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Abstract 
Polymer particles are expandable and produced by Nouryon. The production consists of 

polymerization, dewatering and drying.  

Dewatering of polymer particles is an important part of the production process and have a large 

impact on how efficient the downstream process can be performed. An efficient dewatering enables 

a fast and effective drying process and is therefore of great importance for a fast production process. 

Here, today, there are big variations. For most polymer particle grades the dewatering aid DEW1 is 

added to the slurry. DEW1 is a non-ionic surfactant that greatly increases dewatering abilities of 

slurry and thus increases speed of the downstream process. But, DEW1 cannot be used for all 

polymer particle grades due to regulations. Therefore, those polymer particles demand longer 

downstream times with higher production costs and higher energy consumption following.  

The aim of this diploma work was to find an alternative dewatering aid which can be used for all 

polymer particle grades, has a good environmental profile and increases speed of the drying process. 

Several compounds were tested in laboratory scale during this study to investigate their effect on dry 

content after dewatering. One of them, DEW2, showed promising features as an alternative 

dewatering aid which is also bio-based. The highest dry content of dewatered polymer particle slurry 

with DEW2 as dewatering aid was X wt% dry polymer particles. This was 2.2 wt% higher dry content 

than the results achieved with DEW1.  

Also, the effect of heated polymer particle slurry and wash water on dry content was investigated 

during this study. A strong relation between higher temperatures of especially wash water and 

increased dry content of dewatered polymer particles was detected. The highest dry content 

achieved was X wt% dry polymer particles from a test with slurry 20 °C and wash water 80 °C. This 

was an increase in dry content with 26.9 % compared to the lowest dry content achieved. The lowest 

value was obtained when both slurry and wash water temperature was 20 °C, which during these 

tests gave a dry content of X wt%. However, polymer particles from tests with high temperatures 

showed signs of agglomeration of polymer particles on dispersion test which is not accepted for 

polymer particles of good quality. 

Two full scale production trials were performed with wash water heated to 40 °C. No agglomerated 

polymer particles were seen in the dried product, and the production speed increased with 18 

respectively 11 %. 
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Sammanfattning  
Polymerpartiklar är expanderbara och producerade av Nouryon. Produktionen består av 

polymerisation, avvattning samt torkning. 

Avvattning av polymerpartikelslurry är en stor del av efterbehandlingsprocessen och det är viktigt att 

den kan genomföras effektivt för att minska tids- och energiåtgång. En väl fungerande avvattning 

främjar en snabb och effektiv torkprocess och är därför av stor betydelse för en snabb 

produktionsprocess. Idag finns stora variationer gällande tidsåtgång beroende på vilken 

polymerpartikelskvalitet som produceras. Till de flesta polymerpartikelskvaliteter tillsätts DEW1 som 

fungerar som avvattningshjälpmedel. DEW1 är en non-jonisk tensid som avsevärt förbättrar 

avvattningskapaciteten för polymerpartikelslurryn och därmed förkortar efterbehandlingstiden och 

därmed den totala produktionstiden. Dock kan inte DEW1 användas för alla typer av 

polymerpartiklar. Det medför att produktionstiden förlängs för dessa kvaliteter, vilket leder till högre 

produktionskostnader samt en högre energiförbrukning.  

Syftet med det här examensarbetet var att hitta ett alternativt avvattningshjälpmedel som är 

miljövänligt, ökar hastigheten på avvattning- och torkningsprocessen och som kan användas för alla 

typer av polymerpartiklar. Ett antal substanser testades under examensarbetet laborativt för att 

utvärdera deras effekt på torrhalt på polymerpartiklar efter avvattning. Det biobaserade 

avvattningshjälpmedlet DEW2 såg lovande ut med goda avvattningsegenskaper. Resultaten från 

försök med DEW2 gav 2.2 wt% högre torrhalt än DEW1.  

Andra försök gjordes under examensarbetet för att undersöka sambandet mellan temperatur på 

polymerpartikelslurry och tvättvatten mot torrhalt på avvattnade polymerpartiklar. Högre 

temperatur på speciellt tvättvatten gav högre torrhalt, och den högsta torrhalten som uppnåddes vid 

försöken var X wt% med en slurrytemperatur på 20 °C och tvättvattentemperatur på 80 °C. Jämfört 

med det sämsta resultatet för torrhalt var det en ökning med 26.9 % mot resultatet från tester 

utförda med slurry och tvättvattentemperatur 20 °C, som gav torrhalten X wt%. Dessvärre visade 

dispersionstester från tester utförda med temperaturer mellan 50 till 80 °C att agglomerat bildats i 

torkade polymerpartiklar.   

Två produktionstester utfördes där tvättvattnet värmdes till 40 °C. Här sågs inga problem med 

agglomerat i färdig produkt och produktionshastigheten ökade med 18 respektive 11 %. 
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Abbreviations 
PP = polymer particles  

H-speed = production rate from dryer  

DP = dry unexpanded polymer particles 

WP = wet unexpanded polymer particles 

POU = polymerisation process unit 

S-Tem = slurry temperature 

W-Tem = wash water temp 

W-H2O = amount of wash water 
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1 Introduction 
Nouryon, former AkzoNobel Specialty Chemicals, is a company producing chemicals for everyday 

products with high quality. The company has about 10 000 employees around the world. The 

company is highly focused on safety and sustainability and has production sites in Europe, South 

America, North America and Asia.  

At Nouryon polymer particles is one of the products produced. Polymer particles can expand up to 80 

times in size creating a product with very low density. The production consists of polymerization, 

dewatering, drying and packaging of the product which then is sold to customers and used as 

lightweight fillers and expansion agent. The end product can for example be thermal insulating paint, 

wine corks or shoe soles.  

Sustainability is of big importance for Nouryon, and the aim is to reduce the company’s 

environmental impact. The company strive to reduce carbon emission through a more effective 

energy usage, using renewable energy sources and increase the use of bio-based raw material.  

When producing polymer particles efficiency of the downstream process is of great importance for 

an effective production process. A good dewatering process is crucial for a high dry content needed 

to achieve a fast drying process leading to fast production time and less energy consumption.  

The process and the process equipment are under continuous improvement to increase effectiveness 

and energy utilization. Today a dewatering aid produced from fossil raw material is used which 

greatly increases the dry content of dewatered polymer particles. The dewatering aid used today is 

not accepted for all polymer particles, thus some are dewatered without a dewatering aid. Following, 

for those polymer particles the dewatering is less effective leading to longer production times and 

higher energy consumption. 

1.1 Objective 
The purpose of this diploma work was to improve dewatering abilities of polymer particle slurry. A 

polymer particle grade which is hard to dewater was chosen to perform the study. The main focus 

was to find a new dewatering aid with the required properties, or by heating of slurry and wash 

water make the dewatering process more effective.   

A new dewatering aid would preferably have good dewatering abilities, be produced from a bio-

based raw material, not be hazardous to handle and have a good environmental profile. This is of 

importance for both an effective production and for improvement of the process sustainability. Four 

new dewatering aids was tested in this study. 

The other objective about changing properties of slurry and wash water to create better prospects 

for dewatering was also tested. This would increase energy consumption in the dewatering stage of 

the drying process, but the expectation was that increasing energy in this part of the production 

would lead to lower energy consumption during drying, since a higher dry content of ingoing polymer 

particles would require less energy for drying. That would give shorter drying times and thus a lower 

total energy consumption.  
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2 Theory 

2.1 Polymer particles – as a product 
Polymer particles is produced by Nouryon who are world leading in production of expandable 

thermoplastic polymer particles. These polymer particles consist of a thermoplastic polymer shell 

that encapsulates a blowing agent (see figure 1), and when heated the expansion of the polymer 

particle can be up to 80 times the original size. This is since the blowing agents pressure increases at 

the same time as the thermoplastic shell becomes soft. The expanded sizes vary between 20-120 µm 

depending on polymer particle grade. The size of the expanded polymer particle is sustained even 

when cooled creating a product with a low density of 15-70 kg/m3 (Bergqvist, 2014). These 

properties make polymer particles suitable for different applications as lightweight filler, blowing or 

foaming agents. Other uses are thermal insulation, sound insulation, increased solar reflection and 

increased friction of surfaces. Examples of products where polymer particles are used are wine corks, 

plastic foams, shoe soles, cool roof coatings, in vehicles and in windmills.  

 

Figure 1: Unexpanded polymer particles. The small dot seen in some of the polymer particles is the blowing agent. 

2.1.1 Polymerization process of polymer particles 
Production of polymer particles is performed by suspension polymerization consisting of two 

immiscible phases. The organic phase consists of monomers and volatile hydrocarbons. The water 

phase consists of water and additives. These two phases are then mixed and stirred well which by 

the organic phase is finely divided into small droplets forming an emulsion. This emulsion is now 

heated and the polymerization process is initiated. This is an exothermic reaction and if the radical 

polymerization does not get cooled it can be a safety hazard due to auto-acceleration and rapid heat 
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and pressure rise. This is avoided through cooling of the reactor, and the polymerization is 

surrounded by a water phase that provides for a good heat transfer inside the reactor (Huang, et al., 

2017; Bergqvist, 2014). After the polymerization process is finished a slurry with thermoplastic 

polymer particles in water have been produced. 

2.1.1.1 Physical structure and properties of polymer particles 

Polymer particles consists, as mentioned before, of a thermoplastic polymer shell which encloses 

volatile hydrocarbons. These volatile hydrocarbons vaporize when the polymer particle is heated, 

and the polymeric shell softens at a specific temperature depending on polymer composition. 

Softening of the polymer particle occurs at glass transition temperature (Tg). When Tg is reached the 

hydrocarbon inside the shell acts as a blowing agent and the polymer particle expand. These two 

properties contribute to a major decrease in density of the polymer particles, see figure 2. How far 

the expansion can proceed depends on type and amount of hydrocarbon encapsulated. The 

expansion depends also on Tg of the polymer. The expansion continues if yield strength of the 

polymer shell exceeds the internal pressure, otherwise the polymer particle breaks and collapses 

(Bergqvist, 2014). 

 

Figure 2: Schematic picture of polymer particles unexpanded and expanded (Polymer Particle Application Nouryon, 2019). 

Other important properties of polymer particles are size of the polymer particles and their size 

distribution. Size of the polymer particles is measured by a light scattering instrument with a He-Ne 

laser (P. Bors, Sr laboratory engineer, personal conversation May 7). This instrument can handle light 

scattering from many different angles and describes the particle size in diameter of the polymer 

particles (Rawle). Particle size is measured in each production batch. To validate particle size several 

measures are done. d10 is the particle size where 10 vol% are smaller particles and thus 90 vol% are 

bigger. d50 is the particle size when 50 vol% is bigger and the other half smaller (the median) and 

following the same pattern d90 is the particle size when 90 vol% is smaller and 10 vol% is bigger. The 

width of the distribution is described as span according to formula 1. The number average size seems 

to be important for dewatering properties of polymer particle slurry. It is total size of all polymer 

particles in the test and divides that number with the total number of spheres in the test. This is of 

importance for understanding how well the dewatering process can be performed. A low number 
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average value gives a slurry more difficult to dewater (Bergenudd, 17MS133, 2017; Bergenudd, 

Intern polymerpartikelkunskap Del 1b, 2018; Johnsson, 2010).  

𝑆𝑝𝑎𝑛 =  
𝑑90−𝑑10

𝑑50
    (1) 

2.1.2 Dewatering and drying of polymer particles 

After the polymerization you get a slurry with about XX wt% dry content in form of polymer particles. 

If not sold as slurry these polymer particles can get dewatered, dried and expanded depending on 

which product that is produced. The different product groups are DP, WP, WPF, DEP and WEP. 

DEP (dry expanded polymer particles) and WEP (wet expanded polymer particles) are expanded 

polymer particles. For products WP/WPF, wet unexpanded polymer particles, slurry is dewatered and 

packed out in drums or big bags.  

