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Tässä työssä mäntyöljylaitoksen stabilointia tutkittiin suovan käsittely, neutraloinnin ja 

ultraäänen kautta. Tutkimukset suovan käsittelyssä tähtäsivät siihen, että suurempi määrä 

mustalipeää saataisiin erotettua suovasta ja että mustalipeän määrä suovassa olisi tasaisempi. 

Neutraloinnin toimintaa tutkittiin, jotta voitaisiin selvittää, kuinka reagoida vaihtelevaan 

mustalipeän määrään suovassa. Ultraääntä testaamalla haettiin parannusta kemiallisiin 

reaktioihin ja katsottiin, voisiko sen avulla stabiloida palstoitusprosessin. 

Suovan käsittelyssä testattiin kahta operointimallia. Molemmille malleille löytyi 

käyttötarkoitus riippuen saatavilla olevan suovan määrästä. Laboratoriokokeissa huomattiin, 

että mustalipeän määrää suovassa ei voida ennakoida, joten neutraloinnin toimintaa tulisi 

säätää automaation kautta. Laboratoriokokeissa huomattiin myös, että hapon määrällä on 

suuri vaikutus mäntyöljyn saantoon. Suurella happomäärällä saatiin tasainen saanto, vaikka 

mustalipeän määrä vaihteli suuresti näytteissä. Ultraäänellä ei ollut huomattavaa vaikutusta 

saantoon, mutta laboratoriokokeet näyttivät ultraäänen potentiaalin. 

Tulevaisuudessa neutraloinnin kokeita tulisi jatkaa pidemmillä testiajoilla. Myös ultraäänen 

kokeilua tulisi jatkaa, koska sillä on potentiaalia kasvattaa saantoa. Työn aikana myöskään 

kaikkia ultraäänen aspekteja ei ehditty työn aikana tutkimaan.  



 

 

ABSTRACT 
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 In this work, stabilization of CTO process is studied through soap handling, neutralization 

process and ultrasound. Studies in soap handling aim to increase the amount of black liquor 

removed, but also to stabilize the black liquor content in soap. In neutralization, the operation 

of neutralization process is studied to determine, how to react the changes in black liquor 

content in soap. Ultrasound is tested to see if it enhances the chemical reactions and stabilizes 

acidulation process. 

Two operating models were tested in soap handling. Both models could be used, depending 

on the soap availability. In laboratory tests, it was noted that black liquor content could not 

be predicted, so neutralization process should be adjusted differently through automation. It 

was noted that in laboratory tests, amount of acid used had significant impact on CTO yield, 

as high amount of acid resulted in stable yield, despite the different black liquor content. 

Ultrasound did not have effect on the acidulation process, but there were signs of the 

potential of ultrasound during laboratory testing. 

For future work, studies in neutralization process should be continued with longer test 

periods. Also ultrasound testing should be continued, as there was potential in increasing the 

CTO yield, but also all aspects of ultrasound were not tested in this work.   
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1  Introduction 

When thinking about any kind of industry that uses chemicals, there is always byproducts 

present. In forest industry, there are multiple byproducts present. Best known byproducts are 

methanol, turpentine and crude tall oil  (Knowpulp, 2022a). As the wood is chipped and 

cooked, black liquor is separated by washing and directed to evaporation plant (Stenius, 

1999). In evaporation plant, water is evaporated from the black liquor to increase concentrate 

to 72-75%. Black liquor is then burned in recovery boiler (Knowpulp, 2022b).  

Evaporation is done by multiple evaporators, where water is evaporated from black liquor. 

Each evaporator has slightly increasing temperature and higher pressure to change boiling 

point of water. When pressure is lower, water can boil at lower temperature. Falling film 

evaporators are commonly used in evaporation plants.  (Knowpulp, 2022) 

As the black liquor stands in weak black liquor tank for a while, soap starts to form from the 

components mixed in black liquor. This soap can affect negatively on evaporation units by 

fouling the films in evaporation units, resulting in higher than normal washing rate of the 

units. Washing on the other hand affects production speed, as evaporation plant has to slow 

down a bit and can’t handle as much black liquor than in normal operating speed. 

From soap, crude tall oil is produced, which is also valuable product for selling. From crude 

tall oil, there is multiple end-use products which adds reasons for soap being collected and 

handled (Aryan, Kraft, 2021). This process involves lots of chemical mixing and unwanted 

compounds can disrupt the process (Knowpulp, 2022).  

1.1  Background 

As said, amount of impurities in soap is crucial for the acidulation process to work as 

designed. Soap separates from black liquor in weak liquor tank. It can be assumed, that 

different layers are formed in black liquor tank: a soap layer, a mixture of soap and black 

liquor and a black liquor layer. As soap is skimmed, this mixed part is also partly skimmed 

alongside carryover black liquor. Black liquor from mixed part and carryover black liquor 

trapped in soap could be the reasons why black liquor exist in feed soap to acidulation 
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process. Extra black liquor adds more components to handle in acidulation, which increases 

the need of CO2 and sulfuric acid.  (Tikka, 2008) 

Due acidulation of CTO with sulfuric acid, sulfur is added to chemical circulation This 

creates the need to add make up NaOH to balance sulfidity, among other measure. On 

economical point of view, this is not profitable, as additional use of sodium hydroxide 

creates additional costs.  (Härkönen, 2019) 

 

1.2  Objectives 

Objective of this work is to reduce process disturbances, study the function of neutralization 

and to decrease the amount of CTO present in extracted lignin layer. In order to reduce 

process disturbances, soap handling process must be studied. Black liquor will cause 

disturbances in neutralization and acidulation processes, so enhancing soap handling to reach 

low residual black liquor content should decrease the process disturbances by lot. By this, 

stability in soap quality is tried to be achieved.  

 If soap quality is low due to black liquor, two-stage acidulation process can be affected. In 

this process, carbon dioxide, water and sulfur acid is used to neutralize black liquor in crude 

soap when mixed with raw soap (Tikka, 2008).  Two-stage acidulation means, that 

acidulation of soap is done in two stages. First stage is neutralization of soap, second is 

acidulation of soap oil. Neutralization of two stage acidulation is done in two reactors. In 

these reactors, carbon dioxide is added to the stream, which creates pressure in both reactors. 

This pressure is also pushing force to soap oil towards soap oil tank. When a batch of black 

liquor alongside soap enters the neutralization, batch of black liquor demands higher amount 

of carbon dioxide to be neutralized. This leads to pressure loss in reactors, which causes soap 

oil stream to slow. As automation tries to increase the soap oil flow by opening valve, 

pressure is lost completely. This leads to restart of the neutralization process.  By changing 

the parameters of the neutralization process before black liquor batch, it could be possible to 

neutralize black liquor and not cause loss of pressure in reactors. 

When studying the mother liquid discharge, it was found that almost one percent of the liquid 

consisted of CTO. The amount of CTO in stream indicates that hydrodynamic separator 
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(HDS) is not capable of separating all CTO from soap oil. To decrease the amount of CTO 

found in mother liquid, use of ultrasound was studied. 

  

2  Basics of crude tall oil production 

Crude tall oil is known side product of the kraft pulp mills. These acids originate from 

hardwood and softwood  (Knowpulp, 2022). In this chapter, chemical properties of CTO are 

studied, as well as conditions affecting the amount and quality of CTO.  

2.1  Composition of CTO 

After soap is gone through acidulation process, components found in soap form CTO. CTO 

is separated in HDS from lignin and gypsum layers. Final product consists of resin and fatty 

acids and neutral components  (Tikka, 2008). CTO quality can be measured with acid 

number, soap number and amount of unsaponifiables (Nousiainen, 2012). Acid number is a 

number, that tells how much fatty and resin acids there are present in the CTO and presents 

the amount of potassium hydroxide in milligrams needed to neutralize one gram of neutral 

acids. Acid number is measured as g KOH/ g CTO (Metsä Fibre, 2021). 

Soap consists of resin and fatty acid salts among other components, like fibres, that are 

extracted to black liquor during cooking process. During soap handling, resin and fatty acids 

are liberated from salts in two-stage acidulation process. As soap oil is acidulated, these 

liberated fatty and resin acids form main components of CTO  (Niemeläinen, 2018).  In 

figure 1 are presented resin acids found in CTO. Resin acids found in CTO are abietic acids 

and primary acids. On the left side is abietic acid, which is most studied resin acid, 

commonly obtained from pine rosin. On the right side,  primaric acid is presented.  (Zeiss, 

1948) 
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Figure 1 Resin acids present in CTO  (Aro, Fatehi, 2017) 

 

In figure 2 Fatty acids are presented. Oleic, palmitic and linoleic acids are basic fatty acids, 

that can be found from multiple sources outside wood, as they are important components on 

creating lipids. Main difference of these acids are their size in carbon atoms and amount of 

double ponds and their locations.   (Bianchi, Bauer, 2011) 

 

Figure 2 Fatty acids present in CTO  (Aro, Fatehi, 2017) 

After washing, these components along other wood extractives start forming soap by 

saponification. Soap is formed in weak black liquor tanks.During saponification, free fatty- 

and resin acids start to form sodium salts, which are the main components of soap, along 

other additives. These salts aggregate together at critical micelle concentration, and form 

micelles. These micelles can be formed from 30 to 200 ions, depending on the conditions.  

(Tikka, 2008) 
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2.2  Soap 

When black liquor is extracted from the cooking process, it is directed to evaporation plant. 

(Fardim, 2011). In evaporation process, black liquor is settling in large feed liquor tanks. 

Black liquor present in soap tanks is weak black liquor, which has low, 15 to 20% dry matter 

content. As the black liquor settles, resin and fatty acid salts, resin and fatty acid esters and 

neutral components rise on top of the black liquor with impurities. This mixture is called 

soap, and is the main component of CTO (Foran Douglas, 2006). Soap is then skimmed and 

directed to CTO process. Impurities found in soap are black liquor, lignin, calcium, fibres 

and turpentine, which are handled in two-stage acidulation process.  (Tikka, 2008).  

Soap forming in weak black liquor tanks is extracted, as it has been noticed to foul on the 

lamella of the evaporation units, thus increasing need of washing the evaporation units. With 

increased need of washing, normal use of evaporation plant is disturbed and efficiency and 

capacity of the plant are affected.  (Foran Douglas, 2006) 

In figure 3 is presented graph of soap formation in black liquor tank. As can be seen, the 

amount of time and solids affect the soap formation. When dry matter content of the black 

liquor is low, soap is rising fast. Best rising velocity can be found just bit over 20%. When 

dry matter content is reaching 25%, soap rising velocity starts to decrease.  

 

Figure 3 Rising velocity of soap particles and how dry matter content affects that 

velocity.  (Gullichsen, Lindeberg, 1999) 
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2.3  Process 

As soap rises on top of black liquor in weak liquor tanks, soap is skimmed to soap collection 

tank by automated sequence or manually changing flows. As the level in the tank rises, 

skimmed soap is flowing to soap collection tank through pipes.  (Jaakko Pöyry, 2001) 

In figure 4 is presented soap skimming as a box model to illustrate the process. When weak 

black liquor comes to evaporation plant, it is directed to weak liquor tanks (1 and 2). Soap 

is skimmed from weak liquor tanks to soap collection tank (3).  From soap collection tank, 

part of black liquor is extracted. As soap has settled more in soap tanks, rest of the black 

liquor is extracted. Soap is pumped in first soap tank, where soap is skimmed to second soap 

tank to ensure, that soap going to two-stage acidulation is good soap. Both soap tanks have 

black liquor extraction pumps, that operate on time interval. During bad soap season, 

sometimes soap is taken from first soap tank. 

