another part of the mill this can be used but to get the low pH as 2.5 an 
amount of approximate 0.5-1 kg pure H2SO4/tone lignin is needed. [5] This means that there always is 
a net input of sulfur in the LignoBoost process. 

4. Second filtration 

The slurry is filtered again in the same steps as the first filtration. The only difference is that prior the 
air dewatering the slurry is washed with acidic water. This is done to prevent dissolution of the lignin 
and remove as much as possible of the bound sodium in the lignin.  

Finally the lignin filter cake is blown with compressed air to minimize the moisture content in the 
product. The extracted lignin cake from the LignoBoost plant has a moisture content of 30-35%. [4] 

The lignin acts as an energy carrier in the Kraft mill and this makes the excess energy generated from 
the non-integrated mills less. During summer non-integrated Kraft mills have a lot of excess energy to 
distribute. Extraction of lignin can reduce this energy loss. [6] 

The lignin cake produced after the LignoBoost process always contains bound sulfur. This means that 
the input of sulfur varies depending on how much you sell versus how much you use in the own mill. 
The total sulfuric acid demand for the LignoBoost process is 100-250 kg/tone lignin. 

Future prospects of the utilization of lignin are under investigation. One possibility is to use the lignin 
in the limekiln as a fuel and another is the usage of lignin as carbon fiber or to fiber composites, such 
as Arboform by Tecnaro. Lignin as a fuel has shown good prospect for the future but also the 
development of lignin as binder, dispersant and activated carbon is in progress. By utilizing lignin in 
the mentioned areas the dependence of fossil fuel in the future will decrease. [7,8,9] 

To utilize lignin as a fuel is an important factor in the aim of decreasing the dependence of fossil fuel 
for the mill. Metso will in the future LignoBoost plants be able to run the limekiln on lignin alone, by 
conventional power heating system with a pneumatic transmitter. One possibility is that an excess of 
lignin from a mills own LignoBoost plant can be utilized in another mill that lack the LignoBoost 
plant. That mill can in that way decrease the fossil fuel dependence in limekilns by implementing a 
bio fuel. Recent studies have shown that lignin can be mixed into fuel oil class number five (FO5) by 
40 wt% and burned successfully in the limekiln. Slurry with 40 weight-% lignin in E05 contributes 
with 28% of the total heat value. [9,10] The different heat value for lignin, fuel oil class number five 
and natural gas can be seen in table 1. 

Table 1. Heat value for different fuels used in the limekiln.[F2,F3] 
Fuel Heat value [GJ/tone] 

Lignin, low heating value  24.4 

F05 41.2 

Natural gas 43.0 
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As mentioned above, studies have shown that lignin can be used as binders, activated carbon and 
possibly as stabilized additive in foams. The use as binder in the manufacturing of medium and high-
density boards has been successful. If molten Kraft lignin applies on the fiber surface it shows a high 
degree of water resistance. For the utilization of lignin as activated carbon a low, 1%, ash content is 
needed to get high specific surface- and micro pore area. Lignin as a dispersant is not a new topic but 
the low ash content makes the problems with precipitated inorganic salts less severe. [7]  

Lignin as carbon fiber, CF, has successfully been developed the recent years. CF based on softwood 
LignoBoost-Kraft lignin has been produced. Light weight and inertness CF as well as high specific 
strength and modulus are important factors for the lignin based CF produced.  Via melt extrusion with 
softening agent, oxidative stabilization and carbonization a 90% carbon lignin based CF have been 
produced. It has shown similar properties as the commercial PAN (polyacrylonitrile) based CF but 
with the advantage of coming from a renewable resource [7]. One difference in properties compared 
to PAN based carbon fiber is the lack of strength. This is one major goal to work with before making 
carbon fiber from lignin commercial. The future price for carbon fibers from lignin is estimated to be 
€850/tone and this make it the most value added product lignin can be used for in present research. 
[11] 

2.3 Internal generation of H2SO4 and NaOH 
If a split of the compound sodium sulfate would be possible, a divided process stream of the sulfur 
and sodium would be obtained that can be useful in a Kraft pulp mill as chemicals. The Kraft pulp 
mills today do not produce any sodium hydroxide or sulfuric acid internally. [12] 

An electrodialysis process makes the split of sodium sulfate in to the products sodium hydroxide and 
sulfuric acid. This gives a sodium makeup chemical without a content of sulfur that can be used when 
the mill is purging sodium sulfate due to high sulfidity or/and high chlorine and potassium content. 
The decrease amount of NaOH needed to the mill gives a positive economical outcome. [12] 

By implementing the LignoBoost process a surplus of sulfur will arise in a mill. This can be dealt by 
purging more ESP-dust from the recovery boiler. This dust contains a large amount of salt in the form 
of Na2SO4. By using the sodium sulfate as salt feed in an electrodialysis; sulfuric acid and caustic 
soda can be produced internally in the mill and replace the sodium make-up need. The sulfuric acid 
can be utilized in a LignoBoost- or the tall oil plant. [4] 

2.3.1 Electrochemical process 
To be able to generate an acid and base from a salt an electrochemical method can be used. In the 
following section electrodialysis and electrodialysis with bipolar membranes are described. Finally 
the ion selective membranes and their important properties are explained. [13] 

The electrodialysis and electrodialysis with bipolar membrane concepts are explained below. 

Dialysis: Ion selective membrane keeps the ions apart in a solution.  

Electrolysis: electrodes separate the water into ions, i.e. separating H2O into H+ and OH-. Due to a 
current, ions are separated and attracted to the anode or cathode. [14] 

Electrodialysis (ED): Concept as electrolysis but with two or more ion selective membranes. [14] 
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Electrodialysis with Bipolar membrane: Concept as ED but with bipolar membranes that split the 
water molecules into H+ and OH- in the interphase of the bipolar membrane. [14] 

Electrodialysis 
By alternating cation- and anion membranes between two electrodes an electrodialysis cell is 
obtained, see figure 4. A repeating unit, also called a cell pair, contains a cations- and an anion 
membrane, a dilute- and concentrate-containing cell. At an industrial scale, up to 200 cell pairs can be 
found in a cell stack. The electrodes generate the hydroxide and hydrogen ions. Separate electrode 
rinse solutions can be used near the anode and the cathode. The driving forces for an electrodialysis is 
the concentration difference, hydro-static pressure and the electric potential. [13] 

 

Figure 4. A schematic figure of an electrodialysis cell. [F4] 

The cost of an ED cell stack depend a lot of the membrane- and energy costs. The current density 
affects these costs, which can be seen in figure 5. [13] 

 

Figure 5.Schematic illustration of the membrane-, energy an total costs as a function of the current 
density. [F5] 

Bipolar membrane electrodialysis 
The general idea with bipolar membrane electrodialysis is to employ a current over a bilayer 
membrane and due to the electrochemical potential a split of water is achieved. The OH- and H+ -ions 
produced from the split of water are generated within the bipolar membrane. 
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Figure 6. A schematic overview of a two-compartment BME. The feed is a salt solution and caustic 
soda and a mixture of acid and salt is produced.[F6] 

 

Figure 7.A three-compartment BME. The feed is a salt solution and caustic soda and acid is 
produced. [F6] 

A bipolar membrane is a unit of a cation- and an anion membrane that split the water into H+ and OH-, 
see figure eight. The positive hydrogen ion will be transported through the cation-exchange layer and 
the negative hydroxide ion across the anion-exchange layer. The cation-exchange side is facing the 
cathode and vice versa. [14] 
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Figure 8.A intersection of a bipolar membrane. It is shown distinctly that a bipolar membrane is a 
sandwich between a cation- and an anion membrane.[F7] 

There are two configurations of the bipolar membrane, a two-compartment- or a three-compartment 
configuration, see figure six and seven. The three-compartments generates both acid and base in pure 
form compared to the two compartments, which only generates one (acid or base) in pure form.  

The definition of a unit cell in the BME is one bipolar membrane and one ion exchange membrane for 
the two compartments cell. The three compartment-unit cell, see figure nine, contains one bipolar 
membrane and one each of the ion exchange membranes, i.e. one cationic- and one anionic exchange 
membrane. Around 50 to 100 repeating units are assigned between the electrodes due to high voltage 
drop in the cell unit. [13] 

The catalysis in the interphase of the bipolar membranes is not selective and this results in the low 
concentration out from the cell. [15] 5-wt% concentration of the acid and base can be obtained from a 
BME cell. [16] 

The energy consumption is depending on how a bipolar membrane unit cell is constructed. The three-
compartment cell has a higher energy demand than the two-compartment cell has; the ratio is 
approximately two to one. [12] 

The investment cost related to the stack is high due to the limiting life of the bipolar membrane in 
strong bases. [13] 

BME has lower specific energy consumption compared to electrodialysis and produce no large 
quantities of gas by-products, i.e. hydrogen and oxygen. [14] 

Ion exchange- and bipolar membranes 
The membranes used for BME and ED cells are ion exchange membranes and the following section 
describes important properties for them to hold. 

Ion exchange can be divided into cation- and anion exchange membranes. Membranes with charged 
groups like –SO4

2- and –PO3
2- let cations pass through and are called cationic exchange membrane 

(CEM). Anionic exchange membrane (AEM) on the other hand have positive charged groups, such as 
-NR2H+ and SR2

+, in the backbone and let the anions pass. [17] 
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High permselectivity, good mechanical, thermal and chemical stability and low electrical resistance 
are properties that a well-designed ion exchange membrane shall posses. When tailoring an ion 
selective membrane the selectivity, permeability and stability properties are major factors. These 
properties decide the energy consumption, production quality and concentrations and how the 
membrane will operate over a long term. A low production cost for the membrane is always desired. 
[13,17] 

 

 

Figure 9.Repeating units for a three compartment electrodialysis with bipolar membrane.  Lower part 
of the figure is undesired transport processes and the upper part desired transport processes for the 
membranes. [F7] 

The water transport into the interface of the bipolar membranes is due to electro osmosis. [18] It is 
important to have a steady stream of water going in to the interface of the bipolar membrane and a 
flow out from the interface for the water dissociation products, i.e. the permeability for water, 
hydrogen ions and hydroxide ions shall be high. If the permeability for the water is not high, a 
dehydration of the membrane can occur and the resistance increases which gives the cell a lower 
current efficiency. A low electrical resistance of the membranes is indicating a high permeability for 
ions species. [17]] 

A disadvantage caused by the two-compartment ED configuration is the production of acid in the feed 
system that causes reduction in the current efficiency for the acid and the base production. The two-
compartment configuration has a higher free hydrogen concentration in the salt loop than the three 
compartments salt/acid loop. This will give a concentration gradient over the salt loop that makes the 
hydrogen migrate to the base compartment, see figure nine. The hydrogen ion combines with 
hydroxide ions and form water that cause a loss in current efficiency. The hydrogen also has a higher 
ability to migrate over the cationic membrane than the sodium ions do. This decrease in efficiency can 
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be as much as 20% in some cases. When the situation is reversed the OH- ions cross the membrane 
and neutralize the hydrogen ions. When the first case happens the membrane is in an “acidic state” 
and when the latter case happens the membrane is in “alkaline state”. A three compartment-
configuration also have the problem with back diffusion of protons over the anionic exchange 
membrane but to less extent due to no acid shall be produced in the central compartment. [18,19] 

The problem with the current efficiency loss can be dealt with by raising the sodium ion 
concentration. By adding a compatible sodium salt or increasing the sodium salt concentration in the 
feed solution a better current efficiency can be accomplished. All this in the aim of lowering the 
[H+]/[Na+]-ratio. [19] 

A low anion fluctuation from the acid compartment into the base compartment and a low fluctuation 
from the base into the acid compartment indicate a good selectivity of a bipolar membrane. A limited 
flux of neutral non-dissociated salt and other uncharged molecules is also an indication of good 
selectivity for the membrane. Water shall though be let through easily. The fluctuations are due to the 
diffusion created by the concentration gradient and the current field. [17] 

The chemical stability of the membrane material shall be high against the acid and bases developed 
under the process otherwise the membrane material will contaminate the outlet streams and the life of 
the membrane will be shortened. Mechanical stability is another important factor, for example the 
membrane cannot be sensitive against shear forces in the flow and stress obtained by swelling. [17] 

 

Process 
Gas productions in the ED and BME processes occur by the electrodes. Hydrogen gas is produced at 
the anode and oxygen gas at the cathode, see reaction 1 & 2.  

Cathode 

2𝐻2𝑂 + 2𝑒− → 2𝑂𝐻− + 𝐻2 (𝐸𝑜 = −0,8277 𝑉) (1) 

Anode 

𝐻2𝑂 → 2𝐻+ + ½𝑂2 + 2𝑒− (𝐸𝑜 = 1,229 𝑉) (2) 

Depending on which electrode material and electrolyte is used the potential drop for the cell stack will 
vary. If the catalysis on the electrode is effective the potential drop will be lower. [15] 

Current density 

The current density, see equation 3, is described by how many electrons (electric current) per 
electrode area are produced. This is an important factor when process parameters are chosen. The 
electrode transforms the reactant near the electrode and the concentrations of these are then 
diminishing. The diffusion of the reactants to the electrode limits the current density. The maximum 
diffusion is when the concentration of reactants is zero by the electrode and this value decides the 
limiting current density.  
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𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = ℎ𝑖𝑔ℎ𝑒𝑠𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑟𝑎𝑤
𝑡𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑎𝑟𝑒𝑎

[ 𝐴
𝑚2] (3) 

  

Below the limiting current density an increase in voltage will give a linear increase in current density. 
When reaching the limiting current density an increased resistance of the cell occurs and the current 
density do not have a linear relationship to the voltage anymore. If we go over the limited current 
density, enhanced water dissociation in the membrane will take place. This will give a higher energy 
demand. At the limiting current density the only ions in the transition layer are the protons and 
hydroxides. [19] 

By maximizing the current density the membrane costs drop but the energy costs will increase due to 
higher cell voltage. The optimum current density for electrodialysis for example lies between 1 and 3 
kA/m2. [15] 

Current efficiency 

If several reactions are taken place at the electrode a current efficiency, see equation 4, for the specific 
sought reaction can be assigned. 