DP (dry unexpanded polymer particles) is produced with different process equipment for dewatering 

of polymer particles before drying. Which one is preferable depends on polymer particle grade, size 

of the polymer particles and need of washing. Products demanding less cleaning can be dewatered in 

dewatering equipment A giving high dry content of the material going into the dryer. Dewatering 

equipment A is preferable to use for small sized polymer particles. Dewatering equipment B is used 

for big sized polymer particles, using a different kind of dewatering. Dewatering equipment B 

requires more advanced technical equipment and more maintenance. For polymer particles which 

demands washing, dewatering equipment C is used. These are not as effective for dewatering as 

dewatering equipment A, but sufficient cleaning of the product can be performed. This is of big 

importance some types of polymer particles. Another property possible for dewatering equipment C 

are heating of the wash water. Heated wash water increases solubility of salts that needs to be 

washed away to produce a high purity product. After dewatering the wet unexpanded polymer 

particles (WP) needs to be dried. After drying the dry content is higher than 98 wt%. After drying 

polymer particles are transported to a silo and polymer particles are packed out (A. Åstrand, 

production engineer, personal communication March 21).   

2.1.2.1 Dewatering of the polymer particle grade 920–40 

Dewatering of 920-40 was studied through experiments in this diploma work, and therefore its 

properties and production problems are more specific described. 920-40 is a small sized polymer 

particle grade produced which has an expanded size of 40 µm. 920-40 is a quality that is one of the 

hardest to dewater due to its small size. This results in low dry content after dewatering and 

difficulties with smearing onto process equipment leading to very low production rates for this 

quality. Documentation of the difficulty to dewater 920-40 goes back to 2010, with production rates 

73 % lower than today’s production rates (Andreasson, 2010; Nouryon, 2019). These problems were 

a big reason to start using dewatering aids in the production. The first dewatering aid introduced and 

used in the production was DEW0, but 2013 new laboratory test was performed to find more 

effective dewatering aids. That study performed by Carina Eriksson led to the start of using DEW1 as 

dewatering aid for 920-40, and later also other polymer particle grades (Eriksson C. , 2013).  

2.1.2.2 Quality tests performed on polymer particles 

To secure that polymer particles has the right properties to be shipped to customers quality tests are 

performed. For some polymer particles production residuals must be below specification limits. 

These polymer particle grades have requirements regarding concentrations of different substances. 

The first is residual F that has low set concentration limitations. Residual F is water soluble and can 
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therefore be washed away with proper washing. Another substance with a restricted specification in 

the final product is residual B, with limitations for some polymer particles. See table 1 for 

specification limits (Johansson, 2016). Residual A comes with a substance used when producing 

polymer particles (M. Jonsson, scientist, personal communication April 5), and residual B can form a 

salt with an element of residual A. This salt has a low water solubility at low temperatures and can 

create residuals of DP if not washed away properly. Hence it can sometimes be troublesome to hold 

levels of residual B below specification limits in the final product. Residual B can also form another 

salt with which comes with a trace compound from residual A, so residual B comes from either of 

these two salts (Nilsson, 2018). For the salt formed with residual B and the trace compound from 

residual A the solubility slightly decreases with increasing temperatures (Lutz, 1983). 

Two other substances that are regulated for some polymer particle products are residual D and 

residual E. Residual D is a residue from the polymer particle production. Residual E residuals are also 

a residue from the preparation process (M. Jonsson, scientist, personal communication April 5). For 

residual D the maximum concentration is XXX units/kg and for residual E it is XXX units/kg (Svensson, 

2019).  

Table 1: Specification limits for polymer particle products (Johansson, 2016). 

PP grade Residual F Residual B 

GXX DP 80 0 - XX units/kg 0 - XXXX units/kg 

GXY DP 80 0 - XX units/kg 0 - XXXX units/kg 

GYY DP 120 0 - XXX units/kg 0 - XXXX units/kg 

 

To analyse amounts of substances as residual F, residual E, residual B and residual D ion exchange 

chromatography (IC) is used. Ion exchange chromatography is used to separate and detect anions 

and cations. Separation of the compounds is performed in an ion exchange column due to electrical 

charge and size of the ions. Smaller ions with a high charge have a longer retention time in the 

column compared to big ions with a low charge. The system can contain several columns and these 

are installed in a tempered environment. This analyse method is used as a quality control for some 

polymer particles produced, to assure that specification limits set for these products are followed 

(Holmstedt, 2016). 

To test if dried polymer particles agglomerates or contains large polymer particles a dispersion of DP 

is tested through draw down-test. A small amount of DU is mixed into a paste and this paste is then 

evenly distributed on a paper. The paper is put into an oven at a temperature which expands 

polymer particles and therefore show agglomerates as white spots (Lundqvist, 2018). 

When testing turbidity at a laboratory level an NTU turbidity meter (Nephleometric Turbidity Unit) is 

used (ISO, 2016). The turbidity is measured through analyzing how much light scatters when passing 

through the sample and is tested to investigate how much polymer particles the filtrate contains. A 

low turbidity is preferable (Vedin, 2018). 

2.1.3 Process water 
The process water for production of polymer particles is taken from recipient and filtered in a sand 

filter. From the filter it goes to a water basin and from the basin it is pumped to the location where 

water is needed. Temperature of the process water depends on the water temperature in the 
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recipient and therefore it fluctuates with the seasons over the year (E. Landén, process engineer, 

personal communication March 28).  

Wash water is heated for three polymer particle grades and a temperature meter is installed which 

shows the temperature also when wash water is not heated. Therefore, a difference between 

incoming water temperature and unheated wash water temperature can be detected. This shows 

that process water is heated approximately 6 °C between the sand filter and dewatering equipment 

C (figure 3). In summer when the water temperature from recipient to the sand filter is high the 

temperature difference to the dewatering equipment C is just a couple of degrees. A big difference in 

wash water temperature is created by the temperature change between seasons. According to 

Process overwatch system graphs the change is about 20 °C between July and January. This means 

the change in wash water temperature at the dewatering equipment C would be approximately 16-

17 °C over the year (figure 3) (Nouryon, Process Information (over watch system), 2019). The cost to 

heat wash water is XX kr/tonnes (P. Wounder, Responsible Engineer Infrastructure, personal 

communication April 16). 

 

Figure 3: Fluctuations over a year in temperature in sand filter (pink line) and wash water (black line). The highest water 
temperatures in the sand filter is from July and August reaching 24 °C. The wash water is heated for three polymer particle 
grades giving the peaks on the black line, but in between these peaks the temperature difference between sand filter and 
dewatering equipment C can be seen (Nouryon, Process Information (over watch system), 2019).  
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2.2 Dewatering process filtration 
Filtration is a separating process in which solid particles are separated from a liquid through 

depositing them on a filter medium. The filter medium is permeable, meaning that only the liquid 

goes through. The solid particles can either deposit on the surface where particles create a cake or a 

layer, or inside the filtration medium as in-depth filtration. The liquid going through the filter 

medium is called filtrate or permeate. The driving force to filtration varies. Filtration can be pressure 

driven, meaning that the fluid is pressed out of the bed which is the mechanism used in press filters. 

The separation can also be driven by a pressure difference caused by for example vacuum. The third 

driving force used is centrifugal forces as in centrifuge separation. All these filtration processes are 

mechanical processes (Ripperger, Gösele, & Alt, 2012).  

Cake filtration is when solid material is deposited on a filter medium and these particles forms a cake 

that is constant permeable for the liquid since it is assumed to be a homogenous porous layer (figure 

4). This means the cake itself is doing the filtration and the filter medium is a support of this. Given 

this, dV/dt is constant giving a constant flow rate through the cake and filter medium. The pressure 

drop increases linearly with the amount or volume solid particles deposited (Ripperger, Gösele, & Alt, 

2012). This is the model that accounts for the filtration of liquid from polymer particles. Other 

filtration models are blocking filtration, deep-bed filtration and cross flow filtration but since they are 

not interesting for this subject they will not be further explained. 

 

Figure 4: Cake filtration model (Ripperger, Gösele, & Alt, 2012). 

For the cake filtration the total pressure drop (formula 2) consists of the pressure drop over the filter 

medium and the pressure drop over the cake. This gives an expression for the pressure drop as 

follow: 

∆𝑝𝑡𝑜𝑡 = ∆𝑝𝑓𝑖𝑙𝑡𝑒𝑟 𝑚𝑒𝑑𝑖𝑢𝑚 + ∆𝑝𝑐𝑎𝑘𝑒 = 𝑅𝑓𝑖𝑙𝑡𝑒𝑟 𝑚𝑒𝑑𝑖𝑢𝑚𝜇
⩒

𝐴
+ 𝑅𝑐𝑎𝑘𝑒𝜇𝐻

⩒

𝐴
 (2) 

Where R is resistance in filter medium and cake (m-2), µ is the viscosity of the fluid (Pa·s), ⩒ is the 

filtrate flow rate (m3/s), A is the area of the filter medium (m2) and H is the height of the cake. If 

assumption is made that the cake porosity is constant through the whole cake height and that 

pressure is constant plots for determining filter cake resistance can be made.  Plotting t/V against V, 

where t is time (s) the slope will give the cake resistance and the intercept the cloth resistance 

(Bergenudd, 17MS133, 2017; Ripperger, Gösele, & Alt, 2012). The pressure difference is strongly 

affected by the particle size of the material being filtered. Smaller particle sizes give a higher pressure 
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drop, meaning a denser cake which holds more water in its structure (Outotec, 2011). This 

relationship is shown in figure 5. 

 

Figure 5: Pressure drop depending of particle size (Outotec, 2011).  

Washing of the filter cake is another important parameter of the filtration process. Washing is 

performed to remove reamining liquid or to wash out unwanted substances from the filter cake. In a 

washing process with an idealized cake flow the same amount of wash water is needed as there is 

remaining liquid in the filter cake (pore volume) to be able to wash the filter cake sufficiently. This is 

seen in figure 6 as curve a. Curve b in figure 6 is slightly more realistic where streamlines in the cake 

of different speed and length are considered, and this shows wash volume must be bigger than pore 

volume. What is not considered in curve b are stagnant zones and dead-end pores in the filter cake, 

so curve c in figure 6 gives the most realistic picture of the washing process of the filter cake 

(Ripperger, Gösele, & Alt, 2012). Curve d in figure 6 shows an example where extraction of residual 

from the solid to wash liquid is considered, which is not relevant for the scope of this report.  

 

Figure 6: Washing of filter cake (Ripperger, Gösele, & Alt, 2012) 

When a low remaining concentration of liquid or other substances that needs to be separated from 

the cake are required it seems to be more efficient to use a thicker cake. It is shown that the effect of 

the volumetric flux (volume wash water per filter cake area per second) is higher for a thicker cake. 

This is due to the axial dispersion in the thicker cake which more efficiently spreads the wash water 

and therefore a higher extent of residuals can be washed away. Another parameter that is important 
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for washing of the cake is wash time, and the unwanted residuals is seen to decrease with increasing 

wash time meaning a higher total amount of wash water. Though, testing these properties are hard 

since even laboratory tests of washing of filter cakes often give not satisfying result with big 

variations. Reasons for this is variations in the filter cake not seen with the eye, and properties of 

wash water compared to the liquid. When liquid is washed away this can change contact forces 

between particles in the bed, and this can change the dewatering properties. Also, the viscosity 

difference between liquid and wash water might be a disturbing factor in this process. Wash water is 

preferably not added directly from that the solid and liquid gets to the filter process. First some of 

the liquid should be reduced from the cake and then the wash water can be added to enhance 

washing of the filter cake (Ripperger, Gösele, & Alt, 2012). 

To explain forces affecting particles in a filter cake DLVO theory can be used. This theory explains 

that there is both attractive and repulsive forces involved. Use of dewatering aids will affect these 

forces with its amphiphilic properties (Ripperger, Gösele, & Alt, 2012). The attraction is a result of 

Van der Waals-forces which are attractive forces between molecules. There are three different types 

of interactions included in Van der Waals-forces acting depending of the molecules structure and 

polarity. The first one is permanent dipole/induced dipole interaction, the second permanent 

dipole/permanent dipole interaction and the last is induced dipole/induced dipole interaction 

(Hiemenz & Rajagopalan, Molecular Interactons and Power Laws, 1997). The repulsive forces 

involved are electrical charges. These charges exist due to that particles in water suspensions get an 

electrically charged surface due to adsorption and dissolution of ions. The repulsive charges depend 

on pH of the solution, and these charges reach further than the attractive forces. This means that 

when molecules are close the attractive forces dominates and when the distance between molecules 

are bigger the repulsive forces dominates. Since the electrical charges are pH-dependent there will 

be a pH where the surface of the molecules becomes neutral. This provides for the attractive forces 

to dominate and the particles forms clusters. The formation of these clusters is called flocculation 

and this phenomenon usually improves dewatering (Ripperger, Gösele, & Alt, 2012). 