 

Figure 4 Skimming process, where 1 and 2 are weak liquor tanks. 3 is soap collection 

tank. 4 and 5 are soap tanks 1 and 2 

In figure 5 is presented a box model of neutralization to illustrate the process. From second 

soap tank (1) soap is pumped to neutralization process (2). Water is pumped to the pipeline 

before reactor to mix water with soap. Neutralization reactor itself is divided in two reactors. 

In first reactor soap/water mix and CO2 are driven to react. In second reactor formed gasses 

are released from the reactor and soap oil flows to soap oil tank (3). Sulfuric acid is added 
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before soap oil tank to control pH. Soap oil is then pumped towards HDS, where CTO 

separation happens and brine from soap oil tank is pumped to evaporation plant.   

 

Figure 5 Neutralization process, where 1 is second soap collection tank. 2 is 

neutralization reactors and 3 is soap oil tank. 

In figure 6 is presented illustrating box model of the HDS part of the process. From soap oil 

tank (1) soap oil is pumped through middle reactor to HDS (2), where CTO is separated. 

CTO is collected by overtipping and directed to drying and storage (3). 

 

Figure 6 HDS phase. 1 presents soap oil tank and 2 presents HDS. 3 presents end 

handling and storage of CTO.  

HDS is used to separate CTO. Following layers are formed: CTO, lignin layer, mother liquid 

and gypsum layer. Lignin, mother liquid and gypsum layer form so called spent acid layer. 

Mother liquid is formed from neutralized components and unused acid, gypsum layer is 

formed from calcium sulfate and sodium. Separation is based on differences in density. 
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When given enough time, soap oil components separate. HDS is operated by spent acid 

extraction. On the top side of the HDS there are sight glasses, where CTO layer and lignin 

layer should be seen and can be monitored. CTO is collected by overtipping, which is made 

possible by adding more soap oil to HDS than spent acid is pumped out. In figure 7 basic 

streams in and out of HDS is presented. 

 

Figure 7 In and out streams of HDS. Figure is adapted from  (Knowpulp, 2022) 

In figure 8 forming of layers in HDS over time are presented. CTO layer separates fast from 

lignin and mother liquid layers, meaning that longer settling time won’t change the yield 

much. Calcium layer forms on bottom and volumes of lignin and mother liquid are changing 

over time.   
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Figure 8 Formation of CTO, lignin and mother liquid layers overtime from soap oil. Time 

is presented in minutes.  (Tikka, 2008) 

 

Neutralization is critical process in the two-stage acidulation. The main point of this process 

is to decrease the need of sulfuric acid, as some of the neutralization reaction is done with 

carbonic acid. The Acidulation process reactor consists of two reactors and soap oil tank. 

First being neutralization process, where carbon dioxide is introduced to soap-water mixture. 

As the carbon dioxide dissolves to water, carbonic acid is formed. Reactions in neutralization 

obey Henry’s law.  (Aro, Fatehi, 2017; Tikka, 2008) 

Equation 1 presents how carbon dioxide dissolves with water and forms carbon acid.  

CO2 + H2O ↔  H2CO3               (1) 

Equation 2 presents the simplified reaction between fatty and resin salts with carbon dioxide 

to form resin and fatty acids. This reaction happens in first reactor at pH of 7,5. 

R − COO−Na+ + H2CO3  ↔ RCOOH +  NaHCO3                       (2) 

In equation 3 presents neutralization reaction of lignin. (Wansbrough, Rough, 2001): 

Lignate − Na− +  H2CO3  → lingnin +  NaHCO3          (3) 

These carbonic acid reactions happen in specific pH and temperature. According to Tikka 

(Tikka, 2008) end pH in soap oil tank should be 7,5-8 and temperature about 50 ℃. Sulfuric 

acid is used to adjust pH before soap oil tank. 
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From soap oil tank, soap oil and bits of raw soap are directed to HDS. More sulfuric acid is 

added to make sure, that all component react, so that as little CTO as possible is wasted to 

spent acid stream. In equation 4 sulfuric acid reaction with tall oil is presented (Wansbrough, 

Rough, 2001). 

2 R − COO−Na+ + H2SO4  ↔ 2RCOOH +  Na2SO4  (4) 

Sulfuric acid also reacts with lignin that has not reacted with carbonic acid. This reaction is 

presented in equation 5 (Wansbrough, Rough, 2001). 

2 Lignate − Na+ +  H2SO4  → 2 lignin +  Na2SO4                           (5) 

 

2.4  Crude tall oil quality and seasonal variation 

During summer, when extractives are fewer in the wood, amount of soap decreases and 

quality drops. Soap quality correlates straight to CTO quality as the components in both are 

same.Other soap quality affecting factors are amount of black liquor in soap, high amount 

of fiber in soap and high amount of calcium  (Knowpulp, 2022a; Tikka, 2008) 

Black liquor in soap brings lignin to the process. According to Knowpulp (2022a), 

percentage of lignin phase indicates the amount of black liquor in soap. If there is over 1% 

of lignin, there is already too much black liquor in the soap, and it decreases the CTO yield. 

1,5% of lignin decreases the CTO yield dramatically.  

Calcium in soap should be less than 700mg/kg. Higher amount of calcium can start forming 

sediment and cause blockage.  (Knowpulp, 2022a).  

Black liquor, lignin and calcium can affect yield dramatically. According to Knowpulp 

(2022a), yield from high quality soap can drop by almost 40%. To negate the components 

effect, sulfuric acid has to be used more than normally.  

In current setup, there is only static mixed and no reactor before HDS, so CTO quality 

correlates with soap quality and two-stage acidulation. When soap reaches soap oil tank after 

neutralization, it is important to have specific pH in the tank, which can be measured from 

formed brine. In Ph of 7,5-8, CO2 forms carbonic acid with water, which neutralizes 

components in soap as described in equations in chapter 2.3 (Tikka, 2008). Difference in pH 



18 
 

 

could affect the process and decrease CTO quality or yield. In HDS stage, pH of spent acid 

indicates the state of HDS separation. If mother liquid pH is too high, it means that all soap 

oil is not acidulated. This leads to decreased yield. If the pH is too high, it indicates that not 

enough acid is added to the process. Lack of acid causes losses in yield, as there has not been 

enough acid to neutralize all soap oil components in given time.  

It is known that seasonal variation affects the chemical composition of wood. Harsher 

climate increases the amount of extractive in wood, which could also be seen in seasonal 

variation. During winter, climate is harsh for the tree and growing is not happening, unlike 

in winter. This would mean, that during winter, there is more extractives present in wood.  

(Tikka, 2008) 

In figure 9 is presented typical composition of soap. In this model, it can be seen that tall oil 

compounds form about half of the soap. Next biggest portion goes to water and rest are from 

black liquor and sodium. During seasonal variation, this composition will likely change. 

Less extractives during summer will affect the amount of soap available, but will most likely 

also affect the composition of wood. 

 

Figure 9 Composition of soap  (Niemelä, 2003) 

 

In figure 10 is presented the amount of soap recovered during year. This graph supports the 

theory of harsher climate during winter affecting positively in the chemistry of the wood, 

meaning more soap. This graph does not tell, if the quality of soap also suffers during 
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summer. Other aspect affecting positively on extractives in wood, is the age of the tree.  

(Södervik, 2015). 

 

Figure 10 Seasonal variation of soap in wood.  (Tikka, 2008) 

 

 

3  Alternative enhancements of black liquor extraction and CTO 

production 

During the time of recovering soap from black liquor, different kind of innovations has been 

tested to make the process more efficient. As amount of soap recovered is increased, less 

dirtying substance exist in black liquor. When it was discovered that CTO could be produced 

and be used or sold, studying the process and increasing yield with different innovations 

would be natural step. In this chapter, some soap handling and CTO production methods are 

covered to give different view on this project.   

3.1  Black liquor separation and production of soap oil 

Separation of black liquor and soap happens in collecting tank or in soap tanks. Separation 

in done by letting soap settle in tank for several hours. This process is slow and probably 

won’t be able to remove all black liquor, leading to black liquor entering neutralization 

process. One way to improve the process is to add rake in the soap tank. The rake revolves 

in the tank, causing motion in soap. As soap is moving, black liquor can move more freely 
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towards bottom of the tank. This method is easy to carry out in industrial environment with 

minimal changes.  (Tikka, 2008) 

Polymers could be used to separate black liquor from soap. According to Ziegler et al.   

(1975) recovery rate of soap can be 58% to 70%. In the research is stated, that polymer used 

was polyoxypropylene-polyoxyethylene with concentration of 100g/l of polymer. This 

method increased the operations in evaporation plant, as polymers were efficient enough to 

decrease the amount of soap components in black liquor. On downside, CTO yield is 

decreased by polymers.  (ZIEGLER; ROBERT J, LIEBERMAN; HILLEL, 1975) 

 

3.2  CTO production from soap oil 

In mean of producing CTO from soap oil, there is many innovations used. For example, 

electrolysis is presented as greener and acid free method and boron could provide alternative 

chemical for sulfuric acid in acidulation.  

In electrolysis, cathode and anode chambers are used to contain needed chemicals and soap. 

0.5-2.5 M NaOH is used in anode chamber and anode chamber contains soap. Electrolysis 

conditions in patent are 50-80 ℃ and pH of 10-12 . To ensure, that only sodium ion travels 

between the chambers, semi-permeable membrane is used between the chambers. In 

equation 6 is presented electrolysis reaction. (COIN et al., 1995; SWANN EDWIN F, 

FORAN DOUGLAS C, BOWLES ROBERT E, GRIFFIN JOSEPH H, 2013) 

2R − COO−Na+ + 3H2O → 2R − COOH + NaOH +
1

2
O2 +  H2         (6) 

During electrolysis, CTO is formed in anode by sodium ions being liberated from the soap. 

Sodium then travels through the membrane to cathode. Water in cathode is converted to 

hydroxide ions and hydrogen gas. Sodium and hydroxide ions form sodium hydroxide. By-

products in this reaction being oxygen from anode and hydrogen from cathode. CTO can be 

separated by centrifuge or distillation system. On mill point of view, the process is most 

likely profitable. Even if the process uses electricity and reduces income, there is no need 

for expensive acid or carbon dioxide. Also, if sulfidity in the mill requires NaOH to be added 

to chemical circulation, electrolysis process will provide it.   (COIN et al., 1995; SWANN 

EDWIN F et al., 2013) 
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To decrease the amount of sulfur in mills chemical circulation, boron compounds could be 

used to replace sulfuric acid in acidulation process. Less sulfuric acid used would lead to 

less make-up NaOH used to keep sulfidity in balance. Boron trifluoride showed promising 

results, leading to 51-53% yield in CTO recovery, when 20-24 wt.% of boron trifluoride was 

mixed with soap oil. Boron trifluoride can be mixed to both soap and soap oil to recover 

CTO. On downside, sulfuric acid can recover from 50% to 75% of CTO and is therefore 

more efficient. Whereas sulfuric acid can be mixed with black liquor without problem, boron 

fluoride wastes must be neutralized and recycled accordingly.  (REDON CANIFRU JEAN 

PAUL, 2013; ROJAS, MARKOVITS SCHERSL, FUENZALIDA DIAZ, 2013; TATE; 

DAN C, 1981) 

 

3.3  Ultrasound 

Effect of ultrasound as an enhancer of CTO separation has been studied before in Mestä 

Fibre oy Kemi pulp by Tapalinen (2020). Ultrasound is used to ease the separation of CTO, 

which could reduce the amount of CTO present in extracted lignin layer.  