Current efficiency= 𝑃𝑎𝑐𝑡𝑢𝑎𝑙
𝑃𝑖𝑑𝑒𝑎𝑙

 (4) 

The current efficiency gives the yield for the specific reaction. [20] 

Mode 

There are three different process modes an ED-cell can be run by; batch, continuous and feed- and-
bleed, see figure 10 and 11. 

 

Figure 10.Schematic figure of the single-pass continuous mode for an electrodialysis cell. [F8] 
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Figure 11.Schematic figure of a feed-and-bleed and a batch mode electrodialysis cell. [F8] 

By choosing the single pass continuous mode for the electrodialysis the salt solution will only go 
through once. For this mode the length of the cell and velocity of the solution is important. The 
advantages for single pass continuous mode are low operational cost and low energy consumption. At 
the batch-mode configuration a high cost for e.g. tubing and process control is needed. With the feed- 
and bleed mode a steady state operation and constant production are beneficial. [21] 

Contaminations 

The life of a membrane in a BME and ED is always depending on how clean the feed is. Many 
compounds precipitate in the membrane and causes logging and this will in return cause decrease in 
current efficiency and increased electrical resistance for the cell. To solve this problem the feed to the 
electrochemical cell can be purified. [13] There are several different methods to clean the feed stream; 
leaching and precipitation are two examples. 

Polarization of the concentration in an ED cell can cause precipitation of the salt on the membrane. 
The concentration polarization cause exceeding solubility limit of the salt near the membrane surface 
due to higher transport rate for the ions in the membrane than the solution.[13] 

A higher value than 2-5 ppm of multivalent metal ions can form insoluble hydroxides. This is a 
problem when the metal ions cross the cation-selective membrane. [20] 

Solids, such as polyelectrolytes, surfactants and biological materials that carry positive or negative 
electrical charges can cause membrane fouling. The solids are attached to the membrane surface and 
increase the resistance in the cell. This fouling can be removed by changing the polarity of the applied 
electrical potential. The removal technique is called electrolysis reversal. [13] 

The compounds given in table 2 affects the performance of Nafion membrane, the limiting values of 
these are also given. 

Table 2. Examples of impurity-limits for the Nafion membrane and their physical effect on the 
membrane.[F9]  
Impurities Typical limits 

<4 kA/m2 

Typical limits 

>4-6 kA/m2 

Physical effects 
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Calcium+magnesium <0.03 ppm <0.02 ppm Precipitate in 
membrane 

Strontium <0.5ppm <0.4 ppm Precipitate in 
membrane 

Barium <1 ppm <0.5 ppm Precipitate in 
membrane 
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3.Previous work 
Paleologou et al. have investigated if implementing a two-compartment bipolar membrane cell in a 
Kraft pulp mill and generating sodium hydroxide and sulfuric acid is economically feasible. The 
sodium sulfate source used in the work is from a ClO2 (R8/R10) plant in the mill. They use a pure feed 
of sodium sulfate and by pure they mean not more than two ppm of soluble multivalent metal ions and 
no organic compounds with high molecular weight. Due to the lack of acid usage in the mill and the 
short membrane life the economics was poor. [12] 

The studied mill produced 1000 metric tone (mt) pulp/day and 36 mt/day of NaOH was needed for the 
bleaching plant. They produced 8.3 mt/day of NaOH(1M) from 14.8 mt Na2SO4, see figure 12. One 
fourth of the salt cake is converted to NaOH when the current efficiency is around 78%. The acid is 
used for cleaning of the feed water going to the ion exchange column and the tall oil plant at the mill. 
Only 45% of the acid is credited today. A usage of 95% of the acid would give a feasible economic 
plan if the membrane life was one year. One alternative is to prolong the membrane life to two years 
instead. The used polystyrene based membrane in this work gave a shorter life in comparison to a 
Nafion membrane. [12] 

  

Figure 12.Schematic picture of the two-compartment BME system tested in Paleologou’s article. A 
stream of 1 mole/dm3 NaOH was produced. [F10] 

Paleologou´s comment(-95) on their assumption that the feed is pure. He realizes that a pre-treatment 
step will be needed in the future. The feed stream from the chlorine dioxide stream is not pure and 
contains, to give one example, higher amounts of multivalent metal ions than two ppm. [12] 

Today(-11), Paleologou´s view on the project is that due to the lack of acid utilization in the mill the 
economics shall not be profitable, but agrees with if lignin is utilized from the black liquor the 
economics can become profitable due to the need of acid to the LignoBoost process. The problem of 
utilizing the acid is partly solved. [22] 

Paleologou has after the experiment of sodium sulfate from a chlorine dioxide plant done further 
research on an electrochemical split of sodium sulfate but this time with the ESP dust from the 
recovery boiler in a Kraft pulp mill. The group produced HCl and NaOH in a three-compartment 
electrodialysis with bipolar membranes from a feed containing NaCl, Na2SO4 and H2O. In this 
experiment they acknowledged the need of pre-treatment for the ESP dust. They chose a pre-treatment 
of active carbon to remove the solids and hydroxide precipitation to removal of the multivalent 
metals. They succeeded with removal of the most multivalent metals except calcium. [20] 

The cell was run in a six-hour test and the result was satisfying. The high content of calcium did not 
show any negative effects on the membrane during the six hour run. The contamination will affect the 
membranes therefore durability studies have to be done. [20] 

BME 
 

H2O 

Na2SO4  [1M] 

NaOH [1M] 

H2SO4 [0,5 M] 
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Former Mo Do group in Husum has at various times, mainly in the middle of the 90´s, been doing 
laboratory work of sodium sulfate splitting using three-compartment electrodialysis. They have 
managed to split electrostatic precipitator dust into sulfuric acid and sodium hydroxide. They varied 
the pre-treatment after what the contaminations were at different mills and how long the membrane in 
the cell would last. Due to increasing electricity prices and the lack of utilization of the acid in the 
mill no pilot plant has been built. These two factors are inhibitive to the idea. [15,23] 

Rapp and Pfromm have investigated the chloride from ESP-dust removal by an electrodialysis cell. In 
this field-test no pre-treatment or cleaning of the membranes was carried out. During the 750 h test no 
increase in the electrical resistance was shown since no fouling in the membranes occurred in the cell. 
[24] 

4. Results 
First the results of the investigated caustic soda and sulfuric acid prices are presented. The net input of 
sulfur when implementing a LignoBoost plant in a Kraft pulp mill is also presented. This follows by 
the suggested pre-treatment of the ESP dust and in this work proposed electrodialysis- and bipolar 
membrane electrodialysis cells for the split of sodium and sulfur. Finally an economical evaluation of 
the developed electrochemical cells implemented in different Kraft pulp mills is shown. 

4.1 Price of NaOH/H2SO4 
In the pursuit of using relevant prices of sulfuric acid and sodium hydroxide in the economical 
evaluation a survey was completed in September 2011.  

4.1.1 NaOH/H2SO4 
First the survey of the sodium hydroxide price is shown followed by the sulfuric acid price. 

NaOH 
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Figure 13.The variation of the price for NaOH the recent years. The pink coloured line represents 
North America, the yellow coloured line represents Asia and the blue coloured line represent Europe. 

The price variation the recent years are shown in figure 13. [25] 

The price paid by a mill can be less than the commercial price due to the large amounts they buy and 
special procurements. The sodium hydroxide price for a mill is 314 €/tone NaOH. [26] 

H2SO4 
The recent sulfuric acid price development is shown in figure 15 and table 3. 

 

Figure 14.The sulfuric acid prices for different geographic locations from June 2006 to September 
2011. The red coloured line represents the US GUlf, the blue coloured line represents Chile south, the 
black coloured line represent Europe and the green coloured line represent Chile central for the 
figure to the left In the figure to the right represents the blue line the North West European countries 
domestic trade and the red line represents the North West European countries export trade. Observe 
that the price is in US dollar and not in Euro. [F11] 

Table 3.The price of sulfuric acid for Europe and Brazil. These prices indicate the most recent 
sealed contracts.[F12] 
Location 15 June-2011 31 may-2011 

Europe [€/tone] cfr 85-115 85-115 

Brazil [€/tone] cfr 83–114,5 83–114,5 

 

The high price of sulfuric acid, see figure 14, is due to three main events during 2011. The stop of 
export of oil from Libya, which makes the refineries produce less sulfur. The tsunami in Japan made 
the production go down to 1/3 of the countries capacity. A number of sulfur melts throughout Europe 
has resulted in a production stop that will last for weeks. [27] 

The price paid by a mill can be less than the commercial price due to the large amounts they buy and 
special procurements. A mills cost of sulfuric acid is around 110 €/tone [28] 
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4.2 Sulfur input in a mill by implementing a LignoBoost plant 
The impact of the LignoBoost process is shown in figure 15, see appendix three for calculated 
example. The limekiln ability to run with lignin as fuel is varied. 

 

Figure 15.The input of sulfur in the mill when implementing a LignoBoost process. The input of sulfur 
depends on the amount lignin utilized in the limekiln. In this case only pure sulfuric acid is used. The 
removed lignin product from the process contains 2% of sulfur that is lost from the mill.  

4.3 ESP ash samples 
The ash from the electrostatic precipitator, see table 5, has been analyzed to find out about containing 
elements and in the aim of choosing a relevant reference sample. A pre-treatment was evaluated 
regards to the containing elements in the reference sample. The reference sample gives an idea how 
the cell will act due to the containing elements in the feed solution. 

The mills are situated in Scandinavia. Sample K is electrostatic precipitation dust before a Cl/K 
leaching plant and sample M after. Sample A is before and C is after a hydroxide precipitation 
treatment. Properties of the mills are presented in table 4. 

Table 4. Properties of the mills where the ash samples were taken. 
Mill/Sample Raw 

material 
Degree 
of 
barking[
%] 

Kappa 
no./sulfidity
[%] 

Evaporation 
plant 
dryness 
output[%] 

Recovery 
boiler: 
reduction 
efficiency[
%]/temper
ature in 
smelt[°C] 

Recircula
tion of 
bleaching 
effluent: 
bleaching 
sequence 

Mill near 
the coast 

Biomass in 
the 
recovery 
boiler 

A Softwood  33/38-40 80 94/- Yes, 
DQ(PO) 

Yes, 
Baltic sea 

- 

B Softwood  33/38-40 80 94/- Yes, 
DQ(PO) 

Yes, 
Baltic sea 

- 

C Softwood  33/38-40 80 94/- Yes, 
DQ(PO) 

Yes, 
Baltic sea 

- 

0
1
2
3
4
5
6
7
8
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Amount of the capacity in the lime kiln from lignin[%] 

Sulfur netto input[kg/ADt] 

Min=90 kg sulfuric acid/tone
lignin

Normal=180 kg sulfuric
acid/tone lignin

Max=270 kg sulfuric acid/tone
lignin
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D Softwood/
hardwood 

 Softwood:2
6,hardwood:
16/38-40 

72 93/- Yes, 
DQ(PO), 
only 
recirculati
on of PO 
effluent. 

 

Yes, 
Baltic sea 

 

- 

 

E Softwood/
hardwood 

 Softwood:2
6,hardwood:
16/38-40 

72 90/- Yes, 
DQ(PO), 
only 
recirculati
on of PO 
effluent. 

 

Yes, 
Baltic sea 

 

- 

 

F Softwood  27/38-40 71 93/- No Yes, 
Baltic sea 

- 

G Spruce/pi
ne and 
birch/aspe
n 

Softwoo
d:1.5.har
dwood:2.
6 

Softwood:2
8-
30,hardwoo
d:14-16/32-
37 

78 86/- Q-OP-
QPAA-
PO 

Yes, 
Baltic sea 

Barkpowde
r, 
alternative:
tall oil, 
sawdust 
powder and 
methanol 

H Softwood/
hardwood 

 Softwood:3
6,hardwood:
16/38-40 

73 97/- No 

 

No 

 

No 

 

I Spruce/pi
ne and 
birch/aspe
n 

1-5 Softwood:2
6-
28,hardwoo
d:15-17/32-
34 

70 >90/900-
1200 

No 
recirculati
on 

Yes, 
baltic sea 

No 

J Softwood  26-27/38-40 81 93/- No Yes, 
Baltic sea 

- 

K - - - - - - - - 

L - - - - - - - - 

M - - - - - - - - 

 

Table 5. The results of the collected ash samples. 
Content A B C D E F G H I J K L M 

Sulfate [%] 59.3 6.1 5.9 54.0 56.4 39.8 47.6 59.2 57.8 51.1 58.8 19.0 57.5 
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Carbonate [%] 5.4 0.20 0.56 7.4 5.8 21.9 17.3 5.5 8.6 12.5 4.7 2.1 0.33 

Sodium [%] 29.4 2.9 2.9 31.2 30.3 32.3 32.0 29.1 30.7 31.3 28.4 7.8 25.5 

Chloride [%] 1.3 0.10 0.11 2.0 2.6 0.91 0.90 0.74 1.2 1.2 1.1 0.97 0.08 

Potassium [%] 4.0 0.39 0.39 3.8 4.4 3.9 4.8 6.4 4.2 4.8 5.5 2.8 2.1 

Multivalent ions 
[mmole/mole 
Na2SO4] 

0.40 0.52 0.26 0.70 0.41 0.70 0.60 0.62 0.65 0.42 0.40 0.91 3.10 

 

The sample with the least multivalent ions is used as a reference sample, i.e. sample C. The carbonate 
content in the samples is enough to precipitate the multivalent ions.  

Sample C have lost 50% of its content of multivalent ions and sample M 92.7 % of its chlorine 
content. 