2.2.1 Interactions between solid and liquid 

Surface tension is a measure of the interaction between solid and a liquid, but a gas phase is also 

present. Surface tension (γ with units Nm-1 or Jm-2) is a force on the surface acting perpendicular 

inward from the boundary of the interaction between liquid and solid. Another way of explaining 

surface tension is as the work per unit area (formula 3) needed to produce new surface. This amount 

of work needed can be described by thermodynamics, and this gives a formula showing that the 

surface tension is depending on the temperature (formula 4) (Hiemenz & Rajagopalan, Surface 

Tension and Contact Angle, 1997).  

 

𝑊𝑜𝑟𝑘 =  𝛾𝑑𝐴     (3) 

 

𝛾 =  𝐻𝑆 + 𝑇 (
𝜕𝛾

𝜕𝑇
)

𝑝
    (4) 
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∆𝑝 =  
2𝛾

𝑅𝑆
     (5) 

Where A = area (m2), T = temperature (K), HS = enthalpy of the surface (mJm-2), p = pressure (Pa) and 

RS = radius of the sphere (m). 

Formula 4 is applicable when the solid is flat and homogenous. If the solid has a curved surface there 

will be a pressure difference over the surface. For a spherical curvature (as Polymer particles) the 

relation between pressure difference and surface tension is described by the Laplace equation 

(formula 5). A smaller radius will give a higher pressure difference. The interaction between solid and 

liquid gives rise to a contact angle. This contact angle depends on the equilibrium between liquid on 

the solid in equilibrium with surrounding gas. This interaction is influenced by the surface structure 

and by the chemistry of the surface and liquid (Hiemenz & Rajagopalan, Surface Tension and Contact 

Angle, 1997). 

2.2.2 Surfactants in water 

Surfactants (figure 7) is short for surface active substances and these compounds often have a great 

impact on surface tension. A surfactant is a molecule with two different functional groups, where 

one is repelling water (hydrophobic) and the other is attracted to water (hydrophilic). Chemical 

substances with these properties are called amphiphilic. The hydrophobic group consist of an alkyl 

chain with 8-22 carbons. This active group repels water due to its nonpolar structure. The other end 

is polar with different active groups depending on if this end is ionic or non-ionic. If it is an ionic 

surfactant it can have active groups as sulfate or ammonium, and when the surfactant is non-ionic 

this group can be a polyoxyethylen or glyceryl for example. Non-ionic surfactants are preferable to 

use when the surfactant is used in solutions containing salts and electrolytes since the effect of these 

do not get affected as much as an ionic surfactant (Myers, Classification of physical forces, 1999). 

These properties make these substances align on the interface between a gas and a liquid and this 

affects the surface tension, which decreases (Nakama, 2017). Due to its chemical structure 

surfactants form layers where the molecules align with the polar end in the water phase and the 

nonpolar end in the gas phase (Hiemenz & Rajagopalan, Surface Tension and Contact Angle, 1997).  

 

Figure 7: Structure of surfactant (Novakovich, 2018). 

If the concentration of micelles reaches a certain point the surfactants starts forming micelles. This 

concentration is called critical micelle concentration (CMC) (Hiemenz & Rajagopalan, Entropy change 

During Micellization and the Hydrophobic Effect, 1997). When it is reached surfactant molecules will 

start going from the surface of the solution down into the water phase and arrange to form spherical 
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structures, micelles. If there are other substances in the water phase surfactant can arrange around 

these particles if these particles are hydrophobic. Since Polymer particles are hydrophobic, 

surfactants will arrange around the polymer particles as seen in figure 8. The micelle structure also 

influences the structure of water molecules surrounding the micelle, which will arrange in order 

around the micelles and the waters entropy will decrease. This means that micelles and the 

molecules surrounded are somewhat expelled from the water, and this is called the hydrophobic 

effect, which also lowers surface tension (Hiemenz & Rajagopalan, Entropy change During 

Micellization and the Hydrophobic Effect, 1997). This one reason to improved dewatering of Polymer 

particles when surfactants are added to the slurry.  

 

Figure 8: Structure of micelles (Technology, 2019). 

The hydrophobic part of the surfactant is usually derived from either a natural origin fatty acid or 

fossil resources fatty alcohols (Myers, Surfaces, Interfaces and Colloids, 1999). If the surfactant is 

produced from a fossil raw material it is called synthetic. Alcohol ethoxylates are a big group of 

surfactants which are produced by a fatty alcohol reacting with ethylene oxide, short EO. When 

alcohols are reacted with propylene oxide it is called propoxylated. This creates a molecule where 

the hydrophobic fatty alcohol is attached to a hydrophilic polyoxyethylene chain in presence of an 

alkaline catalyst. With longer hydrophilic chains, the water solubility of the surfactant increases 

(Myers, Surfaces, Interfaces and Colloids, 1999).  

A surfactant’s structure contributes to the hydrophilic-lipophilic-balance (HLB), and the lower the 

HLB the lower hydrophile properties the surfactant has. From the HLB value different properties and 

applications of the surfactant can be detected, see table 2 (Becher, 1966). 

Table 2: Applications and dispersibility of surfactants depending on HLB-value (Becher, 1966). 

HLB value Applications Dispersibility Surfactant 

1-4   No dispersion  

3-6 Emulsifier water-in-oil Poor dispersion DEW2 

6-8   

Dispersible if 
vigorously agitated 

DEW3 

7-9 Wetting agent    

8-10   

Stable but milky 
dispersion 
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8-15 Emulsifier oil-in-water    

10-13   Clear dispersion DEW1, DEW5 

>13   Clear solution  

 

As raw material for surfactants based on natural origin fatty acids several different sources can be 

used. Raw material of natural origin used for producing surfactants included in this study is oleic acid, 

linoleic acid and palmitic acid. These will be described shortly. 

Oleic acid is an unsaturated fatty acid with 18 carbons. It is found to some extent in all natural oils 

and fats, and can be obtained from olive oil, palm oil, sunflower oil and peanut oil for example 

(Brittanica, 2019). Linoleic acid is a polyunsaturated fatty acid with 18 carbons found in vegetable oils 

(Burrows, Holman, Parsons, Pilling, & Price, 2013). It is found in most plant oils and is essential to 

mammalian nutrition (Medicine, 2019). Palmitic acid is a saturated fatty acid with 16 carbons and it 

occurs naturally in palm oil and palm kernel oil. It is also found in olive oil, meat and fat dairy 

products as butter and cheese (NCI, 2019).  

Palm oil is mainly used in food and cosmetic industry. Production of palmitic acid is an environmental 

concern threatening ecosystems in Southeast Asia. It leads to forest degradation and biodiversity loss 

since large areas are deforested to give room for palm oil production. Palm oil from certified palm oil 

production has shown to not be as sustainable as hoped for according to a recent study showing that 

even this palm oil is associated with forest degradation (Gatti, Liang, Velichevskaya, & Zhou, 2018). 

Surfactants tested during this study were DEW1, DEW2, DEW3, DEW4 and DEW5. All tests were 

executed on the polymer particle grade 920-40. DEW1 was tested as reference. DEW2 was added to 

the test plan due to previous good tests results for dry content from dewatering tests. DEW3 is very 

similar in its structure to DEW2 so the intention was to see if also this was a good dewatering aid. 

DEW4 and DEW5 have good environmental profiles. DEW6 and DEW7 were contemplated to be 

tested since they are used for similar dewatering processes in the mining industry. However, 

according to safety data sheets for these two surfactants environmental profiles does not match the 

limitations set for dewatering aids (AkzoNobel, 2017; AkzoNobel, 2019). Both DEW6 and DEW7 are 

marked as hazardous for water living organisms with long term effects (Europaparlamentet, 2008). It 

was decided not to try out these two dewatering aids. 

2.2.3 DEW1 
DEW1, is a surfactant used as a degreaser or a wetting agent, or as in polymer particles production 

used as a dewatering aid. The molecular structure of DEW1 is linear, non-ionic surfactant and its 

properties do not vary with a changing pH (Zasadowski, 17MS100, 2017). It is produced by Nouryon 

Surface Chemistry and is based on a synthetic primary alcohol. It has an HLB-value of 11.6 and a 

CMC-concentration of 1.0 g/l (AkzoNobel Surface Chemistry, 2015). It is a surfactant and when added 

to Polymer particles slurry even in low concentrations it improves the dewatering ability of several 

polymer particle grades produced (AkzoNobel, 2015). The molecular formula is CXXHXXO giving a 

molecular weight of XXX g/mole (Evonik, 2019). CMC in is then XX mol/l.  

2.2.3.1 Environmental impact and safety precautions  

DEW1 is a fluid which can cause severe damage in contact with eyes and can be dangerous in contact 

with skin. Because of this DEW1 need to be handled cautiously, but it is not graded as dangerous 

goods. It is recommended to not flush out the surfactant in sewage systems or to surface water since 
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it is harmful to water living organisms in large amounts. It is easily biodegradable and is not bio 

accumulative (AkzoNobel, 2015; Europaparlamentet, 2008). 

2.2.3.2 Effect of DEW1 in downstream processes as dewatering, drying and expansion 

DEW1 has during the years since it was first started using as a filtering aid been added to a great 

number of polymer particle grades produced. It was in 2013 the first laboratory test was performed 

at Nouryon (AkzoNobel at that time) aiming to improve dewatering properties of 920-40 since the 

production rate was low. Polymer particles dewatered at the dewatering equipment C had low dry 

content and smeared onto equipment making it hard to handle and dry efficiently. Several 

dewatering aids was tested at Nouryon and DEW1 proved to be the best option since the dry content 

was high and this effect lasted even when washing of the cake was performed. A production trial was 

done showing good results (Eriksson C. , 2013). Soon other polymer particle grades started to be 

tested. The second grade to be tested with DEW1 also showed improved dewatering of that polymer 

particle grade (Gardfors, 2013). Generally adding DEW1 gives an increase in production speed. The 

increase varies between 5-58 % of H-speed (Waltersson & Ahlinder, 2015; Waltersson E. , 2015). To 

evaluate the effect of DEW1 in the production also other parts of the production than the drying 

process had to be considered. Packing of DU and WP was not negatively affected by adding of DEW1, 

instead some positive effects was seen when packaging WP. DEW1 worked as a defoamer for WP 

(Nordin, 2015) and gave a smoother packing process for WPF (Zasadowski, 17MS038, 2017). For the 

expanded products no negative effects of expanding or packaging has been reported (Larsson, 2014).  

In production it causes problems with crystalizing at the containers for filtrate from the dewatering 

equipment B (figure 9). It also creates foaming which makes it harder to detect turbidity from 

polymer particles due to damages causing leakage on the filter cloths in dewatering equipment B (M. 

Ahlinder, process R&D engineer, personal communication April 10).  

 

Figure 9: DEW1 crystals on filtrate containers.  
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2.2.4 DEW2 
DEW2 is a non-ionic surfactant which has the chemical formula CXXHXXOX and molecular weight of XXX 

g/mole. It has an HLB-value of 4.3 (Becher, 1966). This substance is not classified as dangerous and 

approved for all polymer particles grades (Europaparlamentet, 2008; WHO, 2018). It is a viscous fluid 

which is translucent and has a brown color (Sigma-Aldrich, 2017).  

DEW2 was earlier tested in lab scale at Nouryon with good result on dry content but draw down-test 

performed on the dried DP showed dots which implies agglomeration of polymer particles (Jonzon, 

2018). But, since the dry content was good it was decided to introduce it to the test plan to see if 

problems with agglomeration could be solved. DEW2 is sold in bulk to a cost of X EUR/kg (Rickard, 

2019).   