Ultrasound equipment is designed to be placed in the pipeline before HDS. Ultrasound 

equipment consists of ultrasound transmitters, which  are placed on the pipeline after static 

mixer. The goal of these transmitters is to  provide interactions between chemicals in the 

mixture (Cass et al., 2010) Interactions between the chemicals should affect positively the 

separation time between CTO, lignin and gypsum layers in the HDS. 

4  Problems in process and test methods.  

Main problem points of the process are recognized and examined to see, what could be the 

solutions. Problem points of the process were studied by reviewing data of the known 

problem parts and by communication with process operators. Tools used to collect the data 

were Wedge and operating software. Also test methods are introduced alongside problems. 

Testing includes changes in soap handling process, neutralization process and ultrasound 

testing in HDS. Soap handling and ultrasound in HDS are tested while CTO plant is running 
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and include some planning. Two-stage acidulation process includes laboratory test to back 

up theory before process testing. 

4.1  Skimming and soap handling 

During skimming, there is a change that black liquor is carried over to soap collection tank. 

Black liquor extraction is done by pumps, that are not capable of pumping soap. Soap tanks 

1 and 2 should provide sufficient residence time, when driven in wanted order. . For some 

reason, there still is some black liquor present in soap for two-stage acidulation. Sometimes 

the problem is that soap demand is so high, that there is not enough time for soap to settle. 

In these cases, part of the problem is low amount of soap available, for example in summer.  

Testing focuses on problem points of the skimming and soap handling process. A Problem 

points is, that the amount of black liquor in soap is high. This problem could be solved by 

changes in the black liquor extraction process. Black liquor needs time to separate from soap, 

therefore settling time should be maximized. Settling time can be manipulated by changing 

the way skimming and black liquor separation process.  

During soap handling process, there is a possibility that overtipping soap is straight up bad, 

as good quality soap can form hard surface, which would not be penetrated by new soap. 

When soap is not available, operators are forced to use soap from tank, where soap should 

be overtipped. That has been noted as an increase of soap quality by operators. When 

studying tank surface from graphs, it can be seen that if tanks are driven separately, time to 

fill and settle soap tank could potentially be more than 24 hours, which supports the idea of 

separately driving the tanks. (Pulkkinen, 2022) 

Theory is taken to further testing. Testing point for settling is driving soap tanks 1 and 2 

separately. Old way soap tanks are driven is that soap tank 2 is filled by overtipping soap 

from soap tank 1. During testing, tanks will be driven separately, meaning that one tank can 

be filled and settled while other tank is in use. When tank is on lower level, switch is made 

and roles are reversed. Skimming process has to be timed so that it disturbs soap feed to 

neutralization as little as possible.  

Testing could be done in test periods, where soap tanks are driven separately. After testing 

periods with separate use, driving method can be restored to old version for data comparison. 
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Quality of soap is measured by continuing conductivity measurement and by studying test 

samples.  

 

4.2  Neutralization process 

Two-stage acidulation is a process that needs specific parameters to work. Pressure is an 

important variable of the reactor, meaning that a low pressure leads to carbon dioxide no 

longer dissolving in water and outlet stream is driven by the pressure in reactor. End pH 

needs to be set to 7,5-8 to ensure that most of the soap is acidulated. Target pH  is achieved 

by adding sulfuric acid. Acid also ensures that all components in the stream will react.  

(Tikka, 2008) 

To neutralize black liquor in neutralization reactor, in theory adding more CO2 and sulfuric 

acid should neutralize more black liquor. Relation of water to carbon dioxide against 

variation of black liquor content in soap should be studied. This shows, how black liquor 

content would affect the neutralization, and if black liquor content could be compensated by 

changing water ratio. Carbon dioxide feed needs to be adjusted so that pressure is preserved 

in the  reactor. Amount of added sulfuric acid needs to be re-evaluated with different soap 

qualities. It is known, that increased black liquor content consumes more CO2  (Tikka, 2008). 

What is not studied, is how changing water-soap ratio at the same time affects the process.  

Same kind of studies has been done before with the process, which give information about 

how to expect the tests going. Study also gives an idea on what has and has not been studied 

before, and where to direct interests. Step-by-step tests done can also either verify previous 

results or bring up new results, which can be used. (Komulainen, Joni, Finer, 2020)  

Neutralization process is having problems on handling poor quality of soap. To find right 

parameters to drive the process, soap must be studied for different qualities. Poor and high 

quality soap samples are studied by using sulfuric acid. Crucial information is how much 

soap is needed to separate soap components and how much acid is needed to recover all 

CTO.  

When needed acid quantities are found to studied soap qualities, water to CO2 ratio and CO2 

to soap ratio should be studied. When amount of acid needed in laboratory environment is 
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found, it can be used to predict the amount of acid needed in process. Using that information, 

parameters in neutralization can be approximated. To validate results, soap oil after added 

sulfuric acid is studied.  

Driving force of the neutralization is pressure. If pressure drops, soap oil is not pushed 

towards soap oil tank and reaction with carbon dioxide might not be as efficient. Pressure 

and temperature are also crucial for correct reactions to happen, which is why pressure needs 

to be maintained by CO2-soap ratio. Also effect of water-soap ratio should be studied.  

On the other hand, company’s own testing shows, that there is a limit for the water.On this 

note, water usage must be studied in live testing to determine the best relation of water in 

different soap qualities. 

 Black liquor measurement against conductivity and density. 

During this testing, conductivity measurement is tested as an indicator of soap quality. In 

theory, higher conductivity means higher amount of black liquor in soap. .If conductivity 

correlates with soap quality, it can be used to create soap quality approximation of black 

liquor content. Taken samples are later used as test samples for laboratory acidulation, as 

black liquor content is determined. 

During testing, multiple samples with different conductivity are taken from soap feed to two-

stage acidulation. These samples are marked and time is noted. Sample conductivity is taken 

from Wedge histographs, using time when the sample was taken.  

Soap sample is stirred to as homogenic as possible. Sample can be heated if necessary during 

heating. From one sample, 50ml is taken to graduated tube. Tube is closed and placed in 

centrifuge. Test is done twice from one sample to verify results. Centrifuge is closed, rpm is 

set to 4000rpm for 5 minutes. 

After centrifuge, black liquor volume and full volume of the mix are noted from the 

graduated tube. Black liquor content of soap is calculated as stated in equation X 

Volume of black liquor

Volume of the sample
∗ 100% 

Black liquor content of the sample is average of parallel test from same sample.  
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To predict best time to take good and bad soap samples, Wedge was used. With Wedge, 

history of soap conductivity was analyzed to determine when soap quality change should 

happen. In figure 11 it is presented how the used soap tank is affecting conductivity. When 

ST1 valve is in value 2, means that soap comes from soap tank 1. When the value is 0, soap 

tank 2 is used. Time period in figure is one day.  

In figure 11, there is clear chance in soap density, conductivity and soap feed when feeding 

soap tank changes from soap tank 1 to soap tank 2. After the change, soap conductivity 

spikes and soap density starts to vary a lot. To demonstrate bad soap quality, samples should 

be taken when soap is coming from soap tank 2. Worst possible quality can be taken right 

after soap tank change, when variation is highest. Bad quality soap samples can be taken 

during few hours period after tank change, as quality slowly settles on lower variation 

 

Figure 11 Wedge graph of soap tank affecting soap quality 
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 Laboratory acidulation 

Acidulation is done with same samples collected for black liquor content testing. From the 

previous test, correlation between conductivity and black liquor content in soap is 

established. In laboratory acidulation, difference in acid consumption is tested for different 

black liquor content soap samples. In theory, increased amount of black liquor means 

increased consumption of sulfuric acid. With testing, correlation with soap, acid 

consumption and conductivity could be established. Knowledge can then be used in process 

of tuning two-stage acidulation process additive feeds.  

Laboratory acidulation is done with samples taken from process. Target has been to take 

sample with low conductivity and low black liquor content, and later on samples with various 

conductivity values, preferably high conductivities, which seemingly affect pressure in two-

stage acidulation. Samples are taken in two bottles, one liter each. Bottles are labeled and 

brought to laboratory for further testing. 

Black liquor percentage is measured before acidulation. Acidulation in laboratory testing is 

done by measuring 200 grams of sample and heating it to roughly 50-60 ℃. Meanwhile, 

needed amount of sulfuric acid is measured and mixed in 40ml of water. When sample is at 

target temperature, water-acid mix is added to the sample and heating continues to roughly 

98 ℃, which presents temperature in HDS. Constant stirring at 50rpm is used throughout 

the heating phase. 

After heating, mixture is poured into measuring glass. If the acidulation is successfull, layers 

start to form in measuring glass. Layers are measured after 5 minutes, 10 minutes, 30 

minutes, one hour and two hours. After testing, pH is measured from mother liquid.  

If pH at the end of the acidulation is not in wanted spectrum, it means that more or less acid 

is needed in acidulation. Three laboratory acidulations can be done from one bottle. If soap 

conductivity is varying a lot, it means that two sample bottles taken one minute part form 

each other might not be same quality, so pH target is done for each bottle separately.  
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 Tests in neutralization process 

During the work, testing with two-stage acidulation is done, focusing on neutralization 

reactors. In neutralization, there is four main components: soap, water, carbon dioxide and 

acid. From these components, water and carbon dioxide are variables that can be changed, 

in order to study the behavior of the neutralization process. 

During first part, variables are studied separately. Testing is done for different qualities of 

soap to give insight if quality changes result in different behavior. For the first part, results 

form previous study is used as background information of potential behaviour. Tested 

variables are water-soap ratio and CO2-soap ratio with different soap conductivities.  

Test samples were taken before start and 15, 30, 45 and 60 minutes after start. From test 

samples, content of the soap oil and bicarbonate water were monitored and pH was 

measured. Second pH measurement and pictures were taken after settling time of 10 to 15 

minutes. Content and pH were written down and analyzed after testing to form picture of 

process behavior. Future multiple variable testing is based on the results of single variable 

testing. 

Second part of the testing is multiple variable testing, where multiple aspects of the process 

are altered. Testing is designed by using Minitab. Multiple variable testing border values for 

each variable are determined by first part. Variables inserted in Minitab are soap quality 

(black liquor content), water-soap ratio and CO2-soap ratio. Results are measured by soap 

oil formation and brine pH.  

4.3  Operator interview 

Operators were approached to find out what kind of problems bad soap quality causes in 

process and what is the root cause according to them. Interviews were done face-to-face and 

with notebook, where operators can write their viewpoints on the process. This information 

was used to give insight on the process, which process data and graphs could not provide, 

especially for skimming process.  

During testing, communication with operators was also important. Operator feedback, 

alongside data and graphs, were used to determine results and problems during test periods. 
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With the operator feedback and data, new driving instructions and driving models can be 

created or refined.  

4.4  Data analysis 

History data is analyzed with MODDE and with Wedge. From data-analysis tool, effect of 

changes in neutralization components are studied. Data is taken from tests and interesting 

points in normal operating during different seasons. With Wedge, occurred phenomenon 

during tests and normal operating are studied and points that indicate drop in soap quality 

and how it affects the neutralization are studied.  

 

 Wedge 

Wedge is process diagnostic system made by Trimble. The main usage is data mining and 

root-cause analysis. Wedge uses data from operating client, which is used to operate the 

process. In Wedge, user can form own models from the process, and build-in tools provide 

some data handling opinions.  (Trimble Inc., 2022) 

In this work, Wedge is used to compare multiple graphs to determine the correlations 

between different aspects on process and to find causality of different changes in process. 