4.4 Pre-treatment 
The ESP dust contains traces of different elements. A few ESP dust samples on a level, which 
demands a pre-treatment before the electrodialysis due to sensitive ion selective membranes. A 
suggestion to try a pre-treatment concept based on knowledge from commercial production of sodium 
hydroxide can be seen in figure 16. 

Based on which membrane you choose the requirements for pre-treatment of the feed are different. 
Different membranes have different contamination limits and are sensitive to certain process 
parameters. The pre-treatment can be varied due to needed membrane life.  

Trace elements in focus: 

• Chlorine ions are important to remove in order to minimize the chlorine gas development at 
the anode. For the best run ability of the recovery boiler chlorine and potassium can be 
removed in a leaching process at the mill. This method is developed for the purpose of less 
scaling due to chlorine and potassium in the mill but can be a suggestion for pre-treatment 
before the electrochemical split of sodium sulfate.  
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• Multivalent ions have to various extents been removed to give a longer run ability of the 
membranes in the electrochemical cell. 

 
Figure 16.Suggested pre-treatment for the ESP dust prior the electrochemical cell. 

4.4.1 Multivalent ion removal 

Hydroxide precipitation 
Cadmium and other multivalent ions can be separated from the ash by mixing it with water and 
keeping the pH in the range of 10.5-11, see equation 5 and figure 17. The pH is adjusted by either use 
of sodium hydroxide, white- or green liquor from the mill. The temperature is optimal in the range of 
40-50°C.   

𝑀𝑔𝐶𝑙2 + 2𝑁𝑎𝑂𝐻 → 𝑀𝑔(𝑂𝐻)2 + 2𝑁𝑎𝐶𝑙         (5) 

 

Figure 17. Schematic overview of the process for hydroxide precipitation. [F13] 
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Cl/K leaching 



34 

 

This method is implemented in several mills and can separate around 40 kg/year cadmium. [4] The 
settled slurry, see figure 18, will be added to the green sludge where cadmium precipitate as the stable 
compound CdS. [2] Often there is a filter after the settlement tank in order to capture metal 
hydroxides that have gone through the tank due to undesired turbulence. 

Green sludge is often used as landfill, but can also be mixed with biomass ash that is used like a 
fertilizer in the forest. [29] 

 

Figure 18.A schematic picture of the precipitation tank for metal hydroxides. The additive of polymers 
captures the metal hydroxide particles and settles.[F14] 

By the increasing environmental interest, the landfill regulations have become stricter and the cost for 
landfill of the green liquor sludge has increased. This has made the mills striving for a development of 
an alternative utilization of the sludge. One example is the use of sludge to neutralize the acidic 
wastewater in the mill. [30]  

 

Figure 19.The theoretical solubility of cadmium hydroxide versus pH. [F14] 

Figure 19 shows in what range cadmium hydroxide will precipitate as a function of concentration and 
pH. When the solution has a pH of 10.5 and a concentration of 0.01 Cd(OH)2 will precipitate. In the 
cleaning of cadmium from a solution it is very important to have control over the concentration used 
to be able to monitor the right pH. 
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A 75-95% removal of Fe, Mn, Mg, Pb, Cd and Zn has been reported. By using a 45 weight-% sodium 
hydroxide to keep the ESP ash solution pH at 10.5 at 45°C this can be accomplished. The NaOH 
consumption was 2-5 kg/tone ESP dust. [4] 

Carbonate precipitation 
To remove the multivalent ions, such as Ca2+, Mg2+, Sr2+, Ba2+, in the feed stream carbonate can be 
added to the solution. In this way alkali earth carbonates may be precipitated and filtered off, see 
equation 6. [31] 

𝐶𝑎𝑆𝑂4 + 𝑁𝑎2𝐶𝑂3 → 𝐶𝑎𝐶𝑂3 + 𝑁𝑎2𝑆𝑂4 (6) 

Advantages of the carbonate precipitation; produces less residual metal ions, have better filterable 
precipitates and can operate in lower pH. Disadvantages are slower rates and a solubility limit of 20 % 
weight before crystallization in the solution occurs. [31] 

ESP-dust contains a lot of carbonate and depending on how much carbonate and multivalent ions 
there is in the solution this can be a way of removing these ions.  

By using carbonate precipitation a decrease of the multivalent ions to a limit of approximately 1-2 
ppm can be achieved. A limit under 1-2 ppm multivalent ions in the feed solution is hard to obtain. 
[15] 

4.4.2 Cl/K removal 
Chloride and potassium can be removed from the precipitator by various methods, such as 
crystallization, leaching and ion exchange. Removal by the leaching method is the least expensive and 
simplest method, see table 6. [32] Leaching causes a decrease in loss of sodium sulfate, since the need 
for purging dust from the recovery boiler decreases. In return less make-up chemicals has to be used. 
Metso´s AshLeach, see figure 20, has been, as the first and only Cl/K-leaching equipment in Sweden, 
installed in the mill Södra Cell Värö. [5] 
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Figure 20.Overview of Metsos AshLeach system.[F15] 

Table 6.The cost for installation of different Cl/K removal systems in a Swedish Kraft mill.  
[F16] 

Process Steam cons. [t/h] Cooling water cons. [m3/h] El. Cons. [kW] Turn key cost 

AshLeachTM Negligible - 45 NR 

ARCTM 4(65°C) 70 30 1.5 M€ 

Andritz Leaching Negligible 5 60 0.9M€ 

MPRTM Negligible 3.75 at 15 °C 300 2.5M€ 

 

In Metso´s process the ash is mixed with acid and water [5] (approximately 1.2-1.6 kg dust/kg 
H2O[32]) into a slurry where the chloride and potassium are dissolved and filtered off in the 
centrifuge.[5] Sodium sulfate has a lower solubility and remains solid. The solid Na2SO4 is 
transported to the mix tank and back in to the liquor cycle. A part, approximately 20-30%, see table 7, 
of the sodium sulfate is lost in the leaching step and 88% of the chloride and potassium is removed by 
the leaching process. A high content of carbonate in the ash benefits the precipitation of carbonate 
salt. Slurry with carbonate salt will not settle. By avoiding the high pH that makes these salts 
precipitate the AshLeach can operate without any problem. [5,32] 

Today the recovery boilers black liquor often has a high dry solid content from the evaporation plant 
and this gives, as mentioned before high carbonate content in the ESP-ash. High carbonate content 
produces a lot of carbonate salts in the solution and the separation of the solid sodium sulfate and 
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carbonate salt becomes hard to establish. Due to the high carbonate content in the most ESP dust 
samples, adding of acid in the ash leach process has become standard. [29] 

Table 7.Summary of different Cl/K-removal techniques. [F16] 
Process Ash  

(t/d) 

Cl  

removal  

(%) 

K 

removal  

(%) 

Na 

recovery  

(%) 

Sulfate  

recovery  

(%) 

Temp. 

(˚C) 

pH 

Kvaerner  

AshLeach™ 

56 69 69 80 85 90 11 

HPD CRP™ 446 70-85 50-85 80-82 80 75 4 

Andritz  

ARC™ 

167 90 90 80 NR 60-80 11 

Andritz  

leaching 

Pilot 70-85 NR 60-80 NR 60 11 

Eka PDR™ Pilot 90 90 NR 80 75 3 

Mitsubishi  

MPR™ 

192 90 75 70 75 40/15 8-11 

Eco-Tec  

PDP™ 

Pilot 97 5 94 99 40-60  

4.5 Electrochemical split 
After contact with Eka Chemicals research department it was clear that the method to use was an 
electrochemical split, electrodialysis, to generate two separate streams of sodium and sulfur from 
sodium sulfate. The literature work on the earlier work was heading in the same direction, see section 
three. [33] The need of an ion selective membrane to make the split narrows it down to electrodialysis 
for the electrochemical spilt. Two different electrodialysis, which can split sodium sulfate to usable 
chemicals in the mill, was suggested.  

The lack of utilization of the acid from the electrochemical process in the mill is one factor that made 
the economics of implementing a BME- or ED system in the mill less favorable. By implementing a 
LignoBoost plant in the mill the usage of acid increase. Spent acid can be used in the acidification of 
the lignin precipitation. The fresh acid that is needed in the LignoBoost plant is only approximately 1 
kg/tone lignin. The acid from the cell stack can also be utilized in the tall oil plant. 

The acid produced from electrochemical split of Na/S can be utilized in the tall oil plant. Due to 
different amount of extractives in the wood during the year the need for sulfuric acid in the tall oil 
plant varies and the sulfuric acid that can be utilized from the electrochemical cell varies. 
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The pre-treatment needed prior an ED depends on the desired membrane life. The membrane life 
affects the economics, which makes it important to vary the membrane life in the economical analysis.  

The NaOH production from the cell can always be utilized since the excess will be easy to sell.  

4.5.1 Development of the process 

ED 
The suggested process in this work of the electrodialysis cell, see figure 21 and table 8, is described in 
this section. 

By splitting sodium sulfate in an electrodialysis a NaOH solution of up to 34 wt% can be obtained. A 
solution of around 20 wt% NaOH can be obtained with Nafion 324. [15, 34] To acomplish a 34-wt% 
NaOH the Nafion 900 series has to be used. This series demands higher purity of the feed solution to 
the cell. In this case a pre-treatment to remove multivalent ions has to be considered. The multivalent 
shall not be more than a couple parts per million. [34] 

The chosen current density is based on that the optimum current density for electrodialysis for 
example lies between 1 and 3 kA/m2. [15] 

The chosen Nafion 324 membrane gives good thermal- and mechanical stability in the cell. This 
membrane gives less sensibility to metal ions in the feed solution than other Nafion membranes. [35] 

By running the cell stacks only with cationic membranes less chlorine anions will reach the anode 
chamber and a decreased amount of chlorine gas will be produced. [15] Due to this no ion exchange 
will be needed to remove the chlorine gas from the process stream.  The developed hydrogen in the 
cathode chamber can be utilized if a hydrogen-consuming anode is used. The gas utilization of the 
opposite electrode decreases the energy consumption. [34] 

 

 

Figure 21. A schematic drawing over the suggested three-compartment electrodialysis cell. 

Table 8.The proposed operating conditions for the ED cell. [F17,F18] 
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Current density 2000 A/m2 

Current efficiency 78% 

Membrane area 

Nafion 324 

569 m2 

Mode Single pass  

 

The cathode- and anode reactions for the electrodialysis, see figure 21, are shown in equation 7 and 8. 
[36] 

Cathode 

2𝐻2𝑂 + 2𝑒− → 2𝑂𝐻− + 𝐻2(𝐸𝑜 = −0,8277 𝑉) (7) 

Anode 

𝐻2𝑂 → 2𝐻+ + ½𝑂2 + 2𝑒−(𝐸𝑜 = 1,229 𝑉)  (8)
 
  

 

Figure 22.Schematic figure over the process input and output flows per air-dry tone for the three-
compartment electrodialysis cell. The narrow arrows to the right show the aimed utilization of the 
base and acid. The mass balance is for one ADt pulp. 

By cooperation with a manufacture the price for the ED cell seen in figure 22 has been developed, see 
table 9. See appendix two for calculated example. 

Table 9.Costs for an electrodialysis cell in the size of picture 22. 
Direct costs [K€] 

Cell stack 6260 

Sell 

3-compartment 
Electrodialysis  cell   

 

 

 

 

75 kg Na
2
SO

4
 

18 wt% Na
2
SO

4
 

H
2
O 

33 kg NaOH 

20wt% 

40 kg H
2
SO

4
 

 

LignoBoost 

Tall oil plant 

Make up chemical 
evaporation 
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BME 
The need of only 1 kg pure sulfuric acid per tone lignin in the LignoBoost plant gives the ability to 
have a 2-compartment cell that produces a spent acid that is utilized in the LignoBoost plant. When 
compared to the use of a three- compartment BME this will save energy and money, and results in a 
decreased payback time.  

By running the cell stacks, see figure 23, with only cationic membranes less chlorine anions will reach 
the anode chamber and a decreased amount of chlorine gas will be developed. Due to this no ion 
exchange will be needed to remove the chlorine gas from the process stream. Since the membranes 
permeability is not perfect it will always be a small amount chlorine ions in the anode stack.  

Equipment 6260 

Total equipment(TE) 12520 

Installation(20% TE) 2504 

Building & site preparation 3255 

Total direct costs(TDC) 18280 

Indirect costs  

Engineering(10% TDC) 1645 

Owners overhead(7% TDC) 1152 

Working capital(5%TE) 563 

Total indirect costs(TIC) 3360 

Total installed capital cost(TICC) 

(TDC+TIC+contingency) 

contingency =(TDC+TIC)*0,2 

23773 

Total annual operating costs  

Power MWh/mt NaOH 3.75 

Power cost(0.05 €/MWh) 2843 

Membrane cost-cell stack Depends on membrane life 

Material cost 0 

Maintenance(5% TICC) 220 

Operating labor(12 h/day) Covered by mill staff 
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The concentration of the NaOH solution out from the cell will be approximately 8wt% due to the low 
efficiency of the bipolar membranes interphase catalysis. [15] The efficiency of producing hydroxide 
ions and protons is too low. The current efficiency of the cell will eventually drop due to the central 
compartment becoming acidic after a while. [20] 

The cost for the BME cell in picture 23 is shown in table 11. See appendix two for calculated 
example. 

 

Figure 23.Schematic figure over the process input and output flows per air-dry tone for a two-
compartments BME cell. The narrow arrows to the right show the aimed utilization of the base and 
acid. The mass balance is for one ADt pulp. 

 

Figure 24.Schematic figure over the suggested two-compartment BME cell. 

The cathode- and anode reactions for the electrodialysis, see figure 24, are shown in equation 9 and 
10.[36] Table 10 and 11 shows the proposed operating conditions and costs for the cell. 

