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Cake filtration is one of the most common ways to separate solid and liquid phases from 

each other. In cake filtration, the solid material accumulates on top of the filter medium, 

forming a cake layer. The properties of this filter cake, such as specific cake resistance, 

compressibility, and porosity, have a significant effect on the filtration. Some filter cake 

properties, most importantly specific cake resistance, can be determined with a series of 

constant pressure filtration experiments. Knowledge of filter cake properties is an essential 

part of cake filtration process design, and can be used e.g., in scale-up of the process.  

In addition to filter cake properties, it is often advisable to examine properties of the solid 

particles in the slurry. Particle properties, i.e., particle size and shape, particle size 

distribution and particle interactions in solution environment affect the filtration by 

influencing the aforementioned filter cake properties. Particle properties of the slurry can be 

altered by changing conditions in previous process steps, or by physical or chemical 

pretreatment of the slurry. Chemical pretreatment methods include addition of flocculating 

or coagulating agents, and addition of filter aids.  

In the experimental part, the effect of leaching conditions on the slurry filtration properties 

was examined with two recycled cemented carbide samples. The effect of acid (H2SO4) 

concentration, leaching time and filtration pressure to the specific resistance of the filter cake 

was tested with a series of leaching and filtration experiments. The original hypothesis is 

that advanced leaching erodes the particle properties of the slurry, making the filtration more 

challenging. The hypothesis was tested by analyzing the particle properties before and after 

leaching, in addition to analysis of leaching results. Ways to improve the filtration were 

suggested based on the literature part of the thesis, along with topics for further research.   
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Kakkusuodatus on yksi yleisimmistä kiintoaineen ja nesteen erotusmenetelmistä. 

Kakkusuodatuksessa kiintoaine kasaantuu suodatinmateriaalin päälle, muodostaen 

huokoisen kerroksen eli suodatuskakun materiaalin pinnalle. Tämän suodatuskakun 

ominaisuuksilla, kuten kakun ominaisvastuksella, puristuvuudella ja huokoisuudella on 

merkittävä vaikutus suodatuksen kulkuun. Suodatuskakun ominaisuuksia, merkittävimpänä 

kakun ominaisvastus, voidaan määrittää toteuttamalla sarja suodatuskokeita vakiopaineissa. 

Suodatuskakun ominaisuuksien selvittäminen on tärkeä osa painesuodatusprosessin 

suunnittelua, sillä niitä voidaan käyttää esimerkiksi suodatusprosessin mitoittamisessa.  

Suodatuskakun ominaisuuksien lisäksi myös lietteen partikkeliominaisuuksien tutkinta on 

usein aiheellista. Partikkeliominaisuudet, eli partikkelien koko ja muoto, 

partikkelikokojakauma, sekä partikkelien keskeiset vuorovaikutukset liuosolosuhteissa 

vaikuttavat lietteen suodatusominaisuuksiin suodinkakun ominaisuuksien kautta. Lietteen 

partikkeliominaisuuksia voidaan modifioida esimerkiksi muuttamalla suodatusta edeltävien 

prosessivaiheiden olosuhteita, tai lietteen fysikaalisilla tai kemiallisilla esikäsittelyillä. 

Kemiallisina esikäsittelykeinoina voidaan käyttää esimerkiksi flokkulantteja, koagulantteja, 

tai suodatuksen apuaineita.  

Työn kokeellisessa osassa tutkittiin liuotusolosuhteiden vaikutusta kahden 

kierrätysmetallinäytteen lietteiden suodatusominaisuuksiin. Liuotus- ja suodatuskokeissa 

tutkittiin käytetyn hapon (H2SO4) määrän, liuotusajan ja suodatuspaineen vaikutusta 

suodinkakun vastuksen suuruuteen. Liuotuksen oletettiin edetessään heikentävän lietteen 

partikkeliominaisuuksia, ja tekevän näin näytteen suodatuksesta haasteellisempaa. Tätä 

hypoteesia arvioitiin tutkimalla kokeellisesti näytteen partikkeliominaisuuksia ennen ja 

jälkeen liuotuksen, sekä liuotuksen saantoa. Keinoja suodatusominaisuuksien 

parantamiseksi, sekä jatkotutkimuskohteita esiteltiin työn kirjallisen osan pohjalta.  