During this work, basic correlation tools, statistic tools and tool to find causality on one 

component variation were used. 

 Minitab 

Minitab is data-analytics software provided by company Minitab. It was found in State 

College, Pennsylvania. In Minitab, one can plan DOE run based on amount of variables and 

how many test points are run. Giving Minitab the information, it produces table telling 

wanted variable values for test runs. Results are later provided, and Minitab handle the data 

and find correlations and variable effects on results.  (Minitab, 2022) 

In this work, Minitab is used to crate DOE model and to plan test runs. Variables for Minitab 

are decided later on, when laboratory tests and step-by-step tests results are studied.  
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 Modde 

Modde is DOE software created by Sartorius.  Sartorius is pharmaceutical equipment 

provider, which also has operations in field of data-analytics and process analytical 

technology. In Modde, data-analyzing is visualized and data manipulation can be done 

through the visualized figures. Modde provides basic tools of data-analyzing software: 

correlations, variable effects, contour plots etc.  (Sartorius, 2022) 

 In this work, Modde is used to study multiple points in time regarding the operation of CTO 

plant. These points include changes in normal operation, which include changes in the basic 

variables in CTO plant. Studies are done by studying the CTO plant in whole, but also 

neutralization and acidulation separately.  

4.5  Ultrasound 

Ultrasound transmitters were placed at the bottom of the feed pipe to HDS. There, ultrasound 

will affect soap oil before entering HDS. During testing, test period with one set of 

parameters is two days. After one period, parameters are changed and new test period begins. 

During testing, samples are taken from lignin layer and then are let to settle.. By visual 

observation, amount of CTO is checked. This method gives idea of how well ultrasound 

helps with separation of lignin and CTO, but does not tell the amount of fatty and rosin acid 

soaps present in lignin.  

During testing, multiple sets of different powers were tested to see, how ultrasound affects 

the acidulation process. Main focus is in CTO yield and CTO present in lignin layer, but also 

in mother liquid pH and changes in mother liquid density. Mother liquid pH will give idea, 

if ultrasound enhances the effect of sulfuric acid. Mother liquid density indicates the effect 

of ultrasound in separation. 

5  Results and discussion 

In this chapter, results of tests and data analysis are presented. Data analysis includes 

previous data gathered about seasonal variation and data of points of interests about two-

stage acidulation process. Laboratory tests include conductivity study and laboratory 
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acidulations with samples gathered from the process. In two-stage acidulation, step-by-step 

testing and multiple variable testing are done in neutralization and effects are studied in 

whole two-stage acidulation process.  

5.1  Seasonal variation and effect on soap composition 

In Figure 12 the difference in CTO components in soap is presented during one year of 

sample collecting. . Components in pillars are resin acids, neutral components and fatty acids 

and they form the composition of CTO. Amount of fatty acids seems to decrease during the 

year. Highest amount being in first measurement period and periodically decreasing towards 

end of the year. Amount of neutral components in the soap on the other hand is increasing 

towards the end on the year. noticeable difference can be seen between the first and second 

measuring period and between the third and fourth measure period. Amount of resin acids 

seems to be pretty much the same, until the last measurement period, where neutral 

components form most of the CTO. Yearly variation can be seen between first and second 

measurement period. Variation comes with a bit of delay, which can be explained with delay 

of the wood to be barked and soap forming compounds emerging in evaporation plant. 

 

Figure 12 CTO compositions during year.  

In figure the percentage of impurities in soap is presented. Impurities are categorized as 

lignin and fibres and dirt. As can be seen from the figure, highest amount of impurities is 
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present in soap during summer, between May and June. After that amount of impurities drop 

towards end of the year.  

 

 

Figure 13  Percentage of impurities in soap during year.  

In figure 14 the amount of calcium in soap is presented. Calcium is one of the impurities that 

is handled during two-stage acidulation and that can affect CTO quality. Calcium seems to 

obey seasonal variation as expected, being highest during second measurement period and 

decreasing towards the end of the year. Correlation of calcium and seasonal variation can be 

found with figure 13, as the notably highest peak is in second period. It is also highest 

difference between measurement periods.  Overall, there is high amount of calcium present, 

even in better periods, which could drag the CTO yield down.  
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Figure 14 Amount of calcium in soap 

Overall, there can be seen clear correlations with the figures. lowest amount of soap and 

highest amount of impurities and calcium can be found in second measurement period. This 

is explained by seasonal variation, which will also seem to affect the quality of soap and the 

amount of soap. This will create problems in soap handling process due low amount of soap 

available and low quality of soap. After the second period amount of soap and quality of 

soap starts to increase, which is expected. 

5.2  Soap handling process 

Soap handling testing was done by creating instructions for operators. These instructions 

included details on how the soap handling should be done if circumstances allow. 

Instructions were designed settle times in mind, so that most of the black liquor could be 

extracted. Two driving models were tested and compared by soap quality and amount of 

black liquor removed. 

 Conductivity 

Total of 19 samples were gathered from the process. Samples were taken with different 

conductivities to provide high variation of conductivity to study. Same samples were used 

later on in laboratory acidulation. The correlation between conductivity and black liquor 

content was studied, but also other factors that could affect the conductivity measurement. 
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In figure 15 black liquor content and conductivity of soap  is presented. Conductivity is not 

perfectly obeying the black liquor content, but seemingly is variating by the black liquor 

content. Between samples 6-7 and 8-9, there is little to no change in conductivity, but when 

black liquor percentage drops for samples 8-9 and rises again for 11-12, conductivity 

follows. Based on the results, conductivity is not absolute measurement of soap quality, but 

give indication of how much much black liquor is present and indicates changes in soap 

quality.  

 

Figure 15 Conductivity and percentage of black liquor in soap.  

In figure 16 conductivity and black liquor content are plotted in x-y diagram to see, how well 

conductivity and black liquor content correlate. More samples were taken to give better 

picture on conductivity and black liquor content. Diagram presents the same samples as 

figure 16, but also new samples that were not used in laboratory testing. As can be seen, 

there is high variation in black liquor content with approximately same conductivity, which 

indicates that conductivity is not absolute measurement of black liquor content. It can be 

used as approximation of black liquor content and can indicate variations happening in black 

liquor content.  
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Figure 16 Conductivity and black liquor content presented in x-y diagram 

Factors affecting conductivity were studied from data gathered in operating interface. It was 

noted, that during start of the soap pump, there were lots of black liquor present and 

conductivity rose. Even after short period of time, conductivity could be high, even if the 

taken sample had decent or low amount of black liquor. It was also noted, that pressure and 

soap flow in soap line had effect on conductivity. Low pressure caused conductivity to vary 

a lot. During analyzing samples for conductivity study, it was noted that amount of sediment 

at the bottom of the sample increased. At the same time conductivities were varying a lot 

during normal operation with low black liquor content. Further studies, if sediment affected 

conductivity, were done. Fortunately, this phenomenon occurred after tests in soap handling, 

which means that variation in conductivity in soap handling process tests are not negated by 

the phenomenon. 

Conductivity measurement can be easily affected by multiple factors. This increases the 

unreliability of conductivity measurement and should be taken in account when studying 

results including conductivity. 

 Separate drive model 

First test period was done so, that the settle times were emphasized to soap tanks 1 and 2. 

Instructions stated, that the soap tanks can be used to the lower level and then immediately 
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right after pumping soap to soap tank is finished, so that after filling soap collection tank, 

there could be few hours of settling time to soap collection tank as well. Conductivity is used 

as an indicator of black liquor content, as pressure was kept in target value. High amount of 

black liquor was present, when soap tank was changed and it caused spikes in conductivity. 

As testing period began, few things could be noticed. First, conductivity  in soap tank 2 

began to stabilize. During the stabilation, also conductivity increased. This increase of 

conductivity was reported as a drop in soap quality and was later studied in laboratory 

testing. In figure 17 the difference in soap conductivity variation of two time periods is 

presenting. Black line is the time before first testing period and green line period during test 

period. As can be seen, variation still exists during test period, but it is not as high and 

constant as before test period.  

 

Figure 17 Difference in variation between time before test period and during start of the test 

period. Black graph is time before test period and green is during the test period.  

Soap conductivity also increased in soap tank 1. In figure 18 can be seen the difference in 

conductivity before first test period and during first test period. As can be seen, conductivity 

is rising consistently during the periods soap tank 1 is in use. Notable thing is, that 

conductivity seems to drop during use, which could indicate that soap quality is increasing. 

This could indicate that settling times are not long enough. 
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Figure 18 Soap tank 1 conductivity before the testing and during test period 1 

As seen from graphs presented, testing period 1 has suffered from bad soap quality, which 

will be expected during summer. High amount of black liquor during test period 1 can be 

partly explained by the amount of soap in weak black liquor tank. According to 

measurements, soap layer during start of the test was so thick, that there is possibility that 

some black liquor is being trapped in the layer, making it hard to skim only soap, resulting 

huge amount of black liquor in soap.  

Because of low amount of soap available, start of the first testing period could not be done 

by following the instruction as closely as possible. Settling times were short and therefore 

not giving data gathered did not present the optimal execution of the driving model. The lack 

of settling time can also explain the increase in conductivity. In figure 19 the first longer 

settling time is presented. The long settling time was possible to do, when operators pushed 

the skimming process as much as possible, but ended up skimming also lots of black liquor, 

which was trapped in the soap layer. The amount of black liquor can be seen as drops in soap 

tank level. Settling time was approximately 10 hours.  
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Figure 19 Soap tank 1 first good settling time. Lots of black liquor was extracted, as level of 

the soap tank drop from 91% to 83. Note: tank level is not presented from 100% to 0%, but 

from 92% to 82%.  

10 hour settling time was providing decent results. Conductivity of the soap was 1600mS/m, 

but dropped close to 1000 mS/m during use. Spike in conductivity indicated, that there were 

black liquor trapped near the outlet, which was pumped towards neutralization. In figure 20 

soap conductivity and soap tank 1 valve during the time of test period is presented. When 

ST1 valve is at position 2, soap tank 1 is used. As can be seen, during every switch between 

used tank, there is conductivity spike. During one of the tank swaps, high amount of black 

liquor was drained form the feed pipe towards two-stage acidulation process. This indicates, 

that either black liquor removal is insufficient, or black liquor can be trapped in the pipe. 

Conductivity was following pattern. During soap tank 1 use, conductivity was lower than 

using soap tank 2.  

 

Figure 20 soap conductivity during test period. 
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Operators were asked about the problems of separate driving model. One thing notes was 

the difference between pumps in soap tank 1 and 2. Pump operating with soap tank 2 has 

frequency converter, which helps to control the feed to neutralization. From soap tank 1, 

pump does not have frequency converter and is always running full power, why feed to 

neutralization is only limited by one valve and recycle. Lack of frequency converter leads to 

strong vibrations, which can be detected in pumps and lines operating neutralization process. 

Vibrations have been reported to be root cause of broken lines in water feed for 

neutralization.   (Komulainen, J., 2022) 

 Overtipping drive model 

For reference, another driving model was used to determine, if changing soap tanks is giving 

enough settling time for the soap. The alternative driving model for second test period is 

executed same way as driving model has been designed originally. In this model, soap tank 

1 is filled full, which leads to overtipping. Overtipping soap is directed to soap tank 2 in 

overtipping gutter. This way, good soap in soap tank 1 is pushed to soap tank 2, which gives 

long settling time for the soap.  