2.2.5 DEW3 
Also DEW3 is a non-ionic surfactant. It has a slightly lower molecular weight of XX g/mol and its 

chemical formula is CXXHXXOX. At room temperature it is solid, white waxy flakes with an HLB-value of 

6.7 (Becher, 1966). It has a good environmental profile and is easily bio degradable and does not 

cause skin or eye irritation when tested on animals (Sigma-Aldrich, 2015; Europaparlamentet, 2008). 

It is not soluble in cold water but dispersible in warm water. It is also approved for both food contact 

and as a food additive in both EU and according to World Health Organisation (WHO, 2018). 

2.2.6 DEW4 
DEW4 is an alcohol alkoxylate produced by Nouryon Surface Chemistry and is classified as a 

detergent. It is a mix of carbons ethoxylated and propoxylated in water. It is not marked as 

hazardous and is a non-ionic surfactant which is non-toxic and easily biodegradable 

(Europaparlamentet, 2008). Most commonly it is used in paint to prevent agglomerates from forming 

(Europeiska Kommisionen, 2011). It has good wetting and dispersing properties. It is a colourless fluid 

which is soluble in water (Nouryon Surface Chemsitry, 2019). 

2.2.7 DEW5 
DEW5 is an alcohol alkoxylates (AkzoNobel Surface Chemistry, 2015). It is a non-ionic surfactant and 

is produced by Nouryon Surface Chemistry. It has an HLB-value at 11.5 and a CMC at 4.5 g/l 

(AkzoNobel Surface Chemistry, 2015). The molar weight is XX g/mole (Medicin, 2019). CMC is then XX 

mol/l. It is used as a surfactant for cleaning and degreasing and has low foaming. It can cause serious 

eye irritation but has apart from that no other danger markings. It should not be released to recipient 

if avoidable but does not contain any substances that is regarded bio accumulative or toxic 

(Europaparlamentet, 2008). It is a colourless fluid and is dispersible in water (AkzoNobel, 2017).  

2.3 Slurry samples from production used for experiments 
All slurry samples from production batches used for dewatering experiments was inside specification 

limits (table 3). The lower limits for particle size D(0.5) is X and the upper limit is X, and the target 

value is 13. For SPAN the lower limit is X and the upper limit is X. Number average has no specific 

limits (Nouryon, Excecution system 1, 2019). 

Table 3: Analyze values for production batches which slurry samples are from (Nouryon, Excecution system 1, 2019). 

Production batch nr 17 27 37 14 24 

Production start (POU) 
2018-12-18 

10:58 
2019-02-24 

09:41 
2019-03-14 

13:09 
2019-02-21 

17:57 
2019-02-23 

07:48 

Particle size D(0.5) µm  -0.9 0 0 +0.6 +0.4 
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Number average µm 0 +0.7 +0.5 -6.5 -6.5 

Classification OK OK OK OK OK 

 

2.4 MODDE – modelling design of experiments 
To investigate the effect of heated slurry and wash water on dewatering properties of polymer 

particle slurry experiments was set according to MODDE. MODDE is a method to conduct 

experimental test in an efficient manner, and therefore get the highest possible knowledge out of as 

few tests as possible. Tests performed according to MODDE is statistically designed to cover the 

whole area needed to be investigated. This is performed through testing the extreme conditions in 

every “corner” of the test area, and thoroughly determining the centre point of the test area. From 

these experiments conclusions can be drawn on how factors involved affects the response, and how 

different factors cooperate to affect the response (Eriksson, Johansson, Kettaneh-Wold, Wikström, & 

Wold, Design of Experiment, 2008). 

Another important feature for MODDE is the replication of the tests performed, and this is needed to 

draw statistical conclusions from the results. The tests need to be executed in the same manner to 

surge for reproducibility. This is a big challenge, and even small differences between tests will cause 

errors. Other error sources might be due to differences in measurements. Errors should always be 

minimized as much as possible (Eriksson, Johansson, Kettaneh-Wold, Wikström, & Wold, Design of 

Experiment, 2008).  

Test variables are divided into different groups. The experiments give responses that can be 

measured, and how these responses are affected by the factors is analyzed. Factors are divided into 

primary and secondary factors. Primary factors are affecting the response. These factors should be 

set to maximize the effect on the response, and to do that these factors should be set on the 

boundaries of the operating conditions. The secondary factors might affect the response, and they 

are not always controllable. These factors need to be handled, either by holding these factors 

constant, eliminate them or lowering their effects on the response. This will reduce impact on the 

response as much as possible. Another method for solving the problem is to transfer them into 

primary factors if it is seen during experiments that these factors affects the response (Eriksson, 

Johansson, Kettaneh-Wold, Wikström, & Wold, Design of Experiment, 2008). 

Before the MODDE experiments can be performed a plan need to be set to maximize the results 

from the experiments. Knowledge about the problem and process is of big importance, and from this 

choose relevant responses and factors. Also, it is important to be aware of what is the goal with the 

experiments to steer them into the right path when a plan is set. A clear problem statement should 

be able to set, otherwise the problem needs to be better defined. After this the experimental plan 

can be set with help of the software MODDE Pro, and the design for the test performed during this 

study is D-Optimal Design. This design can be used when the number of experiments needed for a 

classic design would be too many to be able to perform, since it requires less runs. The D-optimal 

design is generated by a computer program (MODDE Pro in this case) and builds up the best subset 

of test runs for the experiment performed. This is based on the given outlines if the process 

conditions decided for the experiment. The best test model is according to this design maximizing 

the determinant for the matrix constructed by the given regression model created by the experiment 

conditions. This test plan set by the program is by other word spanning the largest volume possible 
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of the experimental region based on the process conditions (Eriksson, Johansson, Kettaneh-Wold, 

Wikström, & Wold, D-optimal design, 2008). 

When the experiments are performed the result is achieved and can be analysed and conclusions can 

be drawn. Also, conclusions regarding about how well the result can be generalized to the production 

and if the results can be estimated to be similar for other polymer particle grades. Doing these 

experiments on dewatering of 920-40 it is needed to estimate if these results is transferable to other 

polymer particle grades and process conditions (Eriksson, Johansson, Kettaneh-Wold, Wikström, & 

Wold, Design of Experiment, 2008).  

Analysing the results from the experiment is done in MODDE through plots and diagrams. This is 

done in three steps, and the first is evaluation of raw data. This produces a replicate plot, were the x-

axis is test numbers, but with all the results with a unique combination of factors will be ordered to 

the same bar. This will show variations in the unique combinations outliers and a first result. This 

diagram is seen in figure 10 plot A (Eriksson, Johansson, Kettaneh-Wold, Wikström, & Wold, Analysis 

of factorial design, 2008). 

Next is the regression analysis with the plot “Summary of fit” showing the parameters R2 (green box) 

and Q2 (blue box) which are the first two bars in the diagram (figure 10, plot B). R2 varies between 0 

to 1 where 1 represents a perfect model and 0 shows this is not a model at all. Q2 varies between 

minus infinity and 1. Q2 is the most important indicator since it describes how well the model can 

predict new experiments. For the model to be good, both R2 and Q2 should be high and not separated 

with more than 0.3 units. Q2 above 0.5 is good and above 0.9 excellent. After this, the yellow bar 

describes if the right kind of model was chosen to describe the problem. Values above 0.25 shows 

that the model is valid for the problem investigated. The last bar is the reproducibility diagnostic tool, 

which is a numerical summary of the values in the replicate plot. The higher value, the smaller the 

replicate errors are. This value should be above 0.5 for a good reproducibility. This diagram is seen in 

figure 10 in the right upper corner (Eriksson, Johansson, Kettaneh-Wold, Wikström, & Wold, Analysis 

of factorial design, 2008).  

Plot C in figure 10 is the coefficient plot. This shows how big impact different factors will have on the 

result and if the impact is positive or negative. It also shows interaction between factors. The lines on 

the top or the bottom of the boxes describing the different factors are showing the confidence 

interval, and these should be half inside the box to be useful factors. If these lines go straight through 

the boxes these factors are not god for modelling of the response and should be deleted from the 

model (Eriksson, Johansson, Kettaneh-Wold, Wikström, & Wold, Analysis of factorial design, 2008). 

Plot D in figure 10 is the normal probability plot and is used to find outliers. The y-axis gives the 

normal probability and the x-axis corresponds to the numerical values of the residuals divided with 

the standard deviation so that the y-axis shows standard deviation (Eriksson, Johansson, Kettaneh-

Wold, Wikström, & Wold, Analysis of factorial design, 2008). 
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Figure 10: Analysis of factorial design. A – replicate plot, B – summary of fit, C – coefficient plot and D – probability plot.  

2.5 Filter Unit Method 
All dewatering tests was executed with Filter Unit (figure 11). This equipment was not used before so 

a general method for tests using this equipment was developed (see ULAB-220 in appendix 2). The 

equipment consists of a vacuum system that is connected to a dewatering unit. The vacuum can be 

set to a specific number and samples can be dewatered during normalized conditions. A filter cloth 

with model number X from the dewatering equipment C was used.  

 

Figure 11: Filter Unit.  

A B 

C D 

R2 Q2 
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3 Method 

3.1 General conditions and equipment for tests with dewatering aids 
To match conditions in the production the dry content of the slurry was decided to XX wt% PP. 

Production values from process overwatch system was collected and analysed. 

To get slurry with XX wt% PP the slurry from POU was tested to determine the dry weight of PP. This 

wt% was used to calculate the amount of water needed to be added to get XX wt% slurry. Formula 6 

and 7 was used.  

𝑆𝑙𝑢𝑟𝑟𝑦 𝑓𝑖𝑛𝑎𝑙 (𝑔) =
𝑆𝑙𝑢𝑟𝑟𝑦 𝑃𝑂𝑈 (𝑔)∗𝑤𝑡% 𝑃𝑂𝑈

𝑤𝑡% 𝑓𝑖𝑛𝑎𝑙
    (6) 

𝑊𝑎𝑡𝑒𝑟 (𝑔) = 𝑆𝑙𝑢𝑟𝑟𝑦 𝑓𝑖𝑛𝑎𝑙 (𝑔) − 𝑆𝑙𝑢𝑟𝑟𝑦 𝑃𝑂𝑈 (𝑔)   (7)

   

Test was performed with Filter Unit. This equipment was not used before so first a method for 

performing test was developed. This method can be found in appendix 2 as ULAB-220. The filter cloth 

used had model number X.  

The same test plan was followed for tests of dewatering aids and reference tests. For all experiments 

executed two replicas was performed, and test were performed according to a pre-set experimental 

plan (table 4). This test plan investigated the impact on dry content, which is affected by the factors 

dewatering aid, slurry temperature, if washing was performed or not and wash water temperature. 

Time to dry surface was another result from these tests which was measured from start of 

dewatering (vacuum started) until the surface of the now dewatered cake do not have a water 

mirror, washing not included. This result was just affected by slurry temperature and the dewatering 

aid. Total time for dewatering was X minutes and eventual wash water were added after 2 minutes 

of dewatering. The vacuum used was X bar. Turbidity of filtrate from dewatering tests has been 

measured with the NTU turbidity meter Turbiquant 3000IR.  

Table 4: Standardized test set up for test of dewatering aids, showing temperature of slurry and wash water for experiments 
performed for each dewatering aid. 

Test number Temperature slurry °C Wash water °C 

1 7 - 

2 7 - 

3 7 7 

4 7 7 

5 7 40 

6 7 40 

7 40 - 

8 40 - 

9 40 7 

10 40 7 

11 40 40 

12 40 40 
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3.2 Dewatering aids 

3.2.1 Reference test – no dewatering aid 
Slurry with XX wt% PP was tested according to test plan (table 4) under given parameters for 

dewatering time, wash water and vacuum. More details about the dewatering trials are found in the 

instruction ULAB-220 in appendix 1. Test for dry content was weighed and put into oven over night 

and analysed following day. Filtrate samples for turbidity test was taken on washed samples and 

analysed in a NTU turbidity meter. Reference test was performed with slurry from production batch 

17. 