SYMBOLS AND ABBREVIATIONS 

 

Roman characters 

A filtration area    [m2] 

a slope of the t/V vs. V line    [s m-6] 

b intersection of the t/V vs. V line and y-axis [s m-3] 

c filtration concentration   [kg/m3] 

K permeability    [m2] 

K0 Kozeny constant   [ - ] 

L thickness    [m] 

m mass ratio    [ - ] 

n compressibility index   [ - ] 

p pressure    [bar, Pa] 

R resistance     [1/m] 

T temperature    [ºC, K] 

t time    [s] 

V  volume     [m3] 

 

 

Greek characters 

 specific cake resistance   [ - ] 

ε porosity    [ - ] 

µ dynamic viscosity   [Pa s] 

ρ density    [kg/m3] 



Subscripts 

av average 

c cake 

dc dry cake 

F filtrate 

L liquid 

m medium 

W pure water 

wc wet cake 

s solid 

sl slurry 

 

Abbreviations 

PSD Particle Size Distribution 

TDS Total Dissolved Solids 
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1  Introduction 

Solid–liquid separation is an essential part of several chemical engineering processes. 

However, too often the filtration has to be fitted into surrounding process and adapted to its 

needs. Decisions made in operating conditions of the surrounding process have a significant 

effect on the filtration, and can easily make the separation more challenging, or even 

impractical. Some compromises must always be made between optimal filtration conditions 

and the requirements of process stages upstream and downstream from the filtration.  

 

The literature part of this thesis provides an overlook into the world of solid-liquid 

separation, focusing on cake filtration. Essential cake filtration theory and relevant equations 

are presented and discussed. Particle properties of the suspension have a significant effect 

on the outcome of filtration process, so these are discussed on their own chapter. Ways to 

influence these particle properties, mainly coagulation, flocculation, and filter aids, are 

discussed. The importance of filter media selection is briefly covered. Finally, some thought 

is given to the bigger picture: how filtration should always be viewed as a part of the larger 

process, but also how adapting the surrounding process to the needs of filtration is often 

necessary compromise on the way to desired filtration outcomes. 

 

In the experimental part, 23-factorial design of experiments is created for a set of leaching and 

filtration experiments to evaluate how the leaching affects filtration properties of the 

remaining slurry. The original hypothesis is that advanced leaching erodes particle properties 

of the slurry, making the filtration more challenging. Finally, ways to improve the filtration, 

based on the previous literature review, are discussed in addition to further research topics.  
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LITERATURE PART 

2  Solid – Liquid Separation 

Solid – liquid separation has an essential role in most of chemical engineering processes. 

The main objective of solid – liquid separation is naturally to isolate the two phases from 

each other. The aim might be to purify a solvent from contaminants, or to recover valuable 

component from a slurry (i.e., suspension). In some cases, both solids and liquid are highly 

valuable and need to be effectively separated for further processing.  

 

The ever-increasing need for more and more effective separation processes is a global 

phenomenon (Svarovsky, 2000). Products of highest possible purity are needed in variety of 

processes, from pharmaceutical industry to mineral processing. At the same time the quality 

of raw materials is in decline, especially in mineral processing, as the best deposits have 

already been found and exploited. Secondary raw materials (i.e., waste and side streams) are 

considered more and more often for both environmental and economic reasons but are 

challenging to work with due to their complex composition. Solid – liquid separation 

processes offer a key to unlocking these complicated issues. 

 

Solid – liquid separation is an integral, but often overlooked part of the process (Sparks, 

2012). In fact, the separation can make or break the process in a sense that it effectively 

defines process outcome: without successful purification a product of acceptable quality is 

not achieved. Without working recovery, the precious compound is forever lost to a side 

stream. On the economic side of things, ineffective and/or expensive separation makes the 

recovery unprofitable, no matter how valuable the compound is. 

 

Each filtration task must always be treated individually, as a segment of the given process 

(Sparks, 2012). Unfortunately, filtration must often be adapted to suit the preceding unit 

operations, rather than vice versa. Some compromises must always be made to find optimal 
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operating conditions for both filtration and rest of the process. Filtration conditions are 

heavily affected by changes in the process around them, and similarly changes in filtration 

affect all the downstream unit operations.  