Testing of the overtipping model was done for comparison. During this model, settling times 

are designed to be in soap collecting tank and soap tank 1, where good soap should be always 

present and would be pushed to soap tank 2.  In figure 21 level changes in soap collecting 

tank during test is presented. As can be seen, there has not been much of settling time in the 

soap collecting tank. It has mostly been emptied as fast as possible to ensure that CTO 

process has soap needed. Weak black liquor tanks have been skimmed from soap as fast as 

possible, but it does not provide much of settling time for the soap.  



39 
 

 

 

Figure 21 Test period of overtipping model. Parts, when soap tank 1 has been used are cut 

off of the graph. 

In figure 22 soap conductivity of soap during the test period is presented. If compared to test 

period of separate driving model, conductivity seems to vary more and has high conductivity 

spikes. These results indicate, that operating by overtipping does not provide enough settling 

time for black liquor to separate. 

 

Figure 22 Conductivity of soap during test period. Parts, when soap tank 1 was used are cut 

off of the graph. 

Problems for the driving model was discussed with operators. Problems noted were focused 

on soap in soap tank 1. In theory, soap tank 1 should settle the soap so, that black liquor is 

extracted and good soap is then pushed to tank 2. In reality, not all soap is overtipped, and 

the soap is then recycled by the overtipping process so much, that there is no fatty- and rosin 

acids left. The old soap is the used, if tank 1 needs to be used or pushed to the soap tank 2, 

resulting in minimal yield.  (Komulainen, 2022) 
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 Model comparison  

Models were compared by conductivities and amount of black liquor removed. It is known, 

that conductivity is not absolute measurement of quality, but can be used to point the 

difference and changes in soap quality. In figure 23 soap conductivity during both test 

periods is presented. It is noted before, that during first test period, there is conductivity spike 

when soap tank is changed. Otherwise, conductivity is relatively stable. When operating with 

overtipping model, there is much variation and spiking in conductivity, which indicates high 

variation in soap quality. It would seem, that separate driving model produces stable quality, 

whereas overtipping model has problems to keep soap quality stable. This is interesting, as 

there should be three different black liquor removal points in overtipping model to extract 

black liquor. Therefore, amounts of black liquor removed should be studied.  

 

Figure 23 soap conductivities of separate and overtip driving models 

Removed black liquor streams were studied to see, if there is difference in total amount of 

black liquor removed between the driving models, and where the black liquor is removed. 

During testing, it was noted that soap passes through black liquor pump. Soap was observed 

to flow during low flow speed, so black liquor flow under set value was not taken account.  

In figure 24 is presented amount of black liquor removed daily during first test period, when 

soap tanks were driven separately. In figure, black color presents soap tanks and red color 

presents collecting tank. This model should rely heavily on soap tanks, regarding of black 

liquor removal, but it seems that collecting tank extracts almost as much black liquor as soap 

tanks. Overall, soap tanks still remove more black liquor, not including the last day of 

experiment, which does not present normal operation.    
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Figure 24 Black liquor removed from soap tanks and soap collecting tank. Black colour 

presents soap tanks and red colour presents collecting tank 

In figure 25 is presented amount of black liquor removed daily during second test period, 

when soap was overtipped from soap tank 1 to soap tank 2. In figure, black colour presents 

black liquor from soap tanks and red colour presents soap form collecting tank. 

Overtipping operating model should be seen as an increase in extracted black liquor from 

collecting tank, but extracted litres seems to be close or less compared to litres of the first 

model. Extraction capacity of soap tanks has decreased compared to first model, which is 

expected. On the other hand, there should be noticed increase in removed black liquor in 

collecting tank, but the amount seems to stay relatively same. How extracted black liquor 

divides between first and second soap tank is studied later. 

 

Figure 25 Black liquor removed from soap tank and soap collecting tank. Black colour 

presents soap tanks and red colour presents collecting tank 

In figure 26 is presented total amount of black liquor removed daily from soap during test 

periods. First green part presents first test period and black colour presents second test 

period. The figure 26 proves, that there is actually less black liquor removed from the tanks 
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in the second model than in first. First period represents separate driving model, and second 

period represents overtipping operating model. 

 

Figure 26 Comparison of total black liquor removed during first and second driving models.  

To see, how black liquor removed distributes between soap tanks, amounts of black liquor 

were taken to inspect. In figure 27 removed black liquor daily from soap tank 1 and 2 

separately during first test period is presented. In black color is presented black liquor from 

soap tank 1 and in red is presented black liquor from soap tank 2.  When inspecting the 

figure, it seems that for some reason soap tank 1 removes far less black liquor than soap tank 

2. When inspecting difference in black liquor removed per each discharge cycle, it was 

noticed that during first test period soap tank 1 removed high amount of black liquor in short 

burst, whereas soap tank 2 removed less black liquor in longer constant flow. This led to 

long periods of black liquor removal from soap tank 2, which increased the daily amount of 

black liquor removed.   

 

Figure 27 Removed black liquor per soap tank during first test period, litres per day. Black 

color represents soap tank 1 and red color presents soap tank 2.  

In figure 28 amounts of removed black liquor from soap tanks during second test period is 

presented. Black color presents soap tank 1 and red soap tank 2., From figure 28 it can be 
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seen, that soap tank 2 is still extracting more black liquor than soap tank 1. This is indication, 

that either soap tank 1 does not remove black liquor as it should, or high black liquor content 

soap is flowing from soap tank 1 to soap tank 2, where black liquor is finally extracted.  

 

Figure 28 Removed black liquor per soap tank during second test period, litres per day. Black 

colour presents soap tank 1 and red colour presents soap tank 2. 

In conclusion, it seems that using separate driving model, there is lot more black liquor 

removed from the process than during overtipping drive model. This is partly explained by 

soap tanks being able to pump more black liquor from the process due settling times in 

individual tank. Pumping method on collecting tank should also be readjusted, as it can limit 

the amount of black liquor removed, if overtipping model is used. On the other hand, pump 

removing black liquor is optimized to pump only at certain conductivity to minimize the 

amount of soap lost in black liquor. Regular black liquor content measurements were 

compared during the test periods, and both methods resulted approximately same black 

liquor content in soap feed. 

Overtipping method seems to be lacking the potential to pump out enough black liquor. If 

pumping from collecting tank is limited by the fact that there is soap mixed with black liquor, 

most of pumping capacity must come from soap tanks. Idea of good soap being overtipped 

from soap tank 1 to soap tank 2 seems to not work as intended. In soap tank 1 is soap with 

low black liquor content, which is not fully overtipped to soap tank 2. Low black liquor 

content was verified by studying data during overtipping operating model and studying 

exceptions of soap tank 1 usage. Reason for this could be, that good soap in soap tank 1 

sticks and forms tunnels where mix of settled and new soap goes to soap tank 2.  

When compared to separate driving model, there is potentially more capacity to remove 

black liquor by settling, as the extraction is set to stop at given flow instead of 
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conductivity.This added to settling times each individual tank is given before use, the 

potential in removed black liquor increases, which can be seen in graphs. 

5.3  Laboratory testing 

For laboratory testing, 19 samples were gathered to give high variety of black liquor content 

in soap. In different tests, different amount of samples were used, as some samples were 

only partly used, due failures in acidulation The samples used are presented in that specific 

test.  

First round of acidulation was done with same amount of acid, and as sample weight as close 

to 200 grams as possible. Mixing was kept as low as possible, as high mixing speed caused 

lignin phase and crude tall oil phase to mix and not separate in measure glass. First test round 

gave results, that will help developing testing further  

During testing, highly varying amount of mother liquid was discovered. On further 

inspection, it was noticed that amount of mother liquid correlated with black liquor content 

in soap. In figure 29 graph with the percentage of black liquor in soap and amount of mother 

liquid at the end of acidulation is presented. The line, which presents amount of mother 

liquid, seems to follow the bars, which present amount of black liquor in soap. There is some 

exceptions, but overall the graph supports theory, that neutralized black liquor forms mother 

liquid, along with unused acid.  
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Figure 29 Percentage of black liquor in soap and amount of mother liquid at two hours mark 

after acidulation. Samples 4 to 19 are displayed, as samples 1 to 3 failed.  

In figure 30 the amount of black liquor in soap and the CTO yield (%) is presented. Overall, 

yield seems to be constant, having only a few percent variation during testing, exception 

being sample 15. During testing, first 5 samples seem to follow pattern, where the amount 

of black liquor seems to affect the yield in predictable way. On a higher content of black 

liquor, yield seems to be more constant and does not fully follow the changes in content of 

black liquor. Yield seems to be lower on higher black liquor content, but samples 8,10,11 

and 16 have almost same yield, but black liquor content is clearly different. When looking 

on the last four samples, yield follows perfectly the changes in black liquor content. 
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Figure 30 Percentage of black liquor in soap and yield of CTO 

In figure 31 a x-y graph of the CTO yield as function of black liquor content is presented. 

Most of the datapoints are located between 80ml and 100ml, which indicates that the yield 

would not be so dependent on a black liquor content, if enough sulfuric acid is provided. 

This graph could also prove, that by making neutralisation process efficient enough, even 

high black liquor content soap can have high CTO yield.  

 

Figure 31 X-y graph of yield and black liquor content. Tests were done using 12ml of acid. 

Chart starts at 10% black liquor content and 40ml of CTO 
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It was also discovered that the high black liquor content led to low pH of mother liquid. With 

a good soap, 12ml of acid kept pH at 2,82, which is close to target pH of 3, which is used 

generally in the process. When black liquor content increased, pH started to drop. In figure 

32 the data of black liquor content and pH of mother liquid is presented. As can be seen, first 

test sample has high pH and lowest black liquor content. With samples 10 and 11, black 

liquor content is higher, and pH is lower. samples 14 and 15 had less black liquor than 12 

and 13, and it can be seen as a rise in pH of mother liquid. Data used is not absolute, meaning 

that there can be errors due laboratory conditions, but pattern with black liquor content and 

pH can be seen, and it should be noted during further testing.  

 

Figure 32  Black liquor content in soap and pH measured after 2 hours of settling 

In figure 33 pH of mother liquid and black liquor content in x-y graph is presented. Data 

points indicate, that as black liquor content rises, pH drops. Exception is found in 25% of 

black liquor, where the end pH of mother liquid is bit higher than samples with black liquor 

content from 20 to 23%. As there are multiple points following the trend, which have similar 

pH, it could be judged that there has not been measurement issue.  
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Figure 33 pH and black liquor content presented in x-y graph. Note that chart starts with 

black liquor content of 12% and pH of 0,5 

 

For the results in pH of test round 1, test round 2 was done by using less acid, so that pH of 

mother liquid would be closer to 3. First test was done with mixing 10ml of acid in 40ml of 

water. This mixture was tested on sample 3 to verify if the amount of acid was enough to 

keep reactions going. It was quickly noted, that yield suffered from lower amount of acid 

available. Measured pH of mother liquid after two hours was 5. Rest of the tests were done 

using 11ml of acid mixed in 40ml of water. New tests were done with samples 6 to 19.  

During testing, it was noticed that amount of acid used had noticeable effect on separation 

of CTO, lignin and mother liquid layers. Mother liquid was overall darked, and lignin layer 

was really mixed with CTO layer, which made it hard to find line between the two layers.  

The separation was clearly slower and also had effect on CTO yield. Second noticeable 

difference in second test round was the highly varying pH. In figure 34 is presented the 

comparison of sample 12, acidulated with 12ml and 11ml of acid. 12ml acidulation test has 

higher yield, smaller lignin layer and white mother liquid. 11ml acidulation resulted in less 

clear separation of CTO and lignin, and also visibly darked mother liquid. 
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Figure 34 Sample 12 with 12ml and 11ml of sulfuric acid.  