Cathode 

2𝐻2𝑂 + 2𝑒− → 2𝑂𝐻− + 𝐻2(𝐸𝑜 = −0,8277 𝑉) (9) 

Anode 

𝐻2𝑂 → 2𝐻+ + ½𝑂2 + 2𝑒−(𝐸𝑜 = 1,229 𝑉) (10) 
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Table 10.The proposed operating conditions for the BME cell.[F17,F18] 
Current density 2000 A/m2 

Current efficiency 78% 

Membrane area 

(Nafion 324) 

852 m2 

 

Table 11.Costs for the BME in picture 38. [F10] 
Direct costs [K€] 

Cell stack 1672 

Equipment 1592 

Total equipment(TE) 3264 

Installation(20% TE) 653 

Building & site preparation 873 

Total direct costs(TDC) 4790 

Indirect costs  

Engineering(10% TDC) 479 

Owners overhead(7% TDC) 335 

Working capital(5%TE) 163 

Total indirect costs(TIC) 977 

Total installed capital cost 

TDC+TIC+contingency 

contingency =(TDC+TIC)*0,2 

6920 

Total annual operating costs  

Power MWh/mt NaOH 

Power cost(0.05 €/MWh) 

1986 

Membrane cost-cell stack Depends on membrane life 

Material cost 0 

Maintenance(5% TICC) 346 
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Operating labor(12 h/day) Covered by mill staff 

 

4.6 Analysis of mills –Case study 
Economical evaluation, see Appendix two for calculated example, have been done to give an idea of 
how many payback years an implementation of the proposed BME and ED cells in a mill can have.  
The mills are assumed to have a LignoBoost plant installed. The calculations are based on 
Paleologous article, [12], see table nine and 11. Because of the difficulty to predict the membrane life, 
the membrane life is varied from one to five years in the economical evaluation. In this economical 
evaluation no pre-treatment was implemented prior the cell. 

The calculations are based on the mills shown in table 12. The Scandinavian mill has a tall oil plant 
due to pine as raw material is used. 

Table 12.The mill that the case studies are based on. 
Mill Pulp production 

[ADt/y] 
LignoBoost 
Production  
[t/y] 

Tall oil [t/y] 

A Scandinavia 460 000 40 000 46 000 

B Brazil 500 000 45 000 - 

C Scandinavia 550 000 47 000 46 000 

 

By changing the amount of acid the LignoBoost plant and the tall oil plant use, different amounts of 
credit can be obtained. By implementing a BME or an ED in mill A, different payback years are 
obtained due to variation in utilization of acid and membrane life, see Table 13 and 14. 

Table 13.The payback years for the implementation of a two-compartment BME cell in Mill A. 
Different utilization of the acid combined with 1 and 5 years for the membrane life. 
Membrane life LignoBoost cover[%] Tall oil plant cover  [%] Payback years 

1 20 60 2.7 

1 80 80 2.2 

5 20 60 1.8 

5 80 80 1.5 

 

 

Table 14.The payback years for the implementation of a three compartment ED cell in Mill A 
with different utilization of the acid and 2, 4 and 5 years for the membrane life. 
Membrane life LignoBoost cover[%] Tall oil plant cover[%] Payback years 
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2 20 60 - 

2 80 80 37.5 

4 20 60 16.2 

4 80 80 10.8 

5 20 60 13.6 

5 80 80 9.5 

 

By changing the amount of acid the LignoBoost plant and the tall oil plant, different amounts of credit 
can be obtained. By implementing a BME or an ED in mill B different payback years are obtained due 
to variation in utilization of acid and membrane life, see Table 15 and 16. 

Table 15.The payback years for the implementation of a two-compartment BME cell in Mill B 
with the acid going to the LignoBoost plant with 1, 2 and 5 years for the membrane life. 
Membrane life LignoBoost cover Payback years 

1 20% 3.4 

1 80% 2.8 

2 20% 2.4 

2 80% 2.1 

5 20% 2.6 

5 80% 1.8 

 

Table 16.The payback years for the implementation of a three-compartment ED cell in Mill B 
with the acid going to the LignoBoost plant with 3, 4 and 5 years for the membrane life. 
Membrane life LignoBoost cover Payback years 

3 20% 205 

3 80% 38 

4 20% 37 

4 80% 21 

5 20% 25 

5 80% 16.3 
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By changing the amount of acid the LignoBoost plant and the tall oil plant use, different amounts of 
credit can be obtained. By implementing a BME or an ED in mill C different payback years are 
obtained due to variation in utilization of acid and membrane life, see Table 17 and 18. 

Table 17.The payback years for the implementation of a two-compartment BME cell in Mill C. 
Different utilization of the acid combined with 1 and 5 years for the membrane life. 
Membrane life LignoBoost cover[%] Tall oil plant cover  [%] Payback years 

1 20 60 2.5 

1 80 80 2.2 

5 20 60 1.8 

5 80 80 1.5 

 

 

Table 18.The payback years for the implementation of a three compartment ED cell in Mill C 
with different utilization of the acid and 3, 4 and 5 years for the membrane life. 
Membrane life LignoBoost cover[%] Tall oil plant cover[%] Payback years 

3 20 60 26 

3 80 80 14.3 
 

4 20 60 16.5 

4 80 80 10.8 

5 20 60 13.6 

5 80 80 9.5 

 

4.6.1 Sensitivity analysis 
To conclude which of the properties, in the implementation of an electrochemical cell, affect the 
payback time the most a sensitivity analysis is completed. The sodium hydroxide price, the membrane 
life and the utilized acid are varied separately for the two proposed electrochemical cells. The graphs 
below show how much the cells payback time is affected due to the variations. Figure 25, 28 and 29 
show how the ED cells payback years varies depending on the different properties and figure 26, 27 
and 30 show the identical cases but for the BME cell. The case is calculated as seen in Appendix two 
with 80% of the acid in the LignoBoost- and tall oil plant covered, five years membrane life and a 
price of sodium hydroxide of 400 €/ton. 
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Figure 25. Graph over how the payback years vary for the ED cell depending on the change in NaOH 
price. 

 

 

Figure 26. Graph over how the payback years vary for the BME cell depending on the change in 
NaOH price. 
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Figure 27. Graph over how the payback years vary depending on how much acid that is utilized from 
the BME cell. 

 

Figure 28. Graph over how the payback years vary depending on how much acid that is utilized from 
the ED cell. 
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Figure 29. Graph over how the payback years change when the membrane life for the ED cell is 
varied. 

 

 

Figure 30. Graph over how the payback years change when the membrane life for the BME cell is 
varied. 
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5.Discussion 
The previous work done in this field states that a product stream of sulfuric acid and sodium 
hydroxide from the ESP dust in an electrodialysis cell can be obtained. The amount of pre-treatment 
needed for the ESP dust-solution before a cell stack is a matter to address. When the economics is 
favorable even if the membrane life is short the need of pre-treatment can be discussed. The 
membranes utilized in the cells often have a demand of feed purity when a certain membrane life is 
promised from the manufactures. 

The analysis of ash samples from the recovery boilers electrostatic precipitator shows a scattered 
result due to the different operational conditions for the mills. Based on this, every mill has to 
investigate its own need of pre-treatment. The Cl/K-leaching plant shows promising results in the 
removal of chlorine and potassium. A removal of 98% of the chlorine and 62% of potassium was 
achieved.  

The scattered result is as said due to different operational conditions in the mill. The debarking, 
recirculation of the bleaching effluents, raw material, kappa number, sulfidity, dryness into the 
recovery boiler, reduction efficiency- and temperature of the melt in the recovery boiler and if the mill 
is near the coast are things that change the degree of non process elements in the ESP ash.  

The sodium sulfate source is crucial and affects how much pre-treatment of the feed that is needed. 
This is a balance of act between how much the pre-treatment of the feed to the electrochemical cell 
cost and how costly it is to replace the membrane more often.  

In the cadmium precipitation with hydroxide it shows that not only cadmium that is precipitated but a 
lot of the other multivalent ions as well. This makes the hydroxide precipitation not only a cadmium 
pre-treatment of the feed solution but a general pre-treatment for the multivalent ions. 

A removal of calcium in the hydroxide precipitation is feasible for the electrostatic precipitator dust in 
these analyzed samples. Compared to previous work, where removal of calcium has not been 
successful.  

The utilization for sodium hydroxide in a Kraft mill as a makeup chemical is the white liquor 
preparation or the evaporation plant. Depending on how dilute and pure the product stream from the 
cell is the utilization area varies. Sodium hydroxide is always profitable to sell and therefore 100% 
utilization is calculated within the mill. In previous work the lack of acid utilization in the mill for the 
sulfuric acid stream from the cell has been a problem. Producing a product where the half of the 
product stream is not utilized is not optimal. 

In the pursuit of having less pre-treatment but the same membrane life and pure product the ability to 
minimize the input of non-process elements (NPE) shall be investigated. The non-process elements 
disturb the mill, as mentioned before, in many different manners. Removal of the non-process 
elements will gain the mill in several different ways, not only to the electrochemical cell, and to 
operate in ways that minimize the intake of NPEs in the mill will therefore be a method to strive for.    

Depending on the ESP dust solution feed coming in to the electrodialysis cell, different product 
streams will be obtained. The remaining content of chlorine will in some extent produce sodium 
chloride.  A pre-treatment of the feed solution will for that reason not only be valuable for the 
membrane life but also a smart investment in order to gain higher product purity. 
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The variation in the price for sodium hydroxide can easily change the economical conditions for the 
implementing of electrolysis in the mills. Because of the end use of these electrochemical cells 
products is a mill, the real price a mill pays for sodium hydroxide and sulfuric acid was important to 
cover. The sensitivity analysis show that if a mill only pays 300 €/t NaOH the payback time will 
increase to two years instead of one and a half years when the price is 400 €/t NaOH for the BME 
cell. The identical case but for the ED cell will increase the payback time from 10 to 25 years. The 
low price of NaOH for the mill is favorable to them when buying make-up sodium, but become 
unfavorable when the purpose is implementing an electrochemical cell in a mill.  

The variation of acid utilized from the cell to the mill in the sensitivity analysis show that ED is the 
cell which is most affected compared to the BME cell. The BME cell increases its payback years by 
60 % by going from 95% utilization of the acid to 0% utilization. This compared to a 300 % increase 
for the ED cell in the identical case. 

The sensitivity analysis for the membrane life is assuming the life span varies from one to five years. 
The ED cell is more sensitive to changes for the membrane durability. By decreasing the membrane 
life span from five to two years the payback years increases by 380%. The BME cell only increases its 
payback time with 13% in the identical case.    

To summaries the sensitivity analysis it is shown that the ED cell is more vulnerable to changes for 
the acid utilization, NaOH price and membrane life. The BME cell is most affected by changes in the 
NaOH price and the ED cell affects most by changes in the membrane life. 

The long payback period for the ED cell is mostly due to the high capital cost for the cell stack 
implemented in the mill. The high-energy demand also gives a negative effect on the payback years. 

The ability to use green liquor in the hydroxide precipitation instead of NaOH will make the method 
more profitable. 

The multivalent ions precipitate in a basic environment as seen in the hydroxide precipitation pre-
treatment. If the environment in the electrochemical cell is basic the multivalent ions precipitate and 
cause fouling in the membranes. The ability to keep a low pH in the cell will therefore give less 
fouling and increase the membrane life and in the long run be able to decrease the payback years. 

The hydrogen developed from the cathode can in the future be a valuable source for future fuel cells. 
The cells fuel is hydrogen and if the hydrogen can be collected from the cathode and stored properly 
this can be a way to lower the payback years of the implementation of the electrochemical cell in the 
mill. The produced hydrogen would be in this case around 900 moles per day which is approximately 
10 000 liter of hydrogen at atmospheric pressure and zero degrees Celsius. 

6. Conclusion & Summary 

Conclusions 
As seen in previous work the split of ESP dust is feasible. The question is the extent of pre-treatment 
needed for the ESP dust in terms of economics. 
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A suggested pre-treatment for the reference sample for this work is a carbonate precipitation of the 
already existing carbonate in the sample followed by a hydroxide precipitation. The mill already has a 
Cl/K leaching plant and a cadmium kidney.  

The analysis of the ESP ash samples from the mills shows scattered results as predicted. The Cl/K-
leaching plant shows promising results in the removal of chlorine and potassium. A 98% removal of 
the chlorine and 62% of potassium was achieved.  

The optimized electrodialysis cell with bipolar membranes indicates promising economical gain for 
future implementation in mills with LignoBoost lignin removal. The optimized electrodialysis cell 
indicates no economical gain for future implementation in mills with LignoBoost lignin removal.  For 
a mill with both a LignoBoost plant and a tall oil plant, i.e. optimized utilization of acid from the 
electrodialysis with bipolar membrane, and a five years membrane life in the cell, a payback of one 
and a half year can be reached. The same case but for an electrodialysis results in nine and a half 
payback years. 

The sensitivity analysis show that compared to the electrodialysis with bipolar membrane, the 
electrodialysis cell is more vulnerable to changes for the acid utilization, NaOH price and membrane 
life. The BME cell is most affected by changes in the NaOH price and the ED cell affects most by 
changes in the membrane life. 

Proposal of future work 
Future work will be to test the sample and see how the membrane will react on the ESP solution and 
its elements.  Test how long the membrane will last depending on the salt solution. After the cell test 
conclude which suggested pre-treatment steps that are required for the desired membrane life due to 
economics. 

Test each pre-treatment step separately and analyze what effect it has on the dust. For example, does 
the hydroxide pre-treatment remove all that is needed from the feed solution. 

Continue to evaluate the cell and its operational properties for a future test. 

Investigate which of the pre-treatment steps that are needed for the aimed membrane life. Can we 
exclude any of the steps? 

When the final products for the LignoBoost lignin is decided an economical case with the possible 
end products taken in to account can be evaluated.  

See how the LignoBoost- and tall oil plant operates with the new spent acid. Does it have the 
properties that imply for the best-run ability for the plants or is it not compatible. 
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Appendix 1 

Analysis of ESP dust 
Pre-treatment: The samples were digested to wet solution in a microwave oven with HNO3 and H2O2 
as digestion media. 