3.2.1.1 Equipment and materials  

Slurry 920-40 XX wt% PP 

Filter Unit 

Filter cloth - X 

Scale 

Oven 50 °C 

NTU Turbidity meter - Turbiquant 3000IR 

3.2.2 DEW1 
DEW1 was tested as a reference. DEW1 was added directly to the slurry at a concentration of X wt% 

of PP. This is the same concentration as used in the production (Eriksson I. , 2018). The test plan 

described in table 4 was followed and test performed according to ULAB-220. Samples for 

determination of dry content was weighed and put into oven over night and analysed the following 

day. Filtrate for turbidity test was taken from washed samples and analysed in a NTU turbidity meter. 

Test with DEW1 as dewatering aid was performed with slurry from production batch 17. 

3.2.2.1 Equipment and materials  

Slurry 920-40 XX wt% PP 

DEW1 

Filter Unit 

Filter cloth - X 

Scale 

Oven 50 °C 

NTU Turbidity meter - Turbiquant 3000IR 

3.2.3 DEW2 
The first tests with DEW2 the dewatering aid was added directly to the slurry, but this created 

problems with smearing and lumps.  

Following tests DEW2 was added to the water added to slurry to get XX wt% PP. The mix of water 

and DEW2 was heated and agitated to disperse DEW2. Several concentrations of DEW2 was initially 

tested. These samples were not washed and had room temperature. All other test parameters 

followed the general conditions. Dewatered test samples were put into oven over night and analyzed 

following day. 

After initial testing it was decided to proceed with the concentration X wt% of PP. Following test with 

DEW2 was performed according to table 4. Filtrate for turbidity test was taken from washed samples 

and analysed in an NTU turbidity meter. Test with DEW2 as dewatering aid was performed with 

slurry from production batch 17. 
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3.2.3.1 Equipment and materials 

Slurry 920-40 XX wt% PP 

DEW2 

Filter Unit 

Filter cloth - X  

Scale 

Oven 50 °C 

NTU Turbidity meter - Turbiquant 3000IR 

3.2.4 DEW3 
DEW3 is a solid material and was therefore added to water and dispersed through heating and 

stirring before added to slurry. DEW3 was initially tested to decide the concentration of DEW3 giving 

the highest dry content for dewatered samples. Several concentrations were tested at different wt% 

of PP and no washing of the cake was performed. Total dewatering time was 5 minutes. Slurry and 

wash water had room temperature. Dewatered test samples were put into an oven 50 °C over night 

and analyzed the following day. Test with DEW3 was performed with slurry from production batch 

17. 

It was decided to not proceed with further testing of DEW3 due to low dry content results (see 

result). 

3.2.4.1 Equipment, materials and chemicals 

Slurry 920-40 XX wt% PP 

DEW3 

Filter Unit 

Filter cloth - X 

Scale 

Oven 50 °C 

NTU Turbidity meter - Turbiquant 3000IR  

3.2.5 DEW4 
This dewatering aid was received late in the test period and it was decided to test at concentration X 

wt% of PP both with and without washing. DEW4 was dispersed in water and then added to slurry 

with final XX wt% PP. Slurry and wash water had room temperature. Time, vacuum and wash water 

amount followed decided parameters. Result from the test was achieved and analyzed according to 

plan. Filtrate for turbidity test was taken from washed samples and analysed in a NTU turbidity 

meter. Test performed with DEW4 was tested on slurry from production batch 27. 

No further testing was performed due to low dry content results (see results). 

3.2.5.1 Equipment, materials and chemicals 

Slurry 920-40 XX wt% PP 

DEW4 

Filter Unit 

Filter cloth - X 

Scale 

Oven 50 °C 

NTU Turbidity meter - Turbiquant 3000IR 
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3.2.6 DEW5 
DEW5 was tested in the same manner as DEW4. Test performed with DEW5 was conducted with 

slurry from production batch 27. 

No further testing was performed due to low dry content results (see results). 

3.2.6.1 Equipment, materials and chemicals 

Slurry 920-40 XX wt% PP 

DEW5 

Filter Unit 

Filter cloth – X 

Scale 

Oven 50 °C 

NTU Turbidity meter - Turbiquant 3000IR 

3.3 Heated slurry and wash water – tests performed according to MODDE  
These tests were set up to evaluate if heating of slurry and wash water could give the same effect as 

a dewatering aid on the dry content. MODDE-pro software was used when designing the 

experiments, and the experimental setup used was D-Optimal Design. The test plan was set up under 

supervision of a research engineer at Nouryon. Another aspect contemplated was if washing was 

effective enough to be used for production of certain types of polymer particles.  

To evaluate the effect of heating slurry and wash water on dry content of dewatered cake (WP) a test 

plan was set up. The amount of wash water was contemplated to see what effect it had. Three 

factors were identified, slurry temperature, wash water temperature and wash water volume. 

Responses from these experiments was dry content, time required to dry surface, turbidity and the 

residuals tested for in some polymer particles grades.   

Limits for temperature of slurry and wash water was set to 20-80 °C to avoid expanding polymer 

particles. Colder slurry was seen to have impaired dewatering abilities according to results from the 

dewatering aids experiments. One smaller and one bigger amount of wash water was used calculated 

to correspond to production parameters for washing of PP-slurry. The software MODDE D-Optimal 

Design was used to set up a test plan with two replicas with 42 experiments. The tests was 

performed in a time saving order with all samples with a specific slurry or wash water temperature 

performed after each other instead of in a randomized order. This order was chosen due to 

limitations in the equipment for heating of slurry and wash water that would had made it very time 

consuming to do tests in a randomized order. 

For these tests the total dewater time was set to six minutes and wash water was added after three 

minutes. The vacuum used was X bar. Dry content, time required to dry surface and turbidity were 

analysed as in test with dewatering aids. Analyses of residuals was executed by the Quality Control 

lab. Test was performed with slurry from production batch 17. 

3.3.1.1 Equipment, materials and chemicals 

Slurry 920-40 XX wt% PP 

Filter Unit 

Filter cloth - X 

Timer 

Stop watch 
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Scale 

Oven 50 °C 

NTU Turbidity meter - Turbiquant 3000IR  

3.4 Upscaled experiment with laboratory equipment  
For upscaled tests the same slurry properties were used, XX wt% PP, and DEW2 was added as 

dewatering aid at the concentration X wt% of PP. DEW2 was dispersed in water and mixed into 

slurry. The equipment used was a dewatering equipment. X kg of slurry was prepared to make two 

cakes which are approximately X kg each to get X kg for drying in a laboratory drier. Two samples 

were prepared so in total X kg PP-slurry was dried in two different dryer tests. 

Slurry was pumped into the dewatering equipment and dewatered. The filter cloth used was the 

filter cloth normally used in this dewatering equipment. Turbidity test for analysis was taken from 

the filtrate. Dry content was measured on the two cakes. 

The two WP-samples were dried one at the time in the dryer.  

All dried material was sieved through a L µm sieve screen, and a smaller amount was sieved through 

a S µm sieve screen. Draw down-test of the dispersion ability of DP was performed on both drying 

tests for DP sieved at L and S µm. These tests were performed according to instruction for draw 

down-tests (Lundqvist, 2018) and analysed by Quality Control lab personnel. 

3.4.1.1 Equipment, materials and chemicals 

Slurry XX wt% PP 

DEW2 

Agitator 

Heater 

Dewatering equipment with filter cloth 

Dryer 

Sieves screens L and S µm 

Scale 

Oven 50 °C 

NTU Turbidity meter - Turbiquant 3000IR 

3.5 Production trials 
Production trials was performed on two different production batches of polymer particles. These two 

batches were chosen for production trials since this polymer particle grade has a high expansion 

temperature and will therefore not expand when wash water is heated. This polymer particle grade 

is slightly more tolerant against changed process conditions since the specification is wider. The two 

batches also fit into the time scheme, since tests had to be done before temperature of process 

water started to rise due to warmer weather. 

This test was performed through producing half of the production batch with normal (cold) wash 

water, and the other half of the batch was produced with wash water heated to 40 °C. To investigate 

dry content on the dewatering equipment C samples of WP was taken and analyzed. Process 

parameters from process overwatch system and process control system was investigated in the 

process overwatch system to analyze how the process changed when wash water was heated. Two 

production batches of the same polymer particle grade following each other on process line 4 was 

tested.  
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To ensure no expansion had occurred density tests was performed on DP from different packages of 

the production batches. Density tests were performed in a pycnometer, Micromeritics AccuPyc 1330. 

Polymer particles were also investigated through a microscope to see if anything irregular could be 

detected. 

3.5.1.1 Equipment, materials and chemicals 

Production batch 16 polymer particle grade XX 

Production batch 15 polymer particle grade XX 

Process overwatch system 

Process control system 

Density meter - Micromeritics AccuPyc 1330 

Microscope 

Scale 

Oven 50 °C 

3.6 Dispersion test on dried DP 

3.6.1 Dispersion test on samples from dewatering aids and MODDE 
Two samples with DEW1, two with DEW2 and five from temperature tests was quality tested with 

draw down-test. Since these samples were dried in an oven they needed to be processed to break 

lumps formed. This was done through grinding them carefully in a pebble mill and sieving samples 

through a S µm sieve screen. After this draw down-tests was performed. Test performed was 

analyzed by Quality Control lab personnel. 

3.6.1.1 Equipment, materials and chemicals 

Samples of DP 

Pebble mill  

S µm sieve screen 

L µm sieve screen 

Equipment for draw down-test  

3.6.2 Dispersion test on samples from dryer 
To make samples as close to production samples as possible dried PP was sieved through a L µm 

sieve screen. One smaller sample from each dryer trial was sieved through a S µm sieve screen. Draw 

down-tests was performed on PP sieved through both S and L µm sieve screens. Draw-down tests 

results was analyzed by Quality Control lab personnel. 

3.6.2.1 Equipment, materials and chemicals 

Samples of DP 

S µm sieve screen 

L µm sieve screen 

Equipment for draw down-test  
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4 Results 

4.1 Dewatering aids 
Numbers for dry contents are in the result coded between 1 and 62. 1 represents the lowest dry 

content and 62 the highest dry content. NTU are coded between 1 and 52, and time to dry surface 

are coded between 1 and 56 following the same pattern as for dry content with the highest value as 

the highest number. 

4.1.1 Reference tests without dewatering aid and with DEW1 
Reference tests performed without dewatering aid showed dry contents from 1 to 45 wt% PP (table 

5). The highest dry content was achieved with slurry at 40 °C and no wash water. The lowest dry 

content was achieved when slurry and wash water was 7 °C.  

Table 5: Results for the highest dry content, highest dry content with washing and the lowest dry content from reference 
tests without dewatering aids.  

Dewatering aid - - - 

Dry content (wt%) 1 13 45 

Slurry temp (˚C) 7 40 40 

Wash water temp (˚C)  7 40 - 

NTU 3 41 - 

 

Tests performed with DEW1 showed results of dry content between 19 and 61 wt% (table 6). The 

highest dry content was achieved with slurry at 40 °C and no wash water. The lowest dry content was 

achieved when slurry and wash water was 7 °C. Reference test was performed with slurry from 

production batch 17. 

Table 6: Results for the highest dry content, highest dry content with washing and the lowest dry content from reference 
tests with DEW1. 

Dewatering aid DEW1 DEW1 DEW1 

Dry content (wt%) 19 51 61 

Slurry temp (˚C) 7 40 40 

Wash water temp (˚C)  7 40 - 

NTU 162 164 - 

 

4.1.2 DEW3 
Initial experiments with different concentrations of DEW3 performed showed low dry content of 

dewatered slurry when no washing of the cake was performed (figure 12). The highest dry content 

was achieved with a concentration of DEW3 at X wt% of PP that gave a dry content of 52 wt%. For a 

concentration of X wt% of PP the dry content was 48 wt%. Also, DEW3 was difficult to disperse even 

in warm water with stirring. Therefore, it was decided to not do more experiments with DEW3 as 

dewatering aid.  
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Figure 12: Dry content wt% PP depending on dewatering aid. No wash water was used.  

4.1.3 DEW2 
During initial experiments with DEW2 it was seen that DEW2 was hard to disperse in water. Despite 

this, dewatering abilities are good for DEW2 and it is a good candidate for a dewatering aid, but to be 

so it needs to be easy to handle in the production. During the experiments it formed lumps in the 

slurry which can be seen on the cake (figure 13, A) and it also smeared onto both plastic, glass and 

metal (figure 13, B).  