In figure 35 black liquor content of tested samples is presented, and pH from tests 1 and 2 to 

compare the difference. Samples 9 and 19 were done with 10,8ml and 10,5ml of sulfuric 

acid. Different amount of acid was used to achieve pH more close to 3, measured pH of 

paraller sample was below 3. Samples from 12 to 18 follow the same changes in pH as test 

1 does, but otherwise pH variation in test 2 is more unpredictable. If pH is still following 

black liquor content the same way as test 1 showed, high variation could be explained by 

lack of sulfuric acid. As there is not enough acid to react with all soap and black liquor 

components, leading to variation in pH.  
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Figure 35 Black liquor content and pH of each test sample.  

 

In figure 36 is presented x-y graph of pH and black liquor content. Datapoints are from both 

tests. This graph enforces the theory, that less acid causes more variating pH. Samples with 

black liquor content of 25% seems to group in both tests. These datapoints also do the dip 
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compared to other datapoints. Otherwise data points are more variating in test 2 than in test 

1.  

 

Figure 36 X-y graph of pH and black liquor content of tests 1 and 2. Chart starts at 12% of 

black liquor content and pH of 0,5 

In figure 37 is presented the comparison of yield of all tested samples. Overall, it seems that 

yield suffers as less acid is used. Samples 6,7 and 15 are exceptions. Drop in CTO yield 

seems to be dramatic between the 12ml and 11ml tests. Results of this test shows, that the 

amount of sulfuric acid used has great effect on the CTO yield.  
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Figure 37 Yield of 12ml acid and 11ml acid tests. 

In figure 38 is presented comparison of tests 1 and 2 with CTO and black liquor content. As 

test 1 had almost all datapoints between 80ml to 100ml, test 2 has highly variating CTO 

amount. Most of the test 2 datapoints seems to be between 80 and 60 ml of CTO. As all 

graphs stated before, the variation could be the result of insufficient amount of sulfuric acid.  
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Figure 38 x-y graph of CTO (ml) after 2 hours and black liquor content. Note that % of 

black liquor starts at 10% and CTO starts at 40ml 

Two more tests were done by using 13ml of acid to see, if there is more potential to get more 

CTO from soap with high amount of acid. Laboratory tests were done for samples 9 and 19, 

which present high and low black liquor content samples. Results were close to test 1 results. 

Lignin, mother liquid and CTO layers variated within 10ml variation. The amount of CTO 

was 85ml with sample 9 and 95 ml with sample 19. Both of these results had 5ml difference 

compared to test 1 results, which could go to error margin. Maximum amount of CTO were 

achieved within 30 minutes in tests 1 and 3. Lignin and mother liquid layers differences were 

within 5ml difference as well with both samples. Measured pH in sample 9 was 1,23 and 

sample 19 was 1,18, both were lower than in test 1. 

It is stated that black liquor content seems to affect pH. During two-stage acidulation testing, 

it should be studied, if changes in black liquor content drops pH the same way as it did in 

laboratory tests. If it does, pH in soap oil tank might decrease due increased black liquor 

content and lead to unfavorable conditions for neutralization reactions. Proper way to handle 

the pH shifts should be studied. Meaning that could pH be controlled by chancing carbon 

dioxide or water besides of sulfuric acid stream. The effect of carbon dioxide in 

neutralization should be also studied in step-by-step testing to see, how results in laboratory 

acidulation process can be used in CTO production. 

40

50

60

70

80

90

100

110

120

10 12 14 16 18 20 22 24 26 28

C
TO

 m
l

% of black liquor

CTO (ml) and % of black liquor

12ml

11ml



54 
 

 

 

5.4  Two-stage acidulation process  

Testing in two-stage acidulation was done by two kinds of experiments in neutralization. 

Experiments were step-by-step testing and multiple variable testing. The idea of step-by-

step testing was to see, how neutralization process would react to changes and if it affects 

soap oil density, brine pH and CTO yield. Process parameters changed were water-soap ratio 

and CO2-soap ratio. Tests were 60 minutes long, and the measurement were done every 15 

minutes.  

Multiple variable testing was planned with Minitab. Idea of this experiment was to change 

multiple variables at once and see, how it would affect the process. Minimum and maximum 

values for Minitab are determined from results of step-by-step testing.  

 Step-by-step testing in neutralization  

There were 19 different tests done in step-by-step testing. Main points and interesting 

phenomenon are collected to present main results of the tests. Tests were done with different 

water-soap ratio and CO2-soap ratio, in different pressures and with different quality of soap. 

Results are presented with same change in water or CO2 ratio, but with different soap 

conductivity to present how soap quality affects the process.  

First test was done by changing water-soap ratio from 90% to 130% and from 130% to 110%. 

Tests were done with soap conductivities of 1800-1600 mS/m and 1060-1020 mS/m. In both 

tests, drop in pressure, variating CO2 flow and drop in yield was noted. Drop in pressure can 

be explained by the amount of water available compared to CO2. The increasing amount of 

water dissolve more CO2, which leads to drop in pressure. Other explaining fact is, that 

automation decreases CO2 flow , as the soap flow is decreased due to increased water-soap 

ratio. This is because mixer water/soap flow to neutralization is kept constant. In both tests, 

CTO-soap ratio dropped to 0% after four hours from beginning of the test. the CTO yield 

loss continued for approximately one hour, which is same time as neutralization was driven 

with 130% water-soap ratio. There was also notable spike in CTO density and drop in soap 

oil density. 
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There were also differences between the tests, due to different soap quality. It was noted that 

bad soap resulted in  bigger pressure drop. When low black liquor content soap was stable 

at 7bar, high black liquor content soap had pressure dropping to 6,5 bar, when CO2-soap 

ratio was kept constant. Pressure would have dropped even further, but water-soap ratio was 

changed to 110%. With high black liquor content soap, CO2 flow had higher variation. In 

figure 39 samples taken 60 minutes after changing water-soap ratio to 130% is presented. 

Samples have settled for 10 minutes. First sample presets high black liquor content soap and 

second sample low black liquor content soap. As can be seen, there is only a small amount 

of brine formed at the bottom in the first sample, but clear 100ml in second sample. Even 

when the second sample formed brine, there was still drop in yield. 

 

 

Figure 39 Samples after 60 minutes of the start of the test. Samples have settled for 10 

minutes. First sample is from high black liquor content soap quality test and second sample 

is from low black liquor content soap quality test. Water-soap ratio 130% 

When water-soap ratio was dropped to 110% from 130%, pressure rose back to 8 bar in both 

tests. Soap and CO2 flow got more stable and brine formed as should. Low black liquor 

content soap recovers from the high water ratio faster, High black liquor content soap was 

fairly mixed during the whole 110% test period.  

Differences in soap quality were also studied when dropping the water-soap ratio. Ratio was 

decreased from 90% to 60%. Soap conductivities were 1000 mS/m, 1300 mS/m and 

1500mS/m. Tests revealed the similar effect: CO2 flow rose, CTO yield was stable, amount 
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of brine dropped towards 60 minutes mark and there were no changes in pressure. Changes 

in CO2 flow can be explained with the same theory as in previous test. As the water-soap 

ratio is decreased and water-soap flow to neutralization is constant, there is an increase in 

soap flow. 

It was noted, that all the qualities had a different effect on the neutralization result. All tests 

had slightly increased foaming towards 60 minutes mark, but 1000 mS/m soap had best soap 

oil formation with least foaming and highest amount of soap oil. In figure 40 is presented 

comparison of 1500 mS/m, 1300 mS/m and 1000 mS/m samples. In 1500 mS/m and 1000 

mS/m samples there is clearly layers forming, but 1300 mS/m sample seems to be mixed.  

 

Figure 40 Comparison of 1500 mS/m, 1300 mS/m and 1000 mS/m soap samples at 60 

minutes mark. Samples have been settled for 10 minutes. Water-soap ratio 60% 

Difference in the CO2-soap ratio were studied with three different tests. The First test include 

water-soap ratio of 60%, 900 mS/m conductivity soap. The Second test included 90% water-

soap ratio and 900 mS/m conductivity. The third test was done with 60% water-soap ratio 

and 1400 mS/m conductivity. All the tests were done by decreasing CO2-soap ratio to from 

2,7% to 2,4%. 

In figure 41 is presented 90% water-soap sample, 60% water-soap samples with 900 mS/m 

soap and 1400 mS/m soap at 45 minutes mark with decreased 2,4% CO2 -soap ratio. As can 

be seen from the figure, middle sample (60% water-soap, 900mS/m) has more foam from 

240ml, whereas samples at the both sides have little to none foam. Layer construct in first 

and second sample seems to be close, both having good soap. At 60 minutes mark, first 
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sample forms little foam at top, but second and third samples form more, but approximately 

same amount. There seems to be clear difference between good and bad quality soap, as last 

sample is clearly different.  

 

Figure 41 Comparison of 90% water-soap sample with 900 mS/m, 60% water-soap samples 

with 900 mS/m and 1400mS/m at 45 minute mark after settling. CO2-soap ratio for all 

samples was 2,4% 

During the tests, it was noted that all in all samples, there were minor decrease in foaming. 

After settling, foam is mostly gone. Foaming was greater in 60% water-soap samples than 

in 90% water-soap sample. When comparing the two 60% water-soap samples, 1400 mS/m 

sample is close to 90% sample from 0 to 45 minutes after settling. Both of the samples form 

same kind of soap oil layer and have little no none foaming. There was pressure drop with 

1400 mS/m soap soon after CO2-soap ratio was decreased. By the 60 minute mark, pressure 

dropped to 5,7 bar. There was no pressure drop with two other soaps. 

Same samples were tested with even lower CO2-soap ratios to see, if there would be 

differences in pressure and soap oil quality. 1,9% CO2-soap ratio was used for 90% water-

soap ratio sample, 2,2% for 60% water-soap ratio sample with 900 mS/m conductivity and 

2,1% for 60% water-soap ratio sample with 1400 mS/m conductivity.  

Decreasing CO2-soap ratio was first done with 60% water-soap ratio with 900mS/m 

conductivity. There were no changes in pressure of neutralization, but minor decrease in foul 

gas valve. Sample foaming was gone after 30 minutes mark, when observed after settling. 

900 mS/m soap with 90% water-soap ratio was tested with 1,9% CO2-soap ratio to see, how 
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far CO2-soap ratio can be pushed before pressure drops. When CO2-ratio was changed form 

2,2 to 1,9 pressure started to drop, resulting pressure of 5,4 bar at 60 minute mark. It seemed 

that foaming increased in samples towards 60 minute mark before and after settling.  

Last sample with 1400 mS/m soap was tested with CO2-soap ratio decrease form 2,4 to 2,1. 

As expected, there was immediate pressure drop, which led to abort of the test at 45min 

mark. Pressure in neutralization dropped from 5,7 bar to 4,8, which is close to minimum 

pressure neutralization can operate. In samples, there was increase in foaming before and 

after settling, which goes along with 90% water-soap samples. From graphs, it was seen that 

there could be arguably increase in soap oil density after the test. There is no show that it 

would affect yield negatively, as CTO density did not react. 

In figure 42 is presented samples of 90% water-soap ratio, 60% water-soap ratio sample with 

900 mS/m and 60% water-soap ratio sample with 1400mS/m at 45 minutes mark after 

settling. As can be seen, there is much more foaming in both side samples, which represent 

high water ratio and high black liquor percentage. No foaming can be seen in middle sample, 

which presents good soap with 60% water ratio. It also has higher CO2 ratio than other 

samples.  