 

Properties of solid – liquid systems affecting the separation can be categorized as primary 

properties, state of the system properties and macroscopic properties. Primary properties 

include the properties of solid and liquid: the particle size, shape, and surface properties 

along with particle size distribution, or liquid density and viscosity. State of the system 

parameters include filter cake porosity, in addition to concentration, homogeneity and extent 

of dispersion in the slurry. Both primary and state of the system properties combined control 

the macroscopic properties such as permeability, specific resistance of the filter cake and 

settling of particles. (Wakeman, 2007) 

 

Solid – liquid filtration techniques can be categorized as screening, cake filtration, deep bed 

filtration, and cross-flow filtration (Kinnarinen, 2014). In this thesis, primary focus is given 

only to cake filtration, which is discussed in the following Chapter 3, along with most 

important cake characteristics.  

 

3  Cake Filtration 

Wakeman (2007) describes three distinctive filtration mechanisms, which are standard 

blocking filtration, complete blocking filtration and bridging filtration. These mechanisms 

are presented below in Figure 1. In standard blocking filtration, the particles are retained 

mainly inside the filter medium, because the average pore size is substantially larger than 

average particle size. Standard blocking filtration is the basis of deep bed filtration, but 

usually avoided in cake filtration to prevent fouling of the filter medium. Complete blocking 

filtration is very much the opposite of standard blocking filtration. In complete blocking the 

particles are bigger than average pore size, so they cannot migrate inside the filter medium. 

Instead, the particles block the filter pore entrances and are retained by sieving or screening.  
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Figure 1. Filtration mechanisms. (Adapted from Wakeman, 2007) 

 

Bridging filtration occurs, when the particles don’t completely block the pore entrances, but 

form stable and permeable bridges over them. In bridging filtration, the average particle size 

is usually smaller than average pore size, but filtration occurs because particle concentration 

in feed is high enough. In high concentration, multiple individual particles obstruct each 

other from penetrating the filter pores and are recovered at the filter surface. Both complete 

blocking and bridging filtration mechanisms form the basis for cake filtration. (Wakeman, 

2007)  

 

Filter cake forms on the filter surface and provides cover for filter medium by blocking 

particle migration. The filter cake acts in effect like a secondary filter on top of the filter 

medium. As the cake thickness increases, its resistance to liquid flow increases as well.  

Thick and dense filter cake can efficiently retain practically all suspended solid particles, 

yielding a clear filtrate. (Kinnarinen, 2014) 

 

Cake filtration can be operated with constant flowrate or with constant pressure (Svarovsky, 

2000). Operating with constant flowrate requires increase of pressure as the filtration 

continues, while operating with constant pressure decreases liquid flowrate towards the end 

(Kinnarinen, 2014). Constant pressure filtration is more widely used operating method 
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because processing the experimental data is more straightforward with this method 

(Kinnarinen, 2014).  

 

In most cases, the filter cake experiences some level of compression during the filtration. As 

the cake compresses it becomes denser, resisting liquid flow even more. Cake compression 

is further increased by increased pressure in constant flowrate filtration. (Kinnarinen, 2014) 

 

In constant pressure filtration, the filtration is stopped when filtrate flowrate has decreased 

below minimum limit. Filtrate recovery can be enhanced by compression (Salmela, 2006). 

As an optional step, the cake can be washed to replace original filtrate in cake pores with 

wash liquid, or to remove contaminants from the cake (Salmela, 2006). After washing, the 

cake can be further compressed to remove excess liquid before dewatering stage 

(Kinnarinen, 2014). Finally, the dewatered cake is removed, and filtration cycle can start 

again.  

 

Various types of filters can be used for cake filtration either batchwise or continuously 

(Kinnarinen, 2014). Batchwise pressure filters, that operate in aforementioned filtration 

cycles (cake formation, optional compression/washing, dewatering, cake removal), are more 

common than continuous options (Svarovsky, 2000). As stated by Kinnarinen (2014), the 

driving force i.e., pressure difference can be created by slurry pumps, compressed gas, or 

mechanical compression (for example with a piston).  

 

3.1  Cake filtration theory 

Liquid flow through a porous filter medium under laminar flow conditions is expressed with 

following Darcy’s basic filtration Equation (1) (Svarovsky, 2000):  

𝑄 = 𝐾
𝐴 ∆𝑝

𝜇 𝐿
 (1) 
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where Q is the flow rate of the filtrate [m3/s], K is a constant referred to as permeability of 

the porous material [m2], A is the cross-sectional area of the filter (i.e. filtration area) [m2], 

Δp is the pressure difference (i.e. the driving force of the filtration) [bar], µ is the dynamic 

viscosity of the filtrate [Pa s] and L is the thickness of the filter medium [m]. 