 

Figure 13: Dewatered cake with lumps of DEW2 on the surface (A) and DEW2 smeared on a metal spoon and plastic (B).   

Further tests performed with better dispersed DEW2 was performed through vigorous stirring and 

heating of water and DEW2. A better dispersed dewatering aid created less issues with smearing and 

lumps on the surface of the cake. A problem seen when testing DEW2 at low concentration was 

distinct cracks in the cake (figure 14, A). With higher concentration of DEW2 these cracks do not 

appear (figure 14, B). It was chosen to proceed with the standard test set up of DEW2 in a 
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concentration of X wt% of PP. This was decided due to a high dry content achieved with as low 

concentration of the dewatering aid as possible. 

 

Figure 14: Cracks in the cake with X wt% of DEW2 in the left picture (A) and to the right the cake from testing with X wt% 
DEW2 with no crack (B). A few dots from DEW2 was seen looking closely.  

Results showed that DEW2 at concentration X wt% of PP gave the highest dry content with slurry at 

40 °C for both washed and unwashed experiments (figure 15). Dry content results were presented in 

table 7, showing that slurry and wash water at 7 °C gave the lowest dry content. Time to dry surface 

was for slurry at 7 °C 49 seconds and for slurry at 40 °C 20 seconds (table 10). If no washing was 

performed on cold slurry DEW1 gave a higher dry content, but apart from that result DEW2 gave the 

highest dry contents of dewatered PP-slurry (figure 15).  

Table 7: Results for highest dry content, highest dry content with washing and lowest dry content with DEW2 X wt% of PP. 

Dewatering aid DEW2 DEW2 DEW2 DEW2 DEW2 

Dry content (wt%)  47 56 57  53 62 

Slurry temp (˚C) 7 7 40 40 40 

Wash water temp (˚C)  7 40 40 7 - 

NTU 36 -  6 - - 

 

A B 
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Figure 15: Dry content for different dewatering aids, slurry and wash water temperatures. All dewatering aids were X wt% of 
PP content in slurry.  

4.1.4 Upscaled experiments with DEW2 
Two slurry mixes were prepared with DEW2 at a concentration of XX wt% of MS. The two mixes were 

dewatered in dewatering equipment 2 and dried one by one in the dryer. Slurry mix 1 contained 

slurry from two production batches, 14 and 24. Slurry mix 2 contained slurry from production 

batches 37 and 27.  

The polymer particles were easy to dewater in the dewatering equipment 2 with a lot of cracks that 

appeared when getting the cake out from the dewatering equipment 2, which in this case was a sign 

of a high dry content (figure 16). The dry content from the dewatering equipment 2 was 59 wt%. 

Filtrate had a high turbidity of 52 for slurry mix 1 and 45 for slurry mix 2, but according to the 

laboratory engineer who normally conducts test with this equipment it looked normal for the 

process. Another filter cloth than with tests performed with the Filter Unit was used.   

To test dispersing ability of dried polymer particles draw down-tests was conducted. All tests 

performed was approved (table 8). Sieving of the material was performed without problems.  

Table 8: Draw down-test performed on DU dried in laboratory drier. 

Draw down-test 1 2 3 4 

Dewatering aid DEW2 DEW2 DEW2 DEW2 

wt% of PP X X X X 

Sieve (µm) L S L S 

Batch 1 1 2 2 

Dewatering equipment 2 
dry con (wt%) 58 58 60 60 

Test number 1 1 2 2 

No wash water 7⁰ C 40⁰ C
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Draw down-test OK OK OK OK 

 

 

Figure 16: Filter cake with DEW2 X wt% of PP from dewatering equipment 2. 

4.1.5 DEW4 
Initial tests with DEW4 showed good dewatering ability when no wash water was used, but when 

wash water was used the dry content was significantly reduced (figure 17). The dry content without 

washing was 55 wt%, and with X ml wash water the dry content was 7 wt% (figure 17). Test were 

performed with room temperature slurry and wash water. Turbidity test showed a result of 1 NTU, 

which was the lowest measured turbidity of all tests performed. Time to dry surface was 56 seconds 

which was the longest dewatering time compared to other dewatering aids and reference tests 

without dewatering aids (table 10). It was decided not to proceed with further testing due to low dry 

content results for the samples washed. 

4.1.6 DEW5 
Initial tests with DEW5 showed good dewatering ability when no wash water was used, but when 

wash water was used the dry content was significantly reduced. The dry content without washing 

was 54 wt%, and with X ml wash water the dry content was 8 wt% (figure 17). Test were performed 

with room temperature slurry and wash water. Turbidity test showed a result of 2 NTU. Time 

required to dry the surface was 54 seconds which was long compared to other dewatering aids (table 

9). Results for DEW4 and DEW5 was very similar and since the result of dry content from washed 

samples were low it was decided to not proceed with further testing of the dewatering aids.  
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Figure 17: Dry content from tests with DEW4 and DEW5.  

Table 9: Time to dry surface with different dewatering aids. 

Dewatering aid Slurry temp (˚C) Time to dry surface (s) 

Reference 7 52 

Reference 40 35 

DEW1 7 51 

DEW1 40 34 

DEW2 7 50 

DEW2 40 19 

DEW4 Room temp 56 

DEW5 Room temp 54 

 

4.2 Heated slurry and wash water – MODDE 

4.2.1 Dry content wt% PP 
When analysing results from the 42 test it was seen that wash water temperature had a larger 

impact on the dry content than slurry temperature. For a certain slurry temperature, the dry content 

varied a lot for slurry at 20 and 80 °C with 14.72 respectively 10.49 wt% units difference (figure 18). 

When looking at wash water temperatures instead it was seen that all samples washed with 80 °C 

and 70 °C wash water had high dry content (figure 19) with an average dry content of 41 wt% 

respectively 39 wt%. The difference between the highest and lowest values were 4.34 and 0.74 wt% 

units difference. For these calculations samples washed with both S and L ml wash water were 

included, but in general a higher amount of wash water gave the lowest values for dry content. The 

number for wash water 80 °C was based on 12 tests and for wash water 70 °C was based on three 

tests. The highest dry content was with 50 wt%. This test had a slurry temperature at 20 °C, wash 

water temperature 80 °C and the lowest volume of wash water, S ml.   
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Figure 18: Dry content with different slurry temperatures that showed big variation in dry content (all samples were 
washed). Variations in wash water temperature were not included in this plot, for that see figure 19 for the same plot but 
instead based on results from the same samples for dry content but instead depending on wash water temperature. Each 
dot is one sample. 

 

Figure 19: Dry content with different wash water temperatures that showed less variation in dry content (all samples were 
washed). Variations in slurry temperature were not included in this plot, for that see figure 18 for the same plot but instead 
based on results from the same samples for dry content but instead depending on slurry temperature. Each dot is one 
sample. 

Results from MODDE for dry content showed that temperature of wash water was the most 

important factor. In the replicate plot a few outliers were seen (figure 20, A) but according to 

Summary of fit (figure 21) these experiments were a good model for the dry content. The difference 

between R2 and Q2 was 0.046 units which is very small. Q2  was 0.839 which was close to 0.9. The 

other boxes were also pointing at a good model concerning dry content.  

When looking at the coefficient plot it showed that wash water temperature was the most significant 

factor (figure 22, B). It shows that the warmer the wash water the bigger the positive impact on the 
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dry content was. Higher slurry temperature was also affecting the dry content positively, but the 

impact was smaller than for wash water temperature (figure 22, A). The negative impacts are 

according to this model that a high amount of wash water gave a negative impact on the dry content 

(figure 22, C). A correlation between low slurry and wash water temperature gave lower dry content 

according to the model (figure 22, D).  

 

Figure 20: Compilation of diagrams over the model for dry content. A – replicate plot, B – summary of fit, C – coefficient plot 
and D – probability plot. 

 

Figure 21: Summary of fit for dry content. 

 

A B 

C D 



38 

 

 

Figure 22: Coefficient plot for dry content. A – slurry temperature, B – was water temperature, C – wash water amount and 
D – correlation between slurry temperature and wash water temperature. 

4.2.2 Time to dry surface of dewatered cake 
According to figure 23 time to dry surface corresponded well with temperature of slurry. The lowest 

value was 1 second and the highest was 43 seconds. This was confirmed by results according to 

MODDE that showed that if just the slurry temperature was considered this was a good model for 

time to dry surface. This result was expected since the slurry temperature was the only parameter 

affecting this since the measurement was performed before wash water was added. A few outliers 

were seen but R2 and Q2 were 0.861 respectively 0.852 and had a difference of 0.009 (figure 24). The 

other parameters were good according to the summary of fit. The coefficient plot showed that 

higher slurry temperature gave a higher negative impact on time to dry surface, i.e. giving shorter 

time to dry surface (figure 25, C). For slurry at 80 °C the average time to dry surface was 7 seconds 

while for slurry at 20 °C it was for average 39 seconds. 

 

Figure 23: Time to dry surface depending on slurry temperature.  
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Figure 24: Summary of fit model of time to dry surface.  

 

 

Figure 25: Compilation of diagrams over the model for time to dry surface. A – replicate plot, B – summary of fit, C – 
coefficient plot and D – probability plot. 

4.2.3 Residual F 
All results for residual F were within specification limits for some polymer particles and were in 

general low with a few outliers according to the replicate plot (figure 26, A). According to the 

summary of fit-plot the model was bad for predicting residual F (figure 26, B). The coefficient plot 
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indicated that a higher amount of wash water gave a negative effect on residual F content in the test, 

so more wash water was better to lower levels of residual F during dewatering (figure 26, C).  

 

Figure 26: Compilation of diagrams over the model for residual F. A – replicate plot, B – summary of fit, C – coefficient plot 
and D – probability plot. 

4.2.4 Residual D 
All samples were inside specification limits regarding residual D (XXX units/kg). As seen in figure 27 A 

there were a few outliers, but a fairly good model could be created. R2 was 0.708 and Q2 was 0.618 

(figure 27, B). The coefficient plot showed that the factor with the strongest negative impact on the 

residual D amount was the wash water amount, the higher the wash water, the lower the residual D 

content in the test (figure 27, C). Slurry and wash water temperature was also preferably high to get 

low residual D values. But, these coefficients were small so the impact was not significant.  
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Figure 27: Compilation of diagrams over the model for residual D. A – replicate plot, B – summary of fit, C – coefficient plot 
and D – probability plot. 

4.2.5 Residual E 
R2 and Q2 was just above 0.5 in this model, so this model was not good (figure 28, B). The third bar 

describing if the model is good for this response was negative. Even though, all tests were within the 

specification levels. The coefficient plot showed that a higher amount of wash water indicates a 

lower residual E content in the test, but the coefficient was very small, so the impact was not big 

(figure 28, C).  
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Figure 28: Compilation of diagrams over the model for residual E. A – replicate plot, B – summary of fit, C – coefficient plot 
and D – probability plot. 

4.2.6 Residual B 
Also for residual B all samples were within specification limits. The replicate plot showed one or two 

outliers but according to the summary of fit the model was good (figure 29, B). Only the box 

describing if the right model was chosen was underneath the limit for a good model. The biggest 

impact on the response was slurry temperature indicating that the higher the slurry temperature was 

the higher the residual B content was expected to be (figure 29, C). The opposite was according to 

the model true for wash water temperature, were the model indicated that a higher wash water 

temperature gave a lower content of residual B.  
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Figure 29: Compilation of diagrams over the model for residual B. A – replicate plot, B – summary of fit, C – coefficient plot 
and D – probability plot. 

4.2.7 Turbidity  
The replicate plot (figure 30, A) showed a few small outliers and the summary of fit showed an 

acceptable but not good model (figure 30, B). All coefficients were small, and the biggest impact was 

from wash water volume (figure 30, C). Wash water volume gave a negative impact on turbidity and 

therefore lower turbidity. The slurry temperature also had an impact were higher slurry temperature 

gives higher turbidity. The highest turbidity was seen for samples with wash water and slurry 

temperature at 80 °C with the highest value of 51 NTU. The lowest turbidity results was from 

samples with slurry and wash water temperature at 50 °C with the lowest value of 4 NTU.  
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Figure 30: Compilation of diagrams over the model for turbidity. A – replicate plot, B – summary of fit, C – coefficient plot 
and D – probability plot. 