 

Figure 42 Comparison of 90% water-soap sample with 900 mS/m (1,9 CO2-soap ratio), 60% 

water-soap samples with 900 mS/m (2,2 CO2-soap ratio) and 1400mS/m (2,1 CO2-soap 

ratio). 

CO2-soap ratio was increased in 1400 mS/m sample back to 2,7 after 45 minutes. At 60 

minute mark, sample was more similar with good soap with 60% water-soap ratio. Foaming 

in sample was almost fully gone and soap oil formed clearly.  
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During step-by-step testing, pH and volume of brine were tested form the samples. There 

were no major differences in pH found during the testing. One clear change in pH was with 

1300 mS/m soap, when water-soap ratio was changed from 90% to 60%. To verify the 

finding CO2 not affecting pH, all available data of brine pH and CO2-soap ratio was studied 

in Wedge. Data of brine pH taken by hand led back to November 2021. From time between 

November and present, there were only one occasion, when pH might have been affected by 

high CO2-soap ratio. But in the same time neutralization had gas leak, which led to high 

CO2-soap ratio. On the other hand, step-by-step tests only studied if decreasing the CO2 ratio 

would affect pH, but did not test high CO2 ratio. In conclusion, decreasign CO2 ratio has no 

effect in pH, at least in shor term. High CO2-soap ratio should be studied to see, if it affects 

pH and potentially cuts the need of sulfuric acid. Tests should be run londer than one hour 

and see, if pH changes in long term.  

Brine formation was also studied during step-by-step testing. Volume of brine dropped 

towards low water-soap ratio and lower CO2-soap ratio. It was noted, that high amount of 

water would lead into loss in yield, and was not further studied. Soap quality had also impact 

on how much foaming occurred and how brine formed as seen from comparison pictures. It 

is clear, that bad soap quality needs more specific operating parameters for neutralization. 

For example, pressure and brine formation had more dramatical changes with bad soap than 

good soap.  Also, when looking at 130% water-soap ratio and 60% water soap ratio results, 

it seems that higher black liquor content could be compensated with higher water-soap ratio. 

High black liquor content produced similar results in 60% water ratio test than good soap 

woth 90% water ratio test. In 130% water ratio test samples from high black liquor content 

seemed to be more watery and brine did not form. In conclusion, high black liquor content 

could be compensated with decreasing water-soap ratio, as CO2 could dissolve in balck 

liquor. Process-wise, decreasing water-soap ratio slightly increases soap flow, which 

increases CO2-flow, as stated before.  

Border values for multiple variable tests were desided from these tests. It was noted, that 

soap quality, water-soap ratio and CO2-soap ratio all had impact in soap and neutralization. 

Judging  from laboratory tests, high and low values for black liquor content were 15% and 

25%. From step-by-step tests, high and low water-soap ratios are 90% and 60%, high and 

low CO2-soap ratio values are 2,5% and 5%.  
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 Multiple variable testing with Minitab 

Multiple variable testing started with planning DOE in Minitab. Border values for each 

variable were set in Minitab and values that determine results were decided. It was decided, 

that pH in soap oil and soap oil volume were the parameters, which determine how variables 

affect the process. In table 1 is presented the test points for first tests. Each test point was 

driven 90 minutes to make sure that the changes had an effect on the process.  

Table 1 First test round values. Variables are black liquor content, water-soap ratio and CO2-

soap ratio 

BL 

content 

W-S % CO2-S 

% 

15 60 5 

25 60 2,5 

15 90 2,5 

25 90 5 

 

Tests done with 15% of black liquor content were done as stated in table 1. Results followed 

same path as step-by-step testing. There were only minor changes in pH, mostly when 

measured before settling. After settling pH remained almost constant. Four hours after start 

of the test, there is drop in soap oil density. The drop last about as long as CO2-soap ratio 

was increased to 5%.  

Multiple variable testing was finished with 22% of black liquor content. Otherwise test plan 

was followed accordingly. There was no clear effect on the soap oil density or CTO yield. 

Measured pH was almost the same, as it has been notably unaffected through step-by-step 

testing. Same phenomenon occurred with samples, as noted in step-by-step testing.  In table 

2 is presented full table of multiple variable testing. Results were studied in Minitab.  
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Table 2 Finished DOE table with results 

BL 

content W-S % 

CO2-S 

% pH 

Soap oil 

(ml) 

15 60 5 7,465 400 

22 60 2,5 7,425 260 

15 90 2,5 7,345 130 

22 90 5 7,42 300 

 

In figure 43 is presented main effects plot for pH, taken from Minitab. All three variables 

are presented, and their effect on pH according to the table. It can be seen that BL content 

does not have as big of impact than water ratio and CO2 ratio. According to the graph, it 

seems that lower water ratio and higher CO2 ratio result in higher pH, and low pH occurs 

when water ratio is high and CO2 ratio is low.  

 

Figure 43 Effects of black liquor content, water-soap ratio and CO2-soap ratio on pH 

To see, how variables interact with each other, interaction plots were created. In the plots, 

presented in figure 44, there can be seen two variables and change in pH. All variables are 
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compared with each other. From previous graph, it can be observed that the black liquor 

content has small effect on the pH change. Water-soap ratio and CO2-soap ratio on the other 

hand have much bigger impact. Same can be seen in the interaction graph. It seems that black 

liquor content has clear cross interaction with water-soap ratio and CO2-soap ratio within the 

result pH, but water-soap ratio and CO2-soap ratio are not crossing.  

 

Figure 44 Interaction plot for pH with variables. 

If looking only Minitab results, optimal operating parameters for pH can be found in figures. 

It was noted during testing, that pH in samples was lower than pH measured after soap oil 

tank. Normal pH for sample pH was variating between 7,35 to 7,45. Higher pH would be 

achieved, when water-soap ratio is set to 60% and CO2-soap ratio to 5%. Also smaller pH 

drop can be observed with higher CO2-soap ratio. When black liquor content increases, pH 

changes less with higher water-soap ratio and CO2-soap ratio.  

Same study was done for soap oil to see, how the variables affected on the soap oil formation. 

In figure 45 is presented the main effects plot, where can be seen, that the black liquor 

content seems to have less effect on soap oil formation, than it did for pH change. Water-

soap ratio seems to have bit less effect as well, but CO2-soap ratio seems to have higher 

effect.  
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Figure 45 Effects of black liquor content, water-soap ratio and CO2-soap ratio on soap oil 

Interaction plot is created to see, how variables interact with each other in terms of soap 

oil formation. Judging from the figure 46, it seems that the black liquor content has cross 

interaction with water-soap ratio and CO2-soap ratio. Water-soap ratio and CO2-soap 

ratio are not as closely related as they were for pH. They have cross interaction, but it 

occurs in very high pH.  
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Figure 46 interaction plot for black liquor content, water-soap ratio and CO2-soap ratio in 

changes of soap oil 

For soap oil figures, optimal operating parameters would set to low water-soap ratio with 

high CO2-soap ratio. According to effects plot, water-soap ratio of 60% and CO2-soap ratio 

of 5% produce highest amount of soap oil. Also interaction plots, with 90% water-soap ratio 

and 2,5% CO2-soap ratio produce highest amount of soap oil with 25% black liquor content. 

This indicates, that with low black liquor content, low water-soap ratio and high CO2-soap 

ratio would be best. With higher black liquor content, higher water-soap content and low 

CO2-soap ratio would be best fit.    

Overall, the results seem to show, that there is an effect of water-soap ratio, CO2-soap ratio 

and black liquor content in terms of pH change and soap oil. Biggest differences were on 

water-soap ratio and CO2-soap ratio. When evaluating soap oil differences, in figures 47 and 

48 are presented comparisons of 60% water ratio and 90% water ratio samples with 15% and 

22% black liquor content.  

In figure 47 is presented the soap oil samples with 15% black liquor content. On the left is 

presented sample with 60% water-soap ratio and 5% CO2-soap ratio.  On the right 90% 

water-soap ratio sample with 2,5% CO2-soap ratio.  When comparing the two samples, it is 

clear that on the sample on the left foams more. Even after the settling time, there is still 
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foam present. Amount of soap oil present is therefore more than in pictures on the right, 

which explains the increased amount of soap oil in 60% water-soap ratio sample. Soap oil 

on the right side samples seems to be more solid and bit dark compared to soap oil samples 

on the left 

 

Figure 47 Soap oil samples with 15% black liquor content. On the left, is presented sample 

with 60% water-soap ratio and on the right is 90% water-soap ratio sample. Pictures are 

taken after settling time. 

In figure 48 is presented soap oil samples with 22% black liquor content. On the left is 

presented soap oil samples with 60% water-soap ratio and 2,5% CO2-soap ratio and on the 

right is presented soap oil samples with 90% water-soap ratio and 5% CO2-soap ratio. This 

time, it seems that there is foam present in both samples, but clearly more foam is present in 

60% water-soap ratio samples. If compared to 90% water-soap ratio sample in figure 47, in 

figure 48 there is more foam present. This could be due to increased CO2-soap ratio. 
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Figure 48 Soap oil samples with 22% black liquor content. On the left is presented samples 

with 60% water-soap ratio and on the right is presented samples with 90% water-soap ratio. 

Pictures are taken after settling time. 

As stated, the 60% water-soap ratio samples have clearly more foam than their counterparts 

with 90% water-soap ratio. This phenomenon explains the increase in amount of soap oil. 

Changes in soap oil density during 15% black liquor content testing did not happen during 

22% black liquor content testing, so there is no clear indication of water or CO2-ratio 

affecting density at all black liquor contents. On the other hand, tests done were short, so 

there could be more clear changes with longer test periods.  

Changes in pH seems to behave opposite of what was expected. Data shows, that pH actually 

increases when CO2-soap ratio increases. If looking at 22% samples, it seems that there is 

not much of a change in pH regarding CO2 change. When looking samples at 15% black 

liquor content, it seems that there is a clear increase in pH with CO2-soap ratio increase. The 

increase is explained with higher pH at start. First average pH measured for samples, was 

7,46 which was measured before the start of the experiment.  

As there is no difference pH wise in the samples, optimal operating parameters should be 

determined by less foaming. Although, there is no proof that foaming would be worse for 
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soap oil. Optimal operating parameters then would be 90% water-soap ratio and CO2-soap 

ratio between 2,5% to 5%. 

 Data analysis  

Multiple points of interest were studied more closely with Wedge and Modde. These points 

include soap quality variation and changes occurring in the process in general. Goal is to 

find correlations and effects of variables in neutralization towards the end of the process.  

With Modde, multiple variables can be studied at the same time and correlations and 

coefficients will tell, how important for the change these variables are. Also behavior of 

neutralization is studied, when black liquor load arrives to neutralization. 

Data analysis was divided into three sections. First section was neutralization, where 

responses were soap oil density and pH of brine and factors were rest of the process 

parameters regarding neutralization. Second section was HDS, where responses was the 

CTO production and factors were the rest of the process parameters regarding the operation 

of HDS and acidulation. In the last section, behavior of neutralization was studied, when 

black liquor batch came to neutralization. In the study of the last section, graphs of 

neutralization were studied during multiple incidents.  

Studies regarding neutralization were variating. It was noted that most effect came from soap 

conductivity, water-soap ratio and CO2-soap ratio. This result was expected, as those were 

the three factors used, that could be changed. It is natural that soap conductivity, which 

indicates black liquor changes in soap, affects most on the soap oil density and pH of brine. 

It was noted, that water-soap ratio and CO2-soap ratio also had effect on the end products. 