Final determination: ICP-AES, ICP-MS, TIC or Kone, see table 19 for results.  

Table 19. Results of the ESP dust samples collected from mill in Scandinavia. 

Parameter Instrument reporting 
limit unit A B C 

Al ICP-MS 1 mg/kg 11 1,3 2,1 

As ICP-MS 0,5 mg/kg 1,3 0,09 0,09 

Ba ICP-MS 0,5 mg/kg 2,3 0,31 0,26 

Be ICP-MS 0,1 mg/kg <0,1 <0,1 <0,1 

Pb ICP-MS 0,5 mg/kg 1,0 0,09 <0,5 

B  5 mg/kg 18 1,6 2,6 

P ICP-AES 30 mg/kg 20 <30 <30 

Fe ICP-MS 2 mg/kg 8,4 3,4 0,15 

Cd ICP-MS 0.1 mg/kg 2,6 0,24 0,02 

Ca ICP-AES 30 mg/kg 63 14 2,9 

Co ICP-MS 0,5 mg/kg 0,02 <0,5 <0,5 

Cu ICP-MS 0,5 mg/kg 1,9 0,19 0,38 

Cr ICP-MS 0,5 mg/kg 0,37 0,06 0,15 

Mg ICP-AES 30 mg/kg 39 4,9 1,0 

Mn ICP-MS 0,3 mg/kg 38 5,0 0,42 

Ni ICP-MS 0,5 mg/kg 0,30 0,05 <0,5 

Se ICP-MS 1 mg/kg 0,15 0,02 0,09 

Ag ICP-MS 1 mg/kg 0,11 <1 <1 

Sr ICP-MS 0,5 mg/kg 0,52 0,10 0,04 

Tl ICP-MS 0,5 mg/kg 0,48 0,05 0,04 

Sn ICP-MS 0,25 mg/kg 0,23 0,04 0,02 

V ICP-MS 0,5 mg/kg 3,1 0,40 0,32 
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Parameter Instru-
ment 

reporting 
limit unit D E F 

Al ICP-MS 1 mg/kg 15 8,7 9,8 

As ICP-MS 0,5 mg/kg 2,0 2,2 0,65 

Ba ICP-MS 0,5 mg/kg 3,2 1,6 1,5 

Be ICP-MS 0,1 mg/kg <0,1 <0,1 <0,1 

Pb ICP-MS 0,5 mg/kg 2,5 4,0 0,37 

B  5 mg/kg 8,2 7,4 22 

P ICP-AES 30 mg/kg 65 28 35 

Fe ICP-MS 2 mg/kg 16 9,9 16 

Cd ICP-MS 0.1 mg/kg 2,6 4,9 2,2 

Ca ICP-AES 30 mg/kg 160 79 64 

Co ICP-MS 0,5 mg/kg 0,04 0,03 0,02 

Cu ICP-MS 0,5 mg/kg 1,8 1,9 1,9 

Cr ICP-MS 0,5 mg/kg 0,28 0,20 0,25 

Mg ICP-AES 30 mg/kg 73 46 130 

Mn ICP-MS 0,3 mg/kg 43 32 54 

Ni ICP-MS 0,5 mg/kg 0,42 0,29 0,26 

Se ICP-MS 1 mg/kg 0,22 0,27 0,30 

Zn ICP-MS 1 mg/kg 50 4,7 1,2 

Parameter:       

K ICP-AES  % 4,0 0,37 0,37 

Na ICP-AES  % 29,4 2,9 2,9 

Carbonate TIC  % 5,4 - 0,06 

Sulfate Kone  % 59,3 6,1 5,9 

Chloride Kone  % 1,3 0,10 0,11 
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Ag ICP-MS 1 mg/kg 0,07 0,05 0,10 

Sr ICP-MS 0,5 mg/kg 0,84 0,40 0,50 

Tl ICP-MS 0,5 mg/kg 0,05 0,75 0,54 

Sn ICP-MS 0,25 mg/kg 0,33 0,34 0,05 

V ICP-MS 0,5 mg/kg 3,7 1,9 1,6 

Zn ICP-MS 1 mg/kg 110 78 53 

Parameter:  
 

    

K ICP-AES 
 

% 3,8 4,4 3,9 

Na ICP-AES 
 

% 31,2 30,3 32,3 

Carbonate TIC 
 

% 7,4 5,8 21,9 

Sulfate Kone 
 

% 54,0 56,4 39,8 

Chloride Kone 
 

% 2,0 2,6 0,91 

 

Parameter Instru-
ment 

reporting 
limit Unit G H I J 

Al ICP-MS 1 mg/kg 16 8,0 4,3 8,4 

As ICP-MS 0,5 mg/kg 0,51 0,96 1,3 0,60 

Ba ICP-MS 0,5 mg/kg 3,4 2,5 2,7 1,5 

Be ICP-MS 0,1 mg/kg <0,1 <0,1 <0,1 <0,1 

Pb ICP-MS 0,5 mg/kg 2,5 2,4 2,7 1,2 

B  5 mg/kg 22 50 49 17 

P ICP-AES 30 mg/kg 28 29 23 14 

Fe ICP-MS 2 mg/kg 17 30 11 39 

Cd ICP-MS 0.1 mg/kg 4,0 2,3 2,9 1,1 

Ca ICP-AES 30 mg/kg 96 64 76 32 

Co ICP-MS 0,5 mg/kg 0,03 0,04 0,03 0,02 

Cu ICP-MS 0,5 mg/kg 1,7 2,0 1,6 1,8 

Cr ICP-MS 0,5 mg/kg 0,06 0,06 0,06 0,52 
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Mg ICP-AES 30 mg/kg 68 46 69 65 

Mn ICP-MS 0,3 mg/kg 53 47 57 37 

Ni ICP-MS 0,5 mg/kg 0,25 0,50 0,59 0,64 

Se ICP-MS 1 mg/kg 0,15 0,19 0,42 0,08 

Ag ICP-MS 1 mg/kg 0,06 0,03 0,03 0,06 

Sr ICP-MS 0,5 mg/kg 0,83 0,62 0,73 0,33 

Tl ICP-MS 0,5 mg/kg 0,87 0,25 0,50 0,49 

Sn ICP-MS 0,25 mg/kg 0,54 0,05 0,89 0,11 

V ICP-MS 0,5 mg/kg 1,0 0,34 8,6 0,61 

Zn ICP-MS 1 mg/kg 73 56 59 45 

Parameter:  
 

     

K ICP-AES 
 

% 4,8 6,4 4,0 4,1 

Na ICP-AES 
 

% 32,0 29,1 30,7 31,3 

Carbonate TIC 
 

% 17,3 5,5 8,6 12,5 

Sulfate Kone 
 

% 47,6 59,2 57,8 51,1 

Chloride Kone 
 

% 0,90 0,74 1,2 1,2 

 

Parameter Instru-
ment 

reporting 
limit unit K L M 

Al ICP-MS 1 mg/kg 7,1 3,1 33 

As ICP-MS 0,5 mg/kg 1,4 1,3 0,22 

Ba ICP-MS 0,5 mg/kg 1,6 0,24 4,2 

Be ICP-MS 0,1 mg/kg <0,1 <0,1 <0,1 

Pb ICP-MS 0,5 mg/kg 2,8 1,5 1,6 

B  5 mg/kg 14 15 3 

P ICP-AES 30 mg/kg 11 18 4 

Fe ICP-MS 2 mg/kg 14 4,2 77 

Cd ICP-MS 0.1 mg/kg 3,5 1,9 4,0 
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Ca ICP-AES 30 mg/kg 58 36 850 

Co ICP-MS 0,5 mg/kg 0,01 0,01 0,05 

Cu ICP-MS 0,5 mg/kg 1,6 0,77 1,4 

Cr ICP-MS 0,5 mg/kg 0,07 0,19 0,36 

Mg ICP-AES 30 mg/kg 49 69 640 

Mn ICP-MS 0,3 mg/kg 49 14 70 

Ni ICP-MS 0,5 mg/kg 0,10 0,10 0,47 

Se ICP-MS 1 mg/kg 0,47 0,29 0,24 

Ag ICP-MS 1 mg/kg 0,07 0,02 0,06 

Sr ICP-MS 0,5 mg/kg 0,46 0,13 1,3 

Tl ICP-MS 0,5 mg/kg 0,84 0,65 0,19 

Sn ICP-MS 0,25 mg/kg 0,58 0,11 0,75 

V ICP-MS 0,5 mg/kg 1,1 1,68 0,35 

Zn ICP-MS 1 mg/kg 49 17 62 

Parameter:       

K ICP-AES  % 5,5 2,8 2,7 

Na ICP-AES  % 28,4 7,8 25,5 

Carbonate TIC  % 4,7 - 0,33 

Sulfate Kone  % 58,8 19,0 57,5 

Chloride Kone  % 1,1 0,97 0,08 

 

Appendix 2 

Calculations for the payback years of implementing ED or BME 
The calculated example is for Mill A´s conditions and with 80% coverage for both the LignoBoost 
plant and tall oil plant. The membrane life is assumed to be five years. Table 20 show the parameters 
used in both calculations and table 21 the Kraft pulp mills conditions. 

NaOH always 100% utilized due to the ability to sell as a product. 

Table 20.Parameters used in both calculations. 
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NaOH price [€/tone] 400  

H2SO4 price [€/tone] 97.5 

Power cost [€/MWh] 50  

Molar mass 

 Na2SO4 [g/mole] 

142  

Molar mass 

NaOH [g/mole] 

40  

Molar mass 

H2SO4 [g/mole] 

98  

Canadian dollar→ 

Euro(quota) 

0,72 

Inflation (1994→end of 2011) 1.6 

 

Table 21. Conditions for the Kraft pulp mill in the calculated case.  
Pulp production [ADt pulp/y] 460 000 

Lignin production [t/y] 40 000 

Tall oil production [t/y] 46 000 

ESP dust production (recirculate to the evaporator) [t/ADt] 0.125 

Acid consumption [t/t lignin] 0.21 

Acid consumption [t/ADt pulp] 0.0183 

Acid consumption, tall oil plant [t/t tall oil] 0.3 

Acid consumption, tall oil plant [t/ADt pulp] 0.03 

Content of sodium sulfate in ESP dust from recovery boiler 0.6 

Pulp production [ADt pulp/h] 57.5 

 

BME 

This bipolar membrane electrodialysis cell is based on the capital- and energy costs for the 2-
compartment cell in the article “Caustic soda and sulfuric acid production from sodium sulfate by-
product of chlorine dioxide generation-economics”.  [12] 
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Example of a calculation 

Input of sodium sulfate in to the cell [t/ADt pulp]: 

𝐸𝑆𝑃 𝑑𝑢𝑠𝑡
𝑡

𝐴𝐷𝑡 𝑝𝑢𝑙𝑝
∙ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑠𝑜𝑑𝑖𝑢𝑚 𝑠𝑢𝑙𝑓𝑎𝑡𝑒 𝑖𝑛 𝐸𝑆𝑃 𝑑𝑢𝑠𝑡 = 0.125 ∙ 0.6

= 0.0075
𝑡 𝐸𝑆𝑃 𝑑𝑢𝑠𝑡
𝐴𝐷𝑡 𝑝𝑢𝑙𝑝

  

In moles: 

0.0075 ∙ 𝑐𝑜𝑛𝑣𝑒𝑟𝑡 𝑓𝑟𝑜𝑚 𝑡𝑜𝑛𝑛𝑒 𝑡𝑜 𝑔𝑟𝑎𝑚
𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑜𝑑𝑖𝑢𝑚 𝑠𝑢𝑙𝑓𝑎𝑡𝑒

=
0.0075 ∙ 1000000

142
= 528

𝑚𝑜𝑙𝑒 𝐸𝑆𝑃 𝑑𝑢𝑠𝑡
𝐴𝐷𝑡 𝑝𝑢𝑙𝑝

 

The produced amount of sodium hydroxide and sulfuric acid [t/ADt pulp]: 

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ∙ 𝑚𝑜𝑙𝑒𝑠 𝑠𝑜𝑑𝑖𝑢𝑚 𝑠𝑢𝑙𝑓𝑎𝑡𝑒 𝑖𝑛𝑡𝑜 𝑐𝑒𝑙𝑙 ∙ 𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠(𝐻2𝑆𝑂4)
𝑐𝑜𝑛𝑣𝑒𝑟𝑡 𝑓𝑟𝑜𝑚 𝑔𝑟𝑎𝑚 𝑡𝑜 𝑡𝑜𝑛𝑒

=
0.78 ∙ 528 ∙ 98

1000000

= 0.04
𝑡 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑

𝐴𝐷𝑡 𝑝𝑢𝑙𝑝
 

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ∙ 𝑚𝑜𝑙𝑒𝑠 𝑠𝑜𝑑𝑖𝑢𝑚 𝑠𝑢𝑙𝑓𝑎𝑡𝑒 𝑖𝑛 ∙ 𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠(𝑁𝑎𝑂𝐻)
𝑐𝑜𝑛𝑣𝑒𝑟𝑡 𝑓𝑟𝑜𝑚 𝑔𝑟𝑎𝑚 𝑡𝑜 𝑡𝑜𝑛𝑒

=
0.78 ∙ 528 ∙ 40

1000000

= 0.033 
𝑡 𝑠𝑜𝑑𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒

𝐴𝐷𝑡 𝑝𝑢𝑙𝑝
 

 

The amount obtained from the input ESP dust is 0.033 t NaOH/ADt pulp and 0.04 t H2SO4/ADt pulp.  

By using the six tenth factor rule, see equation 11, the costs for cell stack of the larger equipment can 
be estimated, see table 22. The factor rule was used for the BME system to calculate the capital- and 
operational costs for the larger cell stack.  