 

Often Equation (1) is written in the following form: 

𝑄 =
𝐴 ∆𝑝

𝜇 𝑅m
 (2) 

where Rm (= L/K) is the known as the medium resistance [1/m].  

 

When a suspension of clean liquid is filtered, the whole driving force in filtration comes 

from the pressure difference across the filter medium itself, and other parameters are 

constant. The pressure drop and liquid flow rate remain constant and cumulative filtrate 

volume increases linearly with time.  

 

When a cake is formed on surface of the filter medium, liquid flow rate becomes a function 

of time as the resistance increases. Cake resistance Rc must be considered as time-dependant, 

as the medium resistance Rm is assumed constant. Equation (2) becomes: 

𝑄 =
𝐴 ∆𝑝

𝜇 (𝑅c + 𝑅m) 
 (3) 

 

It should be noted that in real-life applications the medium resistance does not remain 

constant during filtration as particles in the suspension start to penetrate and block the pores 

of the medium, increasing flow resistance. 

 

When cake forming on the surface of filter medium is incompressible, cake resistance is 

proportional to the amount of cake deposited according to following Equation (4): 

𝑅c =  𝛼 𝑤  (4) 
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where α is specific cake resistance [m/kg] and w is mass of the cake deposited per filtration 

area [kg/m2].  

 

Liquid flow rate can now be related to pressure drop and mass of cake deposited on the filter 

surface by following Equation (5): 

𝑄 =  
𝐴∆𝑝

𝛼𝜇𝑤 + 𝜇𝑅m 
 (5) 

 

In batch filtration, mass of cake deposited per filtration area can be related to the cumulative 

volume of filtrate with following Equation (6):  

𝑤 𝐴 = 𝑐 𝑉 (6) 

where V is the cumulative volume of filtrate [m3] in time t and c is concentration of solids in 

the suspension (mass of dry solids per volume of filtrate i.e., filtration concentration) 

[kg/m3]. 

 

Filtration concentration c can be determined from the slurry properties with following 

Equation (7): 

𝑐 =
𝜌L𝐶sl

1 − 𝑚 𝐶sl
 (7) 

where ρL is density of the liquid [kg/m3] and m is the mass ratio. Csl refers to slurry 

concentration by mass fraction and is calculated using following Equation (8): 

𝐶sl =
𝑚s

𝑚sl
 (8) 

where msl is the mass of slurry sample before filtration and ms is the dry mass of solids in the 

slurry sample.  

 

Mass ratio m is determined from the filter cake properties using following Equation (9):  
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𝑚 =
𝑚wc

𝑚dc
 (9) 

where mwc is the mass of wet filter cake and mdc is the mass of dried filter cake. Mass ratio 

always has values > 1.  

 

After the total flow volume is expressed as an integral of the flow rate and w(t) has been 

substituted from Equation (5), following Equation (10) is produced (Svarovsky, 2000):  

𝑄 =
𝑑𝑉

𝑑𝑡
=  

𝐴 ∆𝑝

𝛼 𝜇 𝑐 (𝑉/𝐴) + 𝜇 𝑅m 
 (10) 

This equation can be used as a basis for further calculations. 

 

3.1  Cake characteristics 

Average specific cake resistance, cake porosity and compressibility are important cake 

characteristics affecting filtration (Kinnarinen, 2014). Evaluating them with a series of 

experiments can bring valuable data about the nature of the pressure filtration process in 

question.  

 

3.1.1  Average specific cake resistance 

The following reciprocal form of Equation (10) can be used as basis for experimental 

determination of specific cake resistance α and medium resistance Rm from filtration data 

(Svarovsky, 2000). 