These effects were noticed as change in the soap oil texture before soap oil tank during step-

by-step testing, but not clear effect on density or pH was discovered. Effect of water and 

CO2-ratios were not always same, meaning that sometimes higher ratio of either or both 

factors would lead into lower or higher soap oil density, depending on what point of interest 

was studied. This would indicate, that changes in neutralization has to be done case-by-case. 

It was also noted, that brine pH had effect on soap oil density, which is expected, as pH 

below 7,5 is too low for carbon acid to form and interact with other components, thus 

unwanted components are present in soap oil.  
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If these results are compared to the results from multiple variable testing, it supports the 

conclusion of operating CO2-soap and water-soap ratio case-by-case. Multiple variable 

testing showed, that water-soap ratio 90% would be optimal, but CO2-soap ratio should be 

adjusted accordingly. As there has not been effect from foaming of soap oil, pH should be 

the response observed.  

When studying HDS, it was noted that soap oil density had a high effect on CTO production, 

as did the density of mother liquid. These two factors are partly connected, as most of the 

time low soap oil density leads to high mother liquid density, as a composition of soap oil is 

more suitable for better separation of the layers. But there were periods, when soap oil 

density was higher than normal, but good mother liquid density ensured the high yield of 

CTO. During data analyzing it was noted, that the acid amount had also effect on the CTO 

yield. As the acid amount is a key factor on acidulation, it seemed that the higher flow of 

acid led to higher yield of CTO. This is verified by the laboratory acidulation as well, when 

higher amount of sulfuric acid resulted in higher and more stable yield of CTO.  

In Wedge, multiple points of pressure drops were studied more closely. Main point was to 

discover, how the upcoming drop could be anticipated. It was noted, that in almost every 

scenario first indicator of high black liquor content was found to be drop in soap feed and 

after that closing of foul gas valve. Closing foul gas valve is explained by the fact, that the 

higher amount of black liquor consumes more CO2, and formed gases are not enough to 

increase pressure over the set value. Another indicator was the spike in conductivity, but it 

was found to be less reliable sign. Decrease in soap quality leads to a drop in pressure.  

When black liquor batch arrives to neutralization, automation works as follows. After small 

drop in soap feed, foul gas valve closes shortly after. As foul gas valve closes, outlet valve 

of neutralization opens, which accelerates the pressure loss in neutralization reactors. 

Opening of the outlet valve probably happens as the automation tries to set the level in 

neutralization reactor. At some cases, there is no clear sign in conductivity regarding soap 

quality changes, but the best indicator of black liquor change is foul gas valve. CO2-feed is 

linked with soap flow, so it stays constant. 

Solution for this problem would be to ensure, that pressure drop does not happen. As there 

is no clear way to estimate the black liquor content in soap, some values should be chosen 

to be the monitored value. Most of the times, sudden drop indicates the upcoming black 
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liquor batch. When foul gas valve closes and pressure starts, to drop, soap level in 

neutralization reactors is increasing, which leads to opening of the outlet valve. At this 

moments, automation should increase the CO2-flow to set the pressure back to normal. As 

pressure is back to normal, soap oil will continue to flow to soap oil tank. Outlet valve should 

open little, so that reactors level would be back to normal.  

5.5  Ultrasound 

Ultrasound was tested in order to reduce the amount of CTO escaping to evaporation plant 

through lignin layer. Power of ultrasound was tested in high range of power, which will be 

stated as level 1 to 14. Testing was done by running longer periods of time and with short, 5 

hour tests. Effect of specific wattage was searched from CTO yield, mother liquid density 

and mother liquid pH. Also amount of CTO was tested by using centrifuge. As wattage was 

changed or ultrasound was shut off, changes in listed responses were checked. 

During testing with power range of level 1 to 4, most difference was found from structure of 

lignin layer and amount of CTO on top of the lignin layer in samples. There were no 

significant difference in selected responses even if the wattage was changed. Test periods 

per wattage were one day. Significant changed happened in CTO plant during the day and 

even between the days, which means that test results are not absolute.  

In figure 49 is presented CTO of lignin samples treated with centrifuge. Samples were taken 

in three successive days, each sample presenting its own day and wattage. First sample was 

taken in first day with level 2, second was taken on second day without ultrasound and last 

sample was taken on third day with level 3. Difference in CTO is noticeable in the samples. 

Amount of CTO suggest, that ultrasound clearly improves CTO separation, best result 

coming from level 2. Unfortunately, there was also critical changes in other parts of the CTO 

process, which could also lead into same results.  
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Figure 49 Lignin samples after centrifuge taken on three successive days. First sample 

presenting first day and level 2, second sample presenting without ultrasound and last sample 

presenting third day and level 3. 

Tests done with level 4 to 14 had more clear effect on the process than level 1 to level 4. 

Test period was run with longer period without ultrasound and then approximately 5 hours 

with given power. Samples were taken before ultrasound and right after ultrasound was shut 

off. It was noted, that with level 4 to 14 CTO yield was slightly better than without 

ultrasound. In figure 50 is presented example of sample without ultrasound and with level 8. 

As can be seen, there is only small amount of CTO present in the lignin even without 

ultrasound, but the amount is halved with ultrasound. 
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Figure 50 Samples of lignin layer after centrifuge. First sample is without ultrasound and 

second is with level 8.  

Tests done with range of level 8 to 14 gave different results than so far. It seemed, that 

ultrasound had negative effect on yield and density of mother liquid. Decrease of yield and 

mother liquid density started shortly after ultrasound was turned on. Yield and mother liquid 

density were restored to before values shortly after ultrasound was turned off. Same effect 

was seen in samples, as amount of CTO increased in samples after centrifuge. In figure 51 

is presented samples without ultrasound and level 12 taken the same day. There is clear 

increase of CTO in level 12 sample. 
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Figure 51 Samples of lignin layer after centrifuge. First sample presents lignin without 

ultrasound and second presents lignin with ultrasound with level 12. 

In the end, ultrasound seemed to have small effect on CTO yield. According to samples 

presented, there is potential to increase CTO yield, but in plant in case, that increase was 

overrun by changes in CTO process. Ultrasound also could not stabilize the acidulation This 

means, that other process factors are more important for CTO production and should be 

focused more in the future. During the testing, burst and frequencies were not adjusted. Also 

there is chance, that wrong sized attachment for ultrasound probes had negative impact.  

6  Conclusions 

Driving models were tested, and both of the models had their pros and cons. Overtipping 

model is efficient on soap use, where as separate driving provides steady soap quality. For 

future, especially in summer, overtipping method could be better with a change. Soap tank 

1 should be emptied once a week, to keep soap changing also in tank 1. This could ease the 

problems in variating soap quality, and guarantees period of low black liquor content soap 

for CTO process. Other possible solution is to continue testing with separate driving model, 

as it does provide more stable quality in soap. This would require frequency converter for 

soap pump, as the pump causes severe vibrations without the converter. Due the discovery 
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of soap being extracted as black liquor, removal system could need conductivity 

measurement, or possibly tweaks in black liquor removal sequence. 

Soap quality is hard to predict, as conductivity is not absolute measurement of black liquor 

content and can be interfered. Conductivity can be used as indicator of sudden changes in 

black liquor content, as conductivity seems to spike, when black liquor quality changes fast. 

Also if conductivity increases much, it could be due increase in black liquor in soap, but can 

best be seen by visual observation of soap. Conductivity measurement should not be used as 

measurement for automation for neutralization. It is known, that soap quality had impact on 

the neutralization process. This was confirmed in step-by-step testing, when high black 

liquor content soap resulted in clearer changes in soap oil and pressure of the reactors. 

As black liquor content increases in soap, automation could handle the increase of CO2 feed 

to reactor. This would ensure, that during all times enough CO2 is fed to neutralization. CO2 

feed should be kept bound to soap feed, as it provides good neutralization result. In addition, 

CO2-soap ratio could take pressure in accord. If pressure in neutralization reactors drop 

below 6,5 bar, automation would increase CO2-soap ratio in small intervals and stop, when 

pressure is back between set pressure values and foul gas valve starts to open. When foul 

gas valve is too open, automation could decrease CO2-soap ratio in intervals, until foul gas 

valve would stay between set values. This way soap feed would set the main value of CO2 

feed, and pressure would do fine adjustment for the feed. Reactor outlet valve could operate 

with longer delay above 50% level on neutralization, so outlet valve would not affect 

negatively on the pressure in neutralization. 

Data-analysis and multiple variable testing point out, that CO2-soap and water-soap ratios 

should be set case-by-case. Multiple variable testing point out, that 90% water-soap ratio 

would be good, as it led to moderate pH and soap oil decrease. If CO2 feed is done as stated 

before, it could be possible to produce soap oil with stable density.  

According to step-by-step testing and multiple variable testing, there was no effect on yield 

positively or negatively, when process parameters were changed short term, excluding 130% 

water-soap ratio. For resource saving, neutralization could be run with less water it did not 

seem to affect yield. Dropping water content does increase soap feed, which would increase 

CO2 feed. To achieve same soap feed, overall feed can be dropped, which results in less 

water used with same CO2 used. Water-soap ratio can cause increase in soap oil density and 
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thickening of brine in right conditions, which means that water-soap ratio must be increased 

if either of the phenomenon occur.  

Laboratory tests show, that there is correlation with black liquor content and pH and formed 

mother liquid. Also with enough acid, CTO yield vary only a little, even if black liquor 

content varies a lot. During data analysis, it was noted that increase in soap conductivity 

would cause drop in brine pH, which could mean that black liquor decreases pH of brine. 

This theory was not accurately tested, as it would mean multiple measurements of black 

liquor content during time of increased conductivity. There is also limit on how much acid 

can be used, before pH of mother liquid from HDS in low enough to harm pipes and 

equipment. Laboratory tests still encourage to use as much sulfuric acid as possible to ensure, 

that soap oil is acidulated.  

Summer soap, according to data analysis, seemed to only change the composition a little, 

but increased the amount of calcium, neutral components and impurities in soap. This will 

affect the two-stage acidulation, which means that theories and solutions presented before 

can be fully tested and tuned during summer. Solutions were presented summer soap on 

mind, to decrease the amount of disturbances it causes in two-stage acidulation process.  

Ultrasound did not provide good results on increase of yield and stabilizing the acidulation 

process. It seemed, that ultrasound slightly increased yield with correct power, but the 

amount of CTO gained was low. Also some of the increases in yield with ultrasound could 

have been caused by positive changes in process rather than ultrasound. Ultrasound might 

have potential, if used in different place in HDS or in HDS with different dimensions. 

Ultrasound did not provide savings in sulfuric acid. 

7  Proposal for future work 

For future study, there is aspects that should be studied. Some questions can be settled by 

the company during stops and operation, while other might require dedication in the question 

in hand.  

More studies regarding soap handling could be done in order to stabilize the amount of black 

liquor in soap. This could be done by studying and optimizing black liquor extraction from 

soap oil tanks. Conductivity measurement in removed black liquor could indicate the border 
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between soap and black liquor, thus giving better information about black liquor removed 

and making driving model tweaking easier.  

Step-by-step testing should be redone with longer test periods. Also effect of high CO2 

should be studied. Longer testing time would lead to more clear change in soap oil density 

and brine pH. Recommended test period is one day with given change. To help providing 

enough sulfuric acid in neutralization in order to keep soap oil pH in check, pH measurement 

should be added before soap oil tank. Also ultrasound testing could be continued by adjusting 

burst and frequencies of ultrasound. Also, with right sized attachment, there might be 

positive impact on CTO yield.  
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