𝐶𝑜𝑠𝑡 𝑜𝑓 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑎 = (𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑏) ∙ 𝑋0,6 (11) 

a=the sought (larger equipment) 

b=the known (the cost in the article) 

X= a times the capacity of b 

Table 22.The calculated capital- and operational costs for the BME system. 
Direct costs [K€] 

Cell stack 2023 

Equipment 1927 

Total equipment(TE) 3950 

Installation(20% TE) 790 
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Building & site preparation 1057 

Total direct costs(TDC) 5796 

Indirect costs  

Engineering(10% TDC) 580 

Owners overhead(7% TDC) 406 

Working capital(5%TE) 198 

Total indirect costs(TIC) 1183 

Total installed capital cost(TICC) 

TDC+TIC+contingency 

contingency =(TDC+TIC)*0,2 

8375 

Total annual operating costs(TAOC)  

Power costs 1505 

Membrane cost-cell stack 405 

Material cost 0 

Maintenance(5% TICC) 419 

Operating labor(12 h/day) Covered by mill staff 

Total annual operating costs(TAOC) 2329 

 

The payback years are calculated as follows: 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑦𝑒𝑎𝑟𝑠 =
1
𝑅𝑂𝐼

 

𝑅𝑂𝐼 = 𝑟𝑒𝑡𝑢𝑟𝑛 𝑜𝑓 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 =
𝑇𝐴𝐴
𝑇𝐼𝐶𝐶

 

𝑇𝐴𝐴 = 𝑇𝐴𝐶 − 𝑇𝐴𝑂𝐶 

𝑇𝐴𝐶 = 𝑡𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 𝑐𝑟𝑒𝑑𝑖𝑡𝑠
= 𝑡𝑜𝑡𝑎𝑙 𝑐𝑟𝑒𝑑𝑖𝑡 𝑓𝑟𝑜𝑚 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 ∙ 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 𝑝𝑟𝑖𝑐𝑒
+ 𝑡𝑜𝑡𝑎𝑙 𝑐𝑟𝑒𝑑𝑖𝑡 𝑓𝑟𝑜𝑚 𝑠𝑜𝑑𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒 ∙ 𝑠𝑜𝑑𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒 𝑝𝑟𝑖𝑐𝑒 

The total amount credited from sulfuric acid and sodium hydroxide: 

H2SO4 
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𝑎𝑚𝑜𝑢𝑛𝑡 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑
= 𝑎𝑚𝑜𝑢𝑛𝑡 𝑢𝑠𝑒𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑒𝑛𝑡 𝑎𝑐𝑖𝑑 𝑖𝑛 𝑡ℎ𝑒 𝐿𝑖𝑔𝑛𝑜𝐵𝑜𝑜𝑠𝑡 𝑝𝑙𝑎𝑛𝑡 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑡𝑎𝑙𝑙 𝑜𝑖𝑙 𝑝𝑙𝑎𝑛𝑡
= 0.8 ∙ 0.03 𝑡 𝑎𝑐𝑖𝑑(𝑡𝑎𝑙𝑙 𝑜𝑖𝑙)𝑝𝑒𝑟 𝐴𝐷𝑡 𝑝𝑢𝑙𝑝 + 0.8 ∙ 0.018 𝑡 𝑎𝑐𝑖𝑑(𝐿𝑖𝑔𝑛𝑜𝐵𝑜𝑜𝑠𝑡)𝑝𝑒𝑟 𝐴𝐷𝑡 𝑝𝑢𝑙𝑝

= 0.0386 
𝑡 𝑎𝑐𝑖𝑑

𝐴𝐷𝑡 𝑝𝑢𝑙𝑝
   

Credited annual: 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 𝑝𝑒𝑟 𝐴𝐷𝑡 ∙ 𝑝𝑢𝑙𝑝 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐴𝐷𝑡 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 = 0.0386 ∙ 460 000
= 17760 𝑡/𝑦𝑒𝑎𝑟 

NaOH 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑠𝑜𝑑𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒 = 𝑎𝑚𝑜𝑢𝑛𝑡 𝑏𝑎𝑠𝑒 𝑜𝑢𝑡 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑐𝑒𝑙𝑙

= 0.033 
𝑡 𝑁𝑎𝑂𝐻
𝐴𝐷𝑡 𝑝𝑢𝑙𝑝

 

Credited annual: 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑠𝑜𝑑𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒 𝑝𝑒𝑟 𝐴𝐷𝑡 ∙ 𝑝𝑢𝑙𝑝 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐴𝐷𝑡 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 = 0.033 ∙ 460 000
= 15161 𝑡/𝑦𝑒𝑎𝑟 

𝑇𝐴𝐶 = 𝑡𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 𝑐𝑟𝑒𝑑𝑖𝑡𝑠
= 𝑡𝑜𝑡𝑎𝑙 𝑐𝑟𝑒𝑑𝑖𝑡 𝑓𝑟𝑜𝑚 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 ∙ 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 𝑝𝑟𝑖𝑐𝑒
+ 𝑡𝑜𝑡𝑎𝑙 𝑐𝑟𝑒𝑑𝑖𝑡 𝑓𝑟𝑜𝑚 𝑠𝑜𝑑𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒 ∙ 𝑠𝑜𝑑𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒 𝑝𝑟𝑖𝑐𝑒
= 17760 ∙ 97.5 + 15161 ∙ 400 = 7796 𝐾€/𝑦𝑒𝑎𝑟 

𝑇𝐴𝑂𝐶 = 𝑝𝑜𝑤𝑒𝑟 𝑐𝑜𝑠𝑡𝑠 + 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑐𝑜𝑠𝑡𝑠 + 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 + 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑠𝑡
+ 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑙𝑎𝑏𝑜𝑟 

𝑝𝑜𝑤𝑒𝑟 𝑐𝑜𝑠𝑡𝑠 = 𝑝𝑜𝑤𝑒𝑟 𝑛𝑒𝑒𝑑𝑒𝑑
𝑀𝑊ℎ
𝑡 𝑁𝑎𝑂𝐻

∙ 𝑝𝑜𝑤𝑒𝑟 𝑐𝑜𝑠𝑡
𝐾€
𝑀𝑊ℎ

∙ 𝑁𝑎𝑂𝐻 𝑜𝑢𝑡 𝑓𝑟𝑜𝑚 𝑐𝑒𝑙𝑙 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟

= 1.98 ∙ 0.05 ∙ 0.033 ∙ 460 000 = 1505 𝐾€/𝑦𝑒𝑎𝑟 

𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑐𝑜𝑠𝑡𝑠 =
2023

5
= 405

𝐾€
𝑦𝑒𝑎𝑟

𝑤𝑖𝑡ℎ 𝑎 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑙𝑖𝑓𝑒 𝑜𝑓 𝑓𝑖𝑣𝑒 𝑦𝑒𝑎𝑟𝑠 

𝑇𝐴𝑂𝐶 = 1505 + 405 + 419 + 0 + 0 = 2329 𝐾€ 𝑖𝑠 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑠𝑡 

𝑇𝐴𝐴 = 𝑇𝐴𝐶 − 𝑇𝐴𝑂𝐶 = 7796− 2329 = 5467 𝐾€ 

𝑅𝑂𝐼 =
5467
8375

= 0.65 = 65% 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑦𝑒𝑎𝑟𝑠 =
1

0.65
= 1.53 𝑦𝑒𝑎𝑟𝑠 

One and a half payback years was obtained when covering 80% of the acid for the tall oil- and 
LignoBoost plant and with spent acid from the electrochemical cell. The ionic exchange membranes 
have five years durability. 

ED 
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Table 23.The calculated capital- and operational costs for the ED system. 
Direct costs [K€] 

Cell stack 6260 

Equipment(80% of cell stack) 5008 

Total equipment(TE) 11268 

Installation(20% TE) 2254 

Building & site preparation 2930 

Total direct costs(TDC) 16451 

Indirect costs  

Engineering(10% TDC) 1645 

Owners overhead(7% TDC) 1152 

Working capital(5%TE) 563 

Total indirect costs(TIC) 3360 

Total installed capital cost(TICC) 

(TDC+TIC+contingency) 

contingency =(TDC+TIC)*0,2 

23774 

Total annual operating costs K€ 

Power needed (MWh/mt NaOH) 3.75 

Power cost/year 2843 

Membrane cost-cell stack/year 1252 

Material cost 0 

Maintenance/year(5% TICC) 1189 

Operating labor(12 h/day) Covered by mill staff 

Total annual operating costs(TAOC) 5283 

 

Table 24.The membrane cost for the ED cell and the calculated membrane area needed in the 
ED cell for the specific mill case. 
Membrane area needed [m2/t NaOH produced per day] 12.5 
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Membrane cost [€/m2] 11000 

 

ElectroCell provided the capital- and operational cost for the ED cell stack with Nafion® 324 ion 
selective membrane. [37] 

 

Example of a calculation 

Input of sodium sulfate in to the cell [t/ADt pulp]: 

𝐸𝑆𝑃 𝑑𝑢𝑠𝑡
𝑡

𝐴𝐷𝑡 𝑝𝑢𝑙𝑝
∙ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑠𝑜𝑑𝑖𝑢𝑚 𝑠𝑢𝑙𝑓𝑎𝑡𝑒 𝑖𝑛 𝐸𝑆𝑃 𝑑𝑢𝑠𝑡 = 0.125 ∙ 0.6

= 0.0075
𝑡 𝐸𝑆𝑃 𝑑𝑢𝑠𝑡
𝐴𝐷𝑡 𝑝𝑢𝑙𝑝

  

In moles: 

0.0075 ∙ 𝑐𝑜𝑛𝑣𝑒𝑟𝑡 𝑓𝑟𝑜𝑚 𝑡𝑜𝑛𝑛𝑒 𝑡𝑜 𝑔𝑟𝑎𝑚
𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑜𝑑𝑖𝑢𝑚 𝑠𝑢𝑙𝑓𝑎𝑡𝑒

=
0.0075 ∙ 1000000

142
= 528

𝑚𝑜𝑙𝑒 𝐸𝑆𝑃 𝑑𝑢𝑠𝑡
𝐴𝐷𝑡 𝑝𝑢𝑙𝑝

 

The produced amount of sodium hydroxide and sulfuric acid [t/ADt pulp]: 

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ∙ 𝑚𝑜𝑙𝑒𝑠 𝑠𝑜𝑑𝑖𝑢𝑚 𝑠𝑢𝑙𝑓𝑎𝑡𝑒 𝑖𝑛𝑡𝑜 𝑐𝑒𝑙𝑙 ∙ 𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠(𝐻2𝑆𝑂4)
𝑐𝑜𝑛𝑣𝑒𝑟𝑡 𝑓𝑟𝑜𝑚 𝑔𝑟𝑎𝑚 𝑡𝑜 𝑡𝑜𝑛𝑒

=
0.78 ∙ 528 ∙ 98

1000000

= 0.04
𝑡 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑

𝐴𝐷𝑡 𝑝𝑢𝑙𝑝
 

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ∙ 𝑚𝑜𝑙𝑒𝑠 𝑠𝑜𝑑𝑖𝑢𝑚 𝑠𝑢𝑙𝑓𝑎𝑡𝑒 𝑖𝑛 ∙ 𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠(𝑁𝑎𝑂𝐻)
𝑐𝑜𝑛𝑣𝑒𝑟𝑡 𝑓𝑟𝑜𝑚 𝑔𝑟𝑎𝑚 𝑡𝑜 𝑡𝑜𝑛𝑒

=
0.78 ∙ 528 ∙ 40

1000000

= 0.033 
𝑡 𝑠𝑜𝑑𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒

𝐴𝐷𝑡 𝑝𝑢𝑙𝑝
 

The amount obtained from the input ESP dust is 0.033 t/ADt NaOH and 0.04 t/ADt H2SO4.  

The payback years are calculated as follows: 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑦𝑒𝑎𝑟𝑠 =
1
𝑅𝑂𝐼

 

𝑅𝑂𝐼 = 𝑟𝑒𝑡𝑢𝑟𝑛 𝑜𝑓 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 =
𝑇𝐴𝐴
𝑇𝐼𝐶𝐶

 

𝑇𝐴𝐴 = 𝑇𝐴𝐶 − 𝑇𝐴𝑂𝐶 

𝑇𝐴𝐶 = 𝑡𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 𝑐𝑟𝑒𝑑𝑖𝑡𝑠
= 𝑡𝑜𝑡𝑎𝑙 𝑐𝑟𝑒𝑑𝑖𝑡 𝑓𝑟𝑜𝑚 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 ∙ 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 𝑝𝑟𝑖𝑐𝑒
+ 𝑡𝑜𝑡𝑎𝑙 𝑐𝑟𝑒𝑑𝑖𝑡 𝑓𝑟𝑜𝑚 𝑠𝑜𝑑𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒 ∙ 𝑠𝑜𝑑𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒 𝑝𝑟𝑖𝑐𝑒 

The amount credit of sulfuric acid and sodium hydroxide: 
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H2SO4 

𝑎𝑚𝑜𝑢𝑛𝑡 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑
= 𝑎𝑚𝑜𝑢𝑛𝑡 𝑢𝑠𝑒𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑒𝑛𝑡 𝑎𝑐𝑖𝑑 𝑖𝑛 𝑡ℎ𝑒 𝐿𝑖𝑔𝑛𝑜𝐵𝑜𝑜𝑠𝑡 𝑝𝑙𝑎𝑛𝑡 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑡𝑎𝑙𝑙 𝑜𝑖𝑙 𝑝𝑙𝑎𝑛𝑡
= 0.8 ∙ 0.03 𝑡 𝑎𝑐𝑖𝑑(𝑡𝑎𝑙𝑙 𝑜𝑖𝑙)𝑝𝑒𝑟 𝐴𝐷𝑡 + 0.8 ∙ 0.018 𝑡 𝑎𝑐𝑖𝑑(𝐿𝑖𝑔𝑛𝑜𝐵𝑜𝑜𝑠𝑡)𝑝𝑒𝑟 𝐴𝐷𝑡
= 0.0386 𝑚𝑡/𝐴𝐷𝑡  