4.2.8 Other observations 
When performing tests with 80 °C slurry and 20 °C wash water a lot of cracks appeared in the cake 

(figure 31). The average dry content for these tests were 17 wt% which was 6.6 wt% lower than the 

average result from slurry 20 °C and wash water 80 °C.  

 

Figure 31: Dewatered cake with distinct cracks that appeared during dewatering of slurry 80 °C and wash water 20 °C. 

Four test samples were studied in microscope to detect if the polymer particles had expanded. No 

expansion was seen in any of the samples (figure 32). These tests represented temperatures of 20, 

50, 70 and 80 for wash and slurry temperature. 
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Figure 32: Polymer particles from test samples seen in a microscope, no expansion was detected. The white lumps are most 
probably agglomerates. 

4.3 Draw down-test - dispersion ability of dried PP 
Draw down-tests was performed on samples with the highest dry content from both test with 

dewatering aids and heated slurry and wash water. A couple of reference tests with DEW1 was also 

taken. Results showed that all samples with dewatering aids got approved while samples from 

heated slurry and wash water was dismissed. All results are found in table 10. 

Table 10: Draw down-tests performed.  

 

4.4 Production trials 

4.4.1 Production batch 16 
Production batch 16 was started 2019-04-08 and the cake on the dewatering equipment C was 

washed with cold water for the half of the production batch. For the other half wash water 

temperature was set to 40 °C and was kept at this temperature until the production batch was 

finished. See figure 33 for more details. 

Draw down-test 1 2 3 4 5 6 7 8 9

Dewatering aid DEW1 DEW1 DEW2 DEW2 DEW2 - - - -

wt% of PP XX XX XX XX XX - - - -

Slurry temp (°C) 7 40 7 40 40 20 20 80 50

Wash water (°C) 40 40 40 7 40 80 80 80 50

Wash water (ml) 120 120 120 120 120 120 320 120 120

Dry content (wt%) 49.5 51 56 53 57 50 44 43 33

Result examination OK OK OK OK OK Dismissed Dismissed Dismissed Dismissed
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Samples of WP was taken when using cold wash water showed a dry content of 56 wt%. Following 

samples was taken when wash water was heated and shows increasing dry content. The last sample 

taken had a dry content of 58 wt%. During the time period when wash water was heated the process 

speed increased and did not become stable, but the curve started to flatten out in the end of the 

production batch. The production speed increased from X to X+22.2 % dm3/h.  

The cost for heating of wash water was X. Regarding that this was half a production batch, the cost 

for a similar production batch would be approximately 2X SEK. One batch produced is approximately 

X kg DP which gives an extra cost XX SEK/kg DP produced (Nouryon, Process Information (over watch 

system), 2019). 

DP from this batch was not experienced to be different in any way during packaging according to 

process operator (D. Dufvenberg, process operator, personal communication April 10). The yield of 

PP from slurry to DP was normal with XX % and no quality problems was reported (Nouryon, 2019).  

Usually the increase of DP in the silo after the dryer (H-speed) is used to detect production rate, but 

during this production batch DP was added manually to the silo. Since the value for H-speed could 

not be used due to interference with production values production rates were based on kg/h 

decrease in slurry tank. Before wash water was heated flow out of slurry tank was X kg/h and with 

heated wash water the flow increased to X+18 % kg/h. A dry content of XX wt% was assumed, and 

this corresponds to X*0.XX respectively (X*0.XX)+18 % kg/h. This was an increase in produced DP 

with X kg/h or 17.9 % with heated wash water compared to cold wash water. This means that the 

batch time would have been 15 % shorter with heated wash water based on this production batch’s 

total amount of DP.  

Density tests showed a slight decrease in density, from X to X-0.2 % g/cm3 which was a decrease with 

0.2 %. Polymer particles was studied in a microscope verifying that no expansion had occurred. 

 

Figure 33: Process parameters from production batch 16. The blue line is temperature of wash water and the pink line is the 
slurry flow which increases after heating was started.  These signs indicate an increase in production rate after heating of 
wash water was started  (Nouryon, Process Information (over watch system), 2019). 
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4.4.2 Production batch 15 
Production batch 15 was started 2019-04-09, and after half the production batch heating of wash 

water was started. Unfortunately, when this batch was produced the process overwatch system 

suffered a breakdown and production values from the production batch were lost. The result from 

this production batch was therefore not enough to draw any conclusions from. Some production 

data was collected from the control system for the production process.  

In the end of the period when the process overwatch system was shut down heating of wash water 

and heating of the mixer following the dewatering equipment was stopped. This means that the 

period with heated wash water was a bit shorter than wanted but data from process control system 

values of H-speed has been collected. Before wash water was heated H-speed was X kg/h and this 

increased with 11.2 % to X+11.2 % kg/h when wash water was heated (Nouryon, Process control 

system, 2019; Nouryon, Process Information (over watch system), 2019). H-speed decreased after 

wash water temperature and heating of mixer was shut down to X-3.4 % kg/h. The increase in energy 

consumption was very similar to production batch 16.  

To investigate eventual expansion of polymer particles the density was controlled by a pycnometer. 

Results for one big bag produced with cold wash water was compared with one big bag produced 

with heated wash water. Polymer particles washed with cold respectively warm wash water had the 

density of X respectively X-0.2 % g/cm3. The density had decreased with 0.2 % using heated wash 

water. Polymer particles was studied in a microscope verifying that no expansion had occurred 

(figure 34). 

No quality problems were reported for production batch 15 (Nouryon, Excecution system 1, 2019). 

 

Figure 34: Polymer particles from production batch 15 studied in a microscope. 
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5 Discussion and conclusions 

5.1 Dewatering aids 

5.1.1 DEW2 
DEW2 was the dewatering aid that gave the highest dry content. For slurry and wash water at 40 °C it 

gave a dry content of 57 wt% compared to the reference test without dewatering aids that gave a dry 

content of 13 wt%, which was 16.7 wt% units lower. This was an increase of 27 % when using DEW2 

as dewatering aid, and for slurry and wash water 7 °C the increase was 26 %. Comparing DEW2 with 

DEW1 an increase in dry content was seen. With slurry and wash water 7 °C the rise in wt% units 

were 6, and for 40 °C the rise was 6.8 wt%-units. That was equivalent to almost 10 % increase of the 

dry content for both 7 and 40 °C slurry and wash water when DEW2 was used as dewatering aid. See 

table 11. 

Table 11: Dry content of dewatered PP-slurry. 

Dewatering aid DEW2 Reference DEW1 

Slurry temp °C 7 40 7 40 7 40 

Wash water temp °C 7 40 7 40 7 40 

Dry content wt% 47 57 1 13 19 51 

Difference in wt% units 
compared to DEW2 (same 
temp) - - -14.15 -16.70 -5.96 -6.76 

Increase in % of dry 
content when DEW2 was 
used instead (same temp) - - 26.07 27.42 9.54 9.55 

 

When DEW2 was tested previously it did not pass the dispersion test performed on dried polymer 

particles. During this study this problem did not occur for any dispersion test performed on dried 

polymer particles dewatered with DEW2. This was probably due to how DEW2 was mixed into the 

slurry as a dispersion in water. This most likely allowed an evenly distribution of DEW2 in the slurry 

and around each polymer particle instead of staying in lumps of DEW2 (as seen in the first tests 

performed with DEW2). Still, DEW2 was likely to smear onto equipment due to its high hydrophobic 

properties but this also made it more likely to stay on the polymer particles and not be washed away. 

The promising results for dry content and dispersion tests from dewatered slurry made it possible to 

proceed testing of DEW2 in larger laboratory scale to get a better picture of its function in the 

production. 

Tests performed in laboratory dewatering equipment A and dryer got high dry content and 

dispersion tests on dried and sieved DP was approved. No smearing of DEW2 on dewatering 

equipment or in the dryer was seen. This might be to low volumes produced so the issue with 

smearing of DEW2 could not be ruled out, but it might be smaller than expected when DEW2 was 

started to be tested.  

For a production batch X kg PP X kg DEW2 (X wt% of PP) would be needed. The yearly production of 

polymer particles requiring a new dewatering aid is approximately X ton which gives an annual usage 

of DEW2 of approximately XXXX kg. 

DEW2 was added to the water added to slurry to get the right dry content (XX wt% PP) which means 

that the concentration of DEW2 dispersed in water was about XX g/kg H2O. An addition of (too much) 
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kg water to a production batch of XXX kg is a large amount of water to add. This is probably not a 

good alternative in the production. It was not been tested during this study if DEW2 can be dispersed 

in a smaller amount of water, but that needs to be further investigated if DEW2 should be considered 

as a likely alternative for a new dewatering aid.  

Also, the dispersion itself need to be further looked into. During experiments dispersion of DEW2 has 

been done through heating and hard stirring of water and DEW2. Probably the dispersion needs to 

be performed close to adding it to the slurry for the best result and to avoid lumps of DEW2 in the 

slurry. This means a method and equipment for this needs to be developed. Another issue with a 

heated dispersion was that most polymer particle grades are more sensitive to expansion than 920-

40 used during this study, and following the dispersion needs to be cooled before added to slurry. 

This might make the dispersion hard to sustain. But, during upscaled experiments performed the 

dispersion was performed in a bigger lab with a bigger, more effective stirrer which made the 

process smother and faster compared to the smaller stirrer used for dispersions used for 

dewatering’s performed with the Filter Unit. So probably the amount of water needed can be 

lowered if proper equipment for stirring is used. This was suggested to be a subject for further 

investigations.  

Another problem with DEW2 was the raw material for production of the surfactant which might be 

palm oil to a large extent. All fatty acids declared as raw material for DEW2 can be extracted from 

palm oil, but they don’t have to be. Solving environmental issues with a former dewatering aid 

produced with crude oil as raw material with a bio-based dewatering aid is a good approach, but if 

the raw material is palm oil the sustainability of the change might not be as high as expected. More 

information about which raw materials that is used to produce DEW2 needs to be achieved from the 

company producing DEW2. However, using a dewatering aid produced from a renewable raw 

material is probably better than from a fossil raw material. The annual usage of DEW2 based on the 

yearly production of polymer particles would be XXXX kg which would be a purchase cost of XXXX 

EUR. The cost of DEW2 per kg produced polymer particles requiring DEW2 as dewatering aid is then 

approximately XX SEK. The cost of DEW1 per kg produced polymer particles is XX SEK/kg, so DEW2 is 

a more expensive alternative. Both calculations are based on a concentration of dewatering aid at X 

wt% of PP. But the comparison is somewhat unnecessary since DEW1 can not be used for some 

polymer particles. 

DEW2 is a good alternative as a dewatering aid giving excellent dewatering properties. Further 

testing and development of handling and use of the dewatering aid needs to be performed. 

5.1.2 Upscaled experiments – DEW2 
Tests performed in the laboratory dewatering equipment and dryer gave good results on the draw-

down test and the process ran smoothly without any problems with the equipment. Since no other 

dewatering aid was tested in dewatering equipment 2 it was hard to say anything about the dry 

content, but what can be said is that no issues with smearing or clogging from either the polymer 

particles or the dewatering aid (DEW2) was seen. But, since it was just two tests with approximately 

2 kg in each test, issues with smearing of DEW2 on equipment can not be regarded as solved, but 

results so far were very promising and further tests should be performed.  

5.1.3 DEW3 
DEW3 gave low results regarding dry content and it was after initial tests decided to not proceed 

with further tests. Regarding that the molecular structure of DEW3 is similar to DEW2 this was not 

expected, and a reason for this can not be stated. The HLB-value for the two surfactants is similar, 
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but maybe this might be a reason for the lower dry content results achieved with DEW3 than with 

DEW2. DEW3 and DEW2 was tested with slurry from the same production batch so that is not a 

source for the large difference of dry content. 