𝑑𝑡

𝑑𝑉
= 𝛼𝜇𝑐 

𝑉 

𝐴2 ∆𝑝
 +

𝜇 𝑅m

𝐴 ∆𝑝
 (11) 

 

Equation (11) can be integrated when filtration pressure remains constant, and the cake 

formed on the filter surface is incompressible. Integrating Equation (11) from starting point 

of the filtration (t0, V0) to the end point (t, V) gives a following Equation (12): 
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𝑡 − 𝑡0

𝑉 − 𝑉0
=

𝛼 𝜇 𝑐

2𝐴2 ∆𝑝
 (𝑉 + 𝑉0) +

𝜇 𝑅m

𝐴 ∆𝑝
 (12) 

Equation (12) produces a linear plot at constant pressure when t/V is plotted against 

cumulative filtrate volume V. However, in practice it is common that the constant pressure 

cannot be applied from the start of the filtration. High pressure at the start of the filtration 

could lead to high filtrate flow rates through a clean filter medium, solid particles migrating 

through the filter pores contaminating the filtrate, and uneven deposition of the cake. In these 

cases, it is reasonable to integrate Equation (11) starting from point (ts, Vs), at the start of the 

truly constant pressure period of the filtration.  

 

Successful constant pressure filtration produces a following plot (Figure 2), when t/V is 

plotted against cumulative filtrate volume V. The non-linear part at the start of filtration, 

where constant pressure is not yet achieved, is clearly visible. The start of constant pressure 

period of the filtration (ts, Vs) can be pinpointed with sufficient accuracy. The slope of the 

linear part a and its extrapolated y-axis intersection b are important parameters in the 

calculation of average specific cake resistance and filter medium resistance. 

 

Figure 2. Constant pressure filtration plot. 
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The average specific cake resistance αav and resistance of the filter medium Rm can be 

determined with following Equations (13) and (14) from the filtration data:  

𝛼av =
2𝐴2∆𝑝 𝑎

𝜇𝑐 
 (13) 

𝑅m =
𝐴∆𝑝 𝑏

𝜇
 (14) 

where a is the slope of the t/V vs. V line and b is the intersection of the t/V vs. V line and y-

axis.  

 

3.1.2  Compressibility 

Filter cake compressibility can be defined by performing several filtration experiments under 

different pressure differences (Kinnarinen, 2014). As already stated above, compressibility 

increases the average specific resistance of the filter cake. Cake compressibility is 

determined from experimental data by using following Equations (15) and (16) (Wakeman 

& Tarleton, 1999):  

𝛼av =  𝛼0∆𝑝𝑛 (15) 

𝜀av =  𝜀0∆𝑝−𝜆 (16) 

where α0 and ε0 are the specific resistance and porosity at unit applied pressure, respectively. 

Parameter n is called compressibility index and λ is the cake porosity related compressibility 

coefficient. Compressibility index n can be determined from logarithmic plot of Equation 

(15), and same method can be applied to compressibility coefficient λ and Equation (16). 

 

Compressibility index n can be used to define how the cake behaves under pressure filtration 

conditions. For incompressible cakes the value of n equals zero. According to Oja (1996) 

the value of compressibility index is n < 0.5 for slightly compressible cakes, 0.5 < n < 0.8 

for moderately compressible cakes and 0.8 < n < 1.0 for highly compressible cakes. 
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3.1.1   Porosity                                                                                                                                      

The packing structure of solid particles in a filter cake can be expressed with average 

porosity of the filter cake, which can be defined with following Equation (17) (Svarovsky, 

2000): 

𝜀av =
𝑉v

𝑉c
 (17) 

where Vv is the volume of the void i.e., the total volume of all filter cake pores and Vc is the 

volume of the cake.  

 

Volume of the cake Vc can be determined from the cake height and cross-sectional area 

(Kinnarinen, Tuunila & Häkkinen, 2017). For fully saturated filter cakes, where the cake 

pores are completely filled with liquid, the volume of the void Vv can be determined with 

following Equation (18): 

𝑉v = 𝑉L  =
𝑚L

𝜌L
 (18) 

where VL is the volume of liquid in filter cake pores, mL is the mass of the liquid and ρL is 

the density of the liquid.  

 

If the liquid used in filtration is pure water, drying the cake to zero moisture content is a 

practical way of measuring mass of the liquid. If the liquid contains dissolved compounds, 

the total mass of dissolved solids (TDS) needs to be taken account for. When the pore liquid 

contains dissolved compounds, the mass of liquid mL can be calculated with following 

Equation (19):  

𝑚L = 𝑚W + 𝑚TDS (19) 

where mw is the mass of pure water and mTDS is the total mass of dissolved solids in pore 

liquid. The total mass of dissolved solids can be defined by fully drying a known mass of 

pore liquid to zero moisture. (Kinnarinen. 2014) 
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The average porosity