Credited annual: 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 𝑝𝑒𝑟 𝐴𝐷𝑡 ∙ 𝑝𝑢𝑙𝑝 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐴𝐷𝑡 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 = 0.0386 ∙ 460 000
= 17760 𝑡/𝑦𝑒𝑎𝑟 

NaOH 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑠𝑜𝑑𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒 = 𝑎𝑚𝑜𝑢𝑛𝑡 𝑏𝑎𝑠𝑒 𝑜𝑢𝑡 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑐𝑒𝑙𝑙 = 0.033 𝑡/𝐴𝐷𝑡 

Credited annual: 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑠𝑜𝑑𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒 𝑝𝑒𝑟 𝐴𝐷𝑡 ∙ 𝑝𝑢𝑙𝑝 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐴𝐷𝑡 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 = 0.033 ∙ 460 000
= 15161 𝑡/𝑦𝑒𝑎𝑟 

𝑇𝐴𝐶 = 𝑡𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 𝑐𝑟𝑒𝑑𝑖𝑡𝑠
= 𝑡𝑜𝑡𝑎𝑙 𝑐𝑟𝑒𝑑𝑖𝑡 𝑓𝑟𝑜𝑚 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 ∙ 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 𝑝𝑟𝑖𝑐𝑒
+ 𝑡𝑜𝑡𝑎𝑙 𝑐𝑟𝑒𝑑𝑖𝑡 𝑓𝑟𝑜𝑚 𝑠𝑜𝑑𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒 ∙ 𝑠𝑜𝑑𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒 𝑝𝑟𝑖𝑐𝑒
= 17760 ∙ 97.5 + 15161 ∙ 400 = 7796 𝐾€/𝑦𝑒𝑎𝑟 

𝑇𝐴𝑂𝐶 = 𝑝𝑜𝑤𝑒𝑟 𝑐𝑜𝑠𝑡𝑠 + 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑐𝑜𝑠𝑡𝑠 + 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 + 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑠𝑡
+ 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑙𝑎𝑏𝑜𝑟 

𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑎𝑟𝑒𝑎 𝑛𝑒𝑒𝑑𝑒𝑑 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑖𝑛𝑝𝑢𝑡 𝐸𝑆𝑃 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑑𝑎𝑦

= 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑎𝑟𝑒𝑎
𝑚2

𝑡 𝑁𝑎𝑂𝐻 𝑝𝑒𝑟 𝑑𝑎𝑦
∙ 𝑎𝑚𝑜𝑢𝑛𝑡 𝑠𝑜𝑑𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒

𝑡 𝑁𝑎𝑂𝐻
𝑑𝑎𝑦

= 12.5 ∙ 0.033 ∙ 57.5 ∙ 24 = 569 𝑚2 

𝑝𝑜𝑤𝑒𝑟 𝑐𝑜𝑠𝑡𝑠 = 𝑝𝑜𝑤𝑒𝑟 𝑛𝑒𝑒𝑑𝑒𝑑
𝑀𝑊ℎ
𝑡 𝑁𝑎𝑂𝐻

∙ 𝑝𝑜𝑤𝑒𝑟 𝑐𝑜𝑠𝑡
𝐾€
𝑀𝑊ℎ

∙ 𝑁𝑎𝑂𝐻 𝑜𝑢𝑡 𝑓𝑟𝑜𝑚 𝑐𝑒𝑙𝑙 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟

= 3.75 ∙ 0.05 ∙ 0.033 ∙ 460 000 = 2843 𝐾€/𝑦𝑒𝑎𝑟 

𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑐𝑜𝑠𝑡𝑠 =
𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑎𝑟𝑒𝑎 𝑛𝑒𝑒𝑑𝑒𝑑 𝑚2 ∙ 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑐𝑜𝑠𝑡 𝐾€

𝑚2

𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑙𝑖𝑓𝑒
=

569 ∙ 11
5

= 1252
𝐾€
𝑦𝑒𝑎𝑟

𝑤𝑖𝑡ℎ 𝑎 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑙𝑖𝑓𝑒 𝑜𝑓 𝑓𝑖𝑣𝑒 𝑦𝑒𝑎𝑟𝑠 

𝑇𝐴𝐴 = 𝑇𝐴𝐶 − 𝑇𝐴𝑂𝐶 = 7796− 5283 = 2583 𝐾€ 

𝑅𝑂𝐼 =
2583

23774
= 0.11 = 11% 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑦𝑒𝑎𝑟𝑠 =
1

0.11
= 9.46 𝑦𝑒𝑎𝑟𝑠 
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Nine years and six months payback time was obtained when covering 80% of the acid for the tall oil- 
and LignoBoost plant and with spent acid from the electrochemical cell. The ionic exchange 
membranes have five years durability. 

Appendix 3 

Calculations for the sulfur net input from a LignoBoost plant 
The calculated amount sulfur input to the Kraft pulp mill due to the implementation of a LignoBoost 
plant is shown below. The parameters that vary in figure 15 are the utilization of the lignin in the 
limekiln and the acid needed for the LignoBoost plant. For every case the limekiln utilize the lignin, 
the acid is varied from the minimum- to the maximum acid consumption. The calculated example is 
using 40% of the capacity to the limekiln from the lignin and the LignoBoost plant uses the minimum 
acid consumption of 90 kg acid/tone lignin extracted. 

The parameters used in this calculation are shown in table 25. 

Table 25. Parameters used in the calculation for determain the amount sulfur coming in to the 
mill when implementing a LignoBoost plant. 
Lignin flow rate [t/h] 4.52 

Acid consumption, LignoBoost plant [kg/t lignin]  Min: 90 

Medium: 180 

Max: 270 

Sulfur content in sulfuric acid 0.327 

Lignin flow rate needed for 100% cover in limekiln [t/h] 3.8 

Sulfur content in lignin cake product 0.025 

Capacity needed in limekiln [GJ/ADt] 1.8 

Lignin low heat value [GJ/t dry lignin] 24.4 

Pulp production [ADt/h] 54.8 

 

The sulfur input to the mill when the minimum acid is needed to the LignoBoost plant: 

𝑆𝑢𝑙𝑓𝑢𝑟 𝑖𝑛𝑝𝑢𝑡𝑚𝑖𝑛
= 𝑙𝑖𝑔𝑛𝑖𝑛 𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 ∙ 𝑠𝑢𝑙𝑓𝑢𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 ∙ 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 𝑛𝑒𝑒𝑑𝑒𝑑𝑚𝑖𝑛
= 4.52 ∙ 0.327 ∙ 90 = 133 𝑘𝑔 𝑠𝑢𝑙𝑓𝑢𝑟/ℎ 

The sulfur input to the mill when the medium acid is needed to the LignoBoost plant: 

𝑆𝑢𝑙𝑓𝑢𝑟 𝑖𝑛𝑝𝑢𝑡𝑚𝑒𝑑𝑖𝑢𝑚
= 𝑙𝑖𝑔𝑛𝑖𝑛 𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 ∙ 𝑠𝑢𝑙𝑓𝑢𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑
∙ 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 𝑛𝑒𝑒𝑑𝑒𝑑𝑚𝑒𝑑𝑖𝑢𝑚 = 4.52 ∙ 0.327 ∙ 180 = 266 𝑘𝑔 𝑠𝑢𝑙𝑓𝑢𝑟/ℎ 
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The sulfur input to the mill when the maximum acid is needed to the LignoBoost plant: 

𝑆𝑢𝑙𝑓𝑢𝑟 𝑖𝑛𝑝𝑢𝑡𝑚𝑎𝑥
= 𝑙𝑖𝑔𝑛𝑖𝑛 𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 ∙ 𝑠𝑢𝑙𝑓𝑢𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 ∙ 𝑠𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 𝑛𝑒𝑒𝑑𝑒𝑑𝑚𝑎𝑥
= 4.52 ∙ 0.327 ∙ 270 = 399 𝑘𝑔 𝑠𝑢𝑙𝑓𝑢𝑟/ℎ 

 

The sulfur output due to the lignin leaving the mill: 

𝑆𝑢𝑙𝑓𝑢𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑙𝑖𝑔𝑛𝑖𝑛 𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 ∙ 𝑠𝑢𝑙𝑓𝑢𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑙𝑖𝑔𝑛𝑖𝑛 𝑐𝑎𝑘𝑒 ∙ 𝑐𝑜𝑛𝑣𝑒𝑟𝑡 𝑡𝑜 𝑘𝑔 𝑠𝑢𝑙𝑓𝑢𝑟
= 4.52 ∙ 0.025 ∙ 1000 = 113 𝑘𝑔 𝑠𝑢𝑙𝑓𝑢𝑟/ℎ 

The sulfur going to the limekiln: 

𝑆𝑢𝑙𝑓𝑢𝑟𝑙𝑖𝑚𝑒𝑘𝑖𝑙𝑛 = 𝑠𝑢𝑙𝑓𝑢𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 ∙ 𝑙𝑖𝑔𝑛𝑖𝑛 𝑛𝑒𝑒𝑑𝑒𝑑 𝑡𝑜 𝑐𝑜𝑣𝑒𝑟 40% 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑚𝑒𝑘𝑖𝑙𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 

𝐿𝑖𝑔𝑛𝑖𝑛 𝑛𝑒𝑒𝑑𝑒𝑑 𝑡𝑜 𝑐𝑜𝑣𝑒𝑟 40% 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑚𝑒𝑘𝑖𝑙𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

=
𝐿𝑖𝑔𝑛𝑖𝑛  𝑛𝑒𝑒𝑑𝑒𝑑 𝑡𝑜 100% 𝑐𝑜𝑣𝑒𝑟 𝑡ℎ𝑒 𝑙𝑖𝑚𝑒 𝑘𝑖𝑙𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ∙ % 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑚𝑒𝑘𝑖𝑙𝑛 𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑖𝑛 𝑡ℎ𝑖𝑠 𝑐𝑎𝑠𝑒

𝑙𝑖𝑔𝑛𝑖𝑛 𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒

=
3.8 ∙ 0.40

4.52
= 33.81% 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑔𝑛𝑖𝑛 𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 

𝐿𝑖𝑔𝑛𝑖𝑛 𝑛𝑒𝑒𝑑𝑒𝑑 𝑡𝑜 𝑐𝑜𝑣𝑒𝑟 100% 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑚𝑒𝑘𝑖𝑙𝑛𝑠 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

=
𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑛𝑒𝑒𝑑𝑒𝑑 𝑖𝑛 𝑙𝑖𝑚𝑒𝑘𝑖𝑙𝑛 ∙ 𝑝𝑢𝑙𝑝 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑙𝑖𝑔𝑛𝑖𝑛 𝑙𝑜𝑤 ℎ𝑒𝑎𝑡 𝑣𝑎𝑙𝑢𝑒
= 3.8 𝑡

𝑙𝑖𝑔𝑛𝑖𝑛
ℎ

  

𝑆𝑢𝑙𝑓𝑢𝑟𝑙𝑖𝑚𝑒𝑘𝑖𝑙𝑛 = 𝑠𝑢𝑙𝑓𝑢𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 ∙ 𝑙𝑖𝑔𝑛𝑖𝑛 𝑛𝑒𝑒𝑑𝑒𝑑 𝑡𝑜 𝑐𝑜𝑣𝑒𝑟 40% 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑚𝑒𝑘𝑖𝑙𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

= 113 ∙ 0.3381 = 58.2 𝑘𝑔
𝑠𝑢𝑙𝑓𝑢𝑟
ℎ

 

The net input of sulfur when implementing a LignoBoost is: 

𝑆𝑢𝑙𝑓𝑢𝑟 𝑛𝑒𝑡 𝑖𝑛𝑝𝑢𝑡𝑚𝑖𝑛 = 𝑠𝑢𝑙𝑓𝑢𝑟 𝑖𝑛𝑝𝑢𝑡𝑚𝑖𝑛 − 𝑠𝑢𝑙𝑓𝑢𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 + 𝑠𝑢𝑙𝑓𝑢𝑟𝑙𝑖𝑚𝑒𝑘𝑖𝑙𝑛 = 58.2 𝑘𝑔
𝑠𝑢𝑙𝑓𝑢𝑟
ℎ

 

By replacing sulfur inputmin with sulfur inputmedium and sulfur inputmax in the last equation the sulfur 
net input for the medium usage and maximum usage of acid is calculated. 

Appendix 4 

Notations 
ED: electrodialysis 

BME: bipolar membrane electrodialysis 

ADt: air-dry tone pulp 

DS: dry solid 

tDS: tone dry solid 
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cfr: Cost and freight is paid to the destination by the seller. 

ICP-AES: Inductively Coupled Plasma Atomic Emission Spectroscopy 

ppm: parts per million. 

R8/R10: chlorine dioxide plants 

MPRTM: freeze crystallization technique in removal of chlorine and potassium. 

ARCTM: evaporation/crystallization technique in removal of chlorine and potassium. 

PDPTM: ion exchange column technique in removal of chlorine and potassium. 

PDRTM: evaporation/crystallization technique in removal of chlorine and potassium. 