5.1.4 DEW4 and DEW5 
Both DEW4 and DEW5 gave low dry content when washing of the samples were performed, with dry 

content of 7 and 8 wt% respectively. This was 8.4 and 7.4 % lower than for samples dewatered with 

DEW1 as dewatering aid with slurry and wash water 7 °C. Considering that DEW5 was very similar to 

DEW1 in its structure this was somewhat puzzling. The HLB-value of the two molecules are very 

similar being 11.5 for DEW5 and 11.6 for DEW1. The biggest difference was seen on the CMC-value, 

where DEW1 has a CMC of 1 g/l and DEW5 has a CMC of 4.5 g/l. This might indicate that a higher 

concentration of DEW5 should give a better effect of the surfactant, but this has not been tested. 

Another aspect that divides the two surfactants in this study was that they were tested on different 

slurry samples from different production batches. But, comparing particle size and number average 

the production batch used for DEW5 and DEW4 it was seen that polymer particles in this batch was 

slightly bigger. This would, according to theory, affect dewatering in a positive manner since a higher 

particle size should give a lower cake resistance which provides for a better dewatering process and a 

drier cake. This indicates even more that the dewatering aid did not have the right properties to be 

an effective surfactant to use as a dewatering aid.  

DEW4 is also similar to DEW1, but since this substance contains molecules with varying carbon chain 

lengths CMC and HLB was not found.  

As a conclusion, neither DEW4 or DEW5 were seen to be suitable dewatering aids for polymer 

particle slurry in this study. 

5.2 Heated slurry and wash water – MODDE 
Results from tests with heated slurry and wash water showed that dry content of dewatered slurry 

increased with heated slurry and wash water. The lowest value achieved for dry content was 2 wt% 

for a sample with slurry and wash water temperature 20 °C and the highest amount of wash water, L 

ml. The highest value 50 wt% dry content was achieved from a sample with slurry temperature 20 °C, 

wash water temperature 80 °C and S ml wash water. That was an increase of dry content with 14.7 

wt% units, or 26.9 % increase.  

Results from these tests showed that wash water temperature was the most important factor for the 

dry content of dewatered slurry. Regarding that a higher temperature gave a lower surface tension 

which creates better circumstances for a good dewatering this was an expected result. Also, the 

result showing that a higher amount of wash water gave a lower dry content for dewatered polymer 

particles was expected, since more water needs to pass the cake.  

Results regarding time to dry surface can just be affected by slurry temperature, and this was (as 

expected) confirmed by MODDE results for this response.  

Results for residual F and residual E were good regarding that no tested samples were above 

specification limits. This showed that washing was sufficient to wash away these residuals and that a 

higher temperature on slurry and wash water can be used without causing problems with residual F 

and residual E. However, these models were not good according to the Summary-of-fit plot. Probably 

other, not examined, factors involved had a bigger impact on these residuals.  
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For residual D and residual B the model was better. The result regarding residual B was contradictive 

indicating that higher slurry temperature gave higher residual B residual, while higher wash water 

temperatures were seen to give lower residual of residual B. According to theory, solubility of the salt 

with residual B decreases with increasing temperatures. Contemplating this, a reason for these 

somewhat strange results might be that when slurry was heated the sample will have high 

temperature for a longer time period giving residual B crystals longer time to form. When samples 

were washed with warm water the heating effect will be present for a much shorter time and less 

crystals were likely formed, but the increased dewatering abilities created by warm wash water 

provides for leaving less fluid in the cake and therefore more residuals were washed away.  

The model was ok for describing turbidity of the samples, and the highest impact was from the 

amount of wash water. More wash water gave a lower turbidity according to the model, and this can 

be an indication that most of the turbidity comes from when the slurry was dewatered before wash 

water was added. When more wash water was used, this would lower the concentration of particles 

in the filtrate and the more water, the lower the concentration will be. This might be a reason for this 

result. It was also seen that high temperature of slurry and wash water gave a higher turbidity. This 

might affect the yield of polymer particles in a negative way if more polymer particles are washed 

away with wash water. 

The biggest issue with the result from these tests was that none of the samples tested in draw-down 

test passed. Four samples with high dry content was tested. The samples were dried, milled and 

sieved, and the result for all samples from the draw-down showed agglomerates which was not 

expected. Samples tested had temperatures of slurry and wash water from 50 °C to 80 °C, and not 

even the sample with slurry and wash water 50 °C passed the test. All samples (5 in total) with DEW1 

or DEW2 as dewatering aids with slurry and wash water at 7 or 40 °C passed the test. This indicates 

that use of dewatering aids prevented agglomerates from forming. One possible explanation to why 

agglomerates formed when slurry and wash water was heated is that this washes away some of the 

additives surrounding polymer particles. The additive has stronger electrical forces on surrounding 

polymer particles than the polymer particles themselves, meaning that the additive act as a shell 

against other polymer particles. Probably higher temperature of slurry and wash water dissolves the 

additive to a higher extent, and that this would lead to lower repulsive forces between polymer 

particles. This would make it more possible to form agglomerates with polymer particles.  

Samples tested in the draw-down test from heated slurry and wash water was dried in an oven. This 

might lead to higher amounts of agglomerates than if samples were dried in a dryer which processes 

polymer particles to a higher extent. Also, polymer particles dewatered with slurry and wash water 

colder than 50 °C were not tested with the draw-down test. This would have showed if also these 

samples had agglomerates, and if this was not a result from heated slurry wash water but from not 

using dewatering aids on 920-40. Also, there might be a temperature lower than 50 °C but higher 

than 20 °C that gives a higher dry content of dewatered slurry but does not affect polymer particles 

so that agglomerates are formed. Results from production trials indicates this, since those two 

production batches did not have any quality complains from quality control laboratory. But, that was 

another polymer particle grade, so the good result from the production test might be due to a less 

sensitive polymer particle grade.  

Temperature of wash water follows the seasons of the year, leading to fluctuation of this 

temperature with approximately 17 °C between summer and winter. This is quite a big difference, 

and results from this study showed it can be assumed to affect the production rate with longer 

production rates and higher production costs at winter when wash water is colder.   
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The conclusion reached was that heating of wash water most likely provided for a better dewatering 

process leading to higher dry content of dewatered slurry, but issues with agglomerates needs to be 

further looked into to fully understand them, and to be able to prevent these problems.  

5.3 Production trials 
Results from production trials with heated wash water showed good results with increased 

production rates with 17.9 and 11.2 % respectively. No quality problems were reported for these two 

production batches.  

The production trials were performed on polymer particle grade 951-120, which is not sensitive to 

expansion which was a presumption to be able to perform production trials. Not all polymer particle 

grades are this stable, and therefore cautions for eventual expansion needs to be taken for all grades 

that might be interesting for trials of heated wash water.  

Regarding that production values was affected for both production batches tested the result is not as 

clear as it could have been for any of the batches. This has been taken care of as good as possible 

through using alternative production numbers than normal for reporting the result, and this has 

most likely not affected the reliability of the result.  

As discussed earlier, also this result pointed toward that temperature of wash water had a big effect 

on the dewatering process and even stronger suggest that low temperatures of wash water during 

winter probably has a decreasing impact on the production rate. Also, a larger number than two 

production batches tested needs to be evaluated to confirm these results, but so far the result are 

very promising. 

An interesting observation from production batch 16 indicated that permeability of the filter cloth 

increased. The wash water was also used to wash the filter cloth, so probably this warmer wash 

water more effectively washes the filter cloth from residuals clogging pores. This could probably give 

a longer lifetime for filter cloths used, under the restriction that the filter cloth does not take harm 

from the warmer washing. 

The density of the polymer particles decreased slightly when heated wash water was used. This was 

probably correlated to a more effective washing leaving less salts and other residuals on polymer 

particles. These residuals probably have a higher density than polymer particles, so less residuals will 

give a lower density on DP. This might affect yield of the production batches, but during these two 

production batches the yield was good being 99 %.   

Heating of wash water resulted in a cost, but also in a more effective dewatering and drying process. 

Less water in dewatered polymer particles would need to be dried due to a lower water content 

which saves energy in the dryer. Also, polymer particles washed with warm wash water will have a 

higher temperature that is maintained and probably increased in the heated mixer following the 

dewatering equipment. From the mixer polymer particles are loaded into the dryer, and a higher 

temperature of incoming material means that the polymer particles does not have to be heated as 

much before drying can start. This will probably increase the drying rate in the dryer and therefore 

more polymer particles can be dried in a shorter time which will save energy in the dryer. Less of the 

energy consumed by the dryer will be used for heating of polymer particles but instead used for 

drying. No calculations were performed on energy savings in the dryer since the process is complex, 

but it could be an interesting subject to further look into to make a cost balance of where the energy 

is most efficient to use. 
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As a conclusion it can be assumed to increase production rates if wash water is heated. But, this can 

just be done on polymer particle grades that are known to be stable and not expand. Probably each 

polymer particle grade needs to be examined one by one to assure a maintained production stability.   
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6 Continued work  
Further testing of DEW2 to confirm results from this study and to develop usage, storage and 

handling of the dewatering aid. Developing this would probably be an extensive study, since new 

equipment probably needs to be developed, tested and incorporated in the production to be able to 

use DEW2 as dewatering aid.    

Based on DEW2´s HLB-value other substances with similar values could be interesting to try. Maybe 

there is an option which does not have any concerns regarding the environmental profile on the raw 

material. From a short search when comparing values of HLB and CMC-values other dewatering aids 

which could be evaluated.  

Regarding production trials with heated wash water more tests needs to be performed to confirm 

results and to investigate if the same result is seen for other polymer particle grades. Also, laboratory 

tests for every 10th or 5th °C to further look into which temperature of slurry that would give the 

biggest effect on the dry content compared to the energy input needed would give a better 

understanding on how this can be used in the production.  

An energy balance over the production process to get a better understanding for how the energy 

should be used to make the drying process as effective as possible. An investigation should show if 

the energy is better used to heat wash water before the heated mixer, or if it more effective to do as 

today with heating started first in mixer. A model of these two opinions should show which one gives 

the fastest drying and the most energy efficient process. 
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8 Appendix 

8.1.1.1 Appendix 2 - Instruktion – ULAB-220 

Filter Unit 

Syfte och Omfattning 

Beskrivning för användning av Filter Unit för tester av avvattningsegenskaper hos PP-slurry.  

Beskrivning 

Filter Unit användas för att efterlikna avvattningsprocess som ex. XX för försök och utvärdering av 

olika processparametarar. Exempel på dessa är filterdukar, avvattningstider eller 

avvattningshjälpmedel. 

Terminologi 

PP – polymerpartikel 

NTU - Nephelometric Turbidity Unit 

Process overwatch system – övervaknings- och loggningssystem av produktionen 

Uppställning 

Ställ upp utrustningen och koppla den på befintlig vacuumanslutning enligt figur 1 (se nedan). För 

ytterligare dokumentation se medföljande beskrivning av utrustningen från leverantör. 

Beskrivningen ligger i lådan märkt Outotec (Outotec, 2003).  

Kontrollera att alla kopplingar är tättslutande. Montera en lätt fuktig filterduk ovanpå den fasta delen 

av Outotec-utrustningen med en filterring och spänn åt metallspännen (4 st). Beroende på mängd 

slurry som avvattnas varierar antalet filterringar.  

En timer för total avvattningstid behövs samt ett stoppur för att ta tid till torr kakyta. 

 

Figur 1: Uppställning Filter Unit. 
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Figur 2: (vänster), Detaljbild vacuumanslutning. Figur 3: (höger), Filterduk samt den nedersta filterringen. 

Filterduk 

Klipp filterduk till lämplig storlek. 

Slurrymängd 

För att efterlikna den industriella processen bestäms slurryns PP-innehåll till XX wt% PP.  

Avvattningsförsök 

Stäng ventil 2 under utrustningen (se figur 1), sedan kan vacuumet startas. 

Vacuum till utrustningen är på då ventil 1 (se figur 1) är öppen. Finjustering av vacuum samt 

stabilisering av detta sker med kontrollventil vacuum (se figur 1). Om vacuum ska höjas skruva då in 

änden på kontrollventilen och ut om vacuumet ska sänkas. Då vacuum ställs in måste ventil 2 vara 

stängd.  

För mätning av NTU på filtrat har turbiditetsmätaren Turbiquant 3000IR på QC-labb använts. 

 