Appendix 5 

1. Kraft Pulp Mill 
 

 

Figure 31. A general overview of a Kraft process, dashed lines representing the recovery cycle and 
solid lines representing the fiber line. [F1] 

1.1 Kraft pulping 
Kraft cooking is one of the most common chemical cooking methods. Chemical cooking goes back to 
more than 1000 years ago when the Chinese society started to cook the mulberry fibers in wood ashes. 
The first chemical pulp mill in Sweden was built in Motala 1532. A schematic overview of an 
example Kraft pulp mill is shown in figure 31. [38] 

The basic idea behind Kraft cooking is to chemically release the fibers in the wood chips using the 
active cooking chemicals HS- and OH- to remove lignin, called delignification. To be able to delignify 
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the raw material the active cooking chemicals are formed from the white liquor (pH 14), see reactions 
12 and 13. The cooking is taken place in the digester. [1] 

𝑁𝑎𝑂𝐻 → 𝑁𝑎+ + 𝑂𝐻−                       (12) 

𝑁𝑎2𝑆 + 𝐻2𝑂 → 2𝑁𝑎+ + 𝑂𝐻− +𝐻𝑆−   (13) 

The strength properties of the pulp fibers are increased during pulping and therefore the process got 
the name Kraft pulping from the Swedish word “Kraft”, meaning “strength”. Munksjö got the first 
Kraft pulp mill in Sweden 1885. [38] 

In the beginning of a cook high HS-- and low OH- -concentration is desired while in the end of the 
cook a high OH- concentration is wanted. A high OH- concentration in the end of the cook keeps the 
lignin in solution and it can easily be filtered off. [39] The yield of a Kraft cook, the change of mass 
from wood to an un-bleached Kraft pulp, is around 50% thanks to the delignification taking place. 
[38] 

It is important to have an even sulfidity, see equation 14, in the Kraft pulp mill to get a high pulp 
yield. The sulfidity is around 25-45% depending on location and wood specie. While a cook proceeds 
the sulfidity increases due to the higher consumption of sodium hydroxide compared to sodium 
sulfite. Higher sulfidity increase the delignification. [38] 

𝑆𝑢𝑙𝑓𝑖𝑑𝑖𝑡𝑦 = 100∗𝑁𝑎2𝑆
𝑁𝑎𝑂𝐻+𝑁𝑎2𝑆

 (14) 

1.1.1 Recovery cycle 
The aim of the recovery cycle is to convert weak black liquor from the Kraft cooking operation to 
white liquor in the pursuit of using it again as active cooking chemicals in the digester. At the same 
time energy is produced which is needed to run the process. The Kraft process is exothermic which 
means that there is a great opportunity, with an efficient energy balance, to utilize excess energy. [40] 

Black Liquor 
After the Kraft cook the white liquor is called black liquor. The black liquor is a by-product from the 
cooking process and contains a mixture of dissolved wood components, the cooking chemicals 
residues and reaction products. [40] 

Tall Oil 
Kraft pulp mills can operate on hardwood and softwood. When softwood, pine, is used as a raw 
material a by-product called crude tall oil can be produced. [41] 

The extractives from the wood material are released in the digester and ends up in the black liquor. 
The extractives contain sodium salts of fatty- and rosin acids and neutrals, also called soap. The soap 
is collected from the black liquor and treated in the tall oil plant in the mill. In Sweden 70-100 kg 
crude tall oil per air-dry tone pulp can be produced at the northern growth border. [41] 

In the tall oil plant the collected soap is acidified and crude tall oil is produced. The acidulation can be 
done in either a one- or two-step acidulation. Prior to the acidulation the soap is cleaned from black 
liquor since black liquor consumes approximately three times more acid than a pure soap does. The 
amount of acid needed in the acidulation depends on how good the cleaning has been i.e. how much 
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black liquor is left. A consumption of acid around 300 kg/t crude tall oil is not unusual, see figure 32. 
[41] 

 

Figure 32. A schematic overview of the acid consumed in a tall oil plant. It is calculated on per air-
dry tone pulp. By producing 100 kg tall oil/ADt pulp approximately 30 kg acid is needed to convert 
the soap in the black liquor to tall oil. [F18] 

Lignin 
Lignin, from the Latin word lignum, meaning wood, is a polymer with amorphous structure. The 
irregular chemical structure in lignin is due to the phenyl propane units that do not link to each other 
in a systematic way. Lignin’s chemical structure and extracted Kraft lignin from a LignoBoost plant 
are shown in figure 33. 

Hardwood, softwood and grass lignin are three major groups which native lignin is classified in. 
Technical lignin, which is a by-product from chemical pulping, has other properties than native lignin. 
[40] In the Kraft lignin more phenol-, carboxyl- and hydroxyl groups are present and the molecular 
weight is around 3000-5000 Dalton. [3] The major bonds in lignin are ether- and carbon-carbon bonds 
and these hold up the structural building blocks. The ether β-O-4 bond is the most common bond in 
the lignin structure. [40] 

  

Figure 33.To the left, lignin product from a LignoBoost plant.[F19] To the right, a suggestion of the 
chemical structure of lignin. [F20] 
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Today, lignin is used as a raw material for several different applications such as the production of 
vanillin through hydrocracking. A major utilization of lignin from sulfite cooking is lignosulfonates 
that is utilized as plasticizer in concrete. [40] 

The extraction of lignin in a Kraft pulp mill can be done in several different ways. The principle of 
precipitating the lignin by lowering the pH of the black liquor or raising the ionic strength with metal 
ions are the most successful methods. Lignin starts to precipitate around pH 10-10.5. Lowering the pH 
in the black liquor can be done with carbon dioxide, as it is done in the LignoBoost concept. Calcium 
ions can raise the ionic strength and in that way precipitate lignin in the black liquor. [3,4] 

Evaporation plant 
The first step in the recovery cycle of the mill is the evaporation plant. Black liquor from the cooking 
digester has a dry content of approximately15% and the goal of the evaporation plant is to take that 
content up to approximately 65-85% dry solids (DS). [42] This is done in a series of evaporators. By 
decreasing the water content in the black liquor combustion is viable. By increasing the DS content 
the specific heating value will increase. The liquor after the evaporation plant is called thick black 
liquor. [43] 

Recovery boiler 
After the evaporator plant the black liquor ends up in the second step of the recovery cycle, the 
recovery boiler, see figure 34. The aim of the recovery boiler is to convert the black liquor into green 
liquor and at the same time produce a lot of steam. [42] 

The black liquor that is composed of 65-85% dry solids is sprayed into the bed in the lower parts of 
the furnace, see figure 4.The inorganic compounds in the recovery boiler form a melt that is a salt 
mixture from the reducing bed after the carbon has been gasified. The major compounds of the smelt 
are Na2S and Na2CO3. The smelt is suspended in the dissolving tank and regenerated to white liquor. 
[42] Average load of a Swedish mill is 1500-2000 DS/day and the world’s largest recovery boiler can 
take 7000 DS/day and is situated in China. [29]  

Non-process elements can cause severe damage to the recovery boiler, for example chlorine and 
potassium may decrease the heat transfer efficiency in the boiler due to scaling. This is a large 
expense for the mills and can be decreased by using effective sootblowers and leaching out chlorine 
and potassium. [32] 
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Figure 34.Schematic figure of a recovery boiler. The thick waste liquor inlet comes from the 
evaporator plant. [F19] 

The emissions from the recovery boiler depend on how the recovery boiler operates and the ratio of 
sulfur and sodium. Sodium is mainly in the sodium hydroxide form due to the reducing conditions in 
the lower furnace. The sulfur is in the hydrogen sulfite form in the lower furnace. [42] 

Sulfur will oxidize into sulfur dioxide as a first step and then further to sodium sulfate if the S/Na is 
low or/and if the furnace temperature is high. Sodium becomes mostly sodium sulfate if the furnace 
temperature is low, see figure 35, and when the furnace temperature is high and/or the S/Na is low the 
excess sodium reacts with carbonate and forms sodium carbonate. [42] 

Today the recovery boilers often run with a high dry solid content feed from the evaporation plant. A 
high DS content in the recovery boiler led to a higher heat capacity of the fuel and to a high 
temperature in the bed. [29] 

High temperature in the melt gives a higher content of sodium carbonate in the emissions. Low 
temperature in the bed gives a higher content of sulfur emissions such as SO2. Flue gases with high 
sulfur dioxide increase the need of caustic soda in the scrubber. [29,32] 

With a high lower furnace temperature the SO2–emissions become less and the Na2SO4 content of 
sodium increase. By decreasing the sulfur dioxide in the furnace the chlorine removal from the 
recovery cycle become lower, see reaction 15. The HCl formed in reaction 15 passes the electrostatic 
precipitator and exit as emission. To be able to reduce NOx gases from the recovery boiler, which 
causes acid rain etc., the oxygen level can be reduced. [42] 

2𝑁𝑎𝐶𝑙 + 𝑆𝑂2 + ½𝑂2 + 𝐻2𝑂 → 𝑁𝑎2𝑆𝑂4 + 2𝐻𝐶𝑙 (15) 

If the content of sulfur increases in comparison to the sodium in the black liquor the sulfur dioxide 
emission increases. In the opposite case the sodium sulfate formation increases. Figure 36 show how 
the temperature affects the release of sulfur and sodium in the recovery boiler.  
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Figure 35.The formation of emissions in a furnace with high sulfidity and-/or low furnace 
temperature. The sodium form sodium sulfate instead of sodium carbonate with a low furnace 
temperature and the sulfur become sulfur dioxide and sodium sulfate. The sizes of the arrows are in 
relation to the amount formed. [F21] 

The dust generated by the recovery boiler is either purged out or re-circulated in to the recovery cycle 
again. The purge is done to keep the sulfidity-balance in the mill and the recirculation to gain sodium 
to the mill. Dust that has been purged from the mill is added to recipient. [2,44] 

 

Figure 36.The effects for the sulfur- and sodium release due to the furnace temperature. Stot an Natot 
are real cases and the Sequil and Naequil represent the sulfur and sodium release due to the 
thermodynamically equilibrium data. [F22] 

The recovery boiler is often a bottleneck for the pulp production and to increase the production a new 
larger boiler has to be built. By implementing of a LignoBoost process the mill can increase the pulp 
production and overcome the bottleneck that the recovery boiler is. [4] 

Electrostatic precipitator 
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An electrostatic precipitator collects particles from flue gas emissions in the recovery boiler. In figure 
37 an ESP with collecting plates (positive electrode) and discharge wires (negative electrode) are 
shown. Between the electrodes an electric field is built up and the dust in the flue gases that runs 
through the electric field get negatively charged and captured by the plates. The dust layer built up on 
the plates has a negative influence on the efficiency of the precipitator and is therefore continuously 
removed from the plates by vibrations. [32,42] 

A high temperature in the lower furnace can, as mentioned before, lead to very low SO2 
concentrations in the gases going to the ESP. In this case the efficiency of the ESP drops due to the 
fact that the resistivity of the dust particles become too high and do not stick to the precipitator plates. 
The content of NaCl in the dust is increased if the sulfur dioxide is decreased. There are wet and dry 
electrostatic precipitators and both are suitable for recovery boilers but the wet ESP is rarely used. 
[29,45] 

 

 

Figure 37. An overview of a electrostatic precipitator. [F16] 

Chlorine and potassium 
Chlorine and potassium have a large impact on the recovery boiler. The elements can cause severe 
scaling in the upper part of the furnace i.e. the overheater. The scaling is a result of an increase of the 
sticky temperature. [42] 15% of the dust in the recovery boiler has reached its molten state when the 
sticky temperature occurs. [32] The scaling in an overheater is shown in figure 38. The sticky 
temperature and the radical deformation temperature correlate to show where the deposit is sticky and 
massive accumulation is taking place. The enrichment factor is a measurement on how much an 
element will accumulate in the ESP dust. For chlorine the enrichment factor is 2.6 and for potassium 
1.6. [42] 

The mills raw material, wood, contains various amounts of chlorine and potassium. Another source 
for chlorine is the bleaching effluent from the chlorine dioxide bleaching step. The chlorine and 
potassium accumulates in the ESP dust and therefore a purge of ESP dust or treatment of the re-
circulated dust is the best way to remove these NPEs. [29] 
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Figure 38.Scaling on the overheater in the recovery boiler due to increase of the Cl and K levels in 
the black liquor. [F23] 

 

1.2 NaOH 
The industry demand of sodium hydroxide is high and the production of the chemical does not show 
any signs of decreasing. NaOH is made in the so-called chlor-alkali process either by mercury cell 
process, diaphragm cell process or membrane cell process. The chlor-alkali process is based on 
electrolysis of NaCl, also called brine, see equation 15. 

2𝑁𝑎𝐶𝑙 + 2𝐻2𝑂 → 𝑁𝑎𝑂𝐻 + 𝐶𝑙2 + 𝐻2 (15)  

 

 

    

Figure 39.Nafion perfluorinated membrane. [F24] 

In the chlor-alkali process the demands of purity of the brine is high because a long life membrane is 
economical. The brine is in need of purification and that is why the first step is to clean the brine. [33] 

The first step in this cleaning loop is to remove chlorine gas. A schedule of the process can be seen in 
figure 40. In the second step most of the still remaining chlorine gas is removed by making the brine 
acidic. Hydrogen peroxide is then added to remove the last remaining chlorine. To remove the 
multivalent ions the pH is adjusted to alkaline stage and the carbonate can be precipitated with the 
ions. The last steps are filtering through first a cloth filter followed by a carbon filter and last a 
particle filter before it ends up in the ion exchange.  
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Figure 40.A schematic overview of the sodium hydroxide, chlorine and the hydrogen production 
process. The pre-treatment, in blue, of the brine and the handling of the products are shown. [F25] 

Equations 16 and 17 show occurring chemical reactions in the brine pre-treatment. In the first calcium 
carbonate precipitate and in the latter reaction magnesium hydroxide precipitates. Calcium and 
magnesium is not wanted in the electrochemical cell. [46] 

2𝐶𝑎𝑆𝑂4 + 𝑁𝑎2𝐶𝑂3 → 𝐶𝑎𝐶𝑂3 + 2𝑁𝑎𝑆𝑂4 (16) 

𝑀𝑔𝐶𝑙2 + 2𝑁𝑎𝑂𝐻 → 𝑀𝑔(𝑂𝐻)2 + 2𝑁𝑎𝐶𝑙 (17) 

In the membrane cell, see figure 41, a cation exchange membrane, i.e. Nafion membrane, see figure 
39, separates the anode and the cathode compartments. When feeding the anode compartment with 
brine the positive sodium ions migrate to the cathode and react with the hydroxide ions and form 
sodium hydroxide. At the same time chlorine gas is produced from the anode compartment and 
hydrogen gas from the cathode compartment. [47] 
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Figure 41. A schematic figure of a chlor-alkali membrane cell. [F26] 

The prices of caustic soda vary a lot over time, which can be seen in the results section under price of 
sodium hydroxide and sulfuric acid. [12] 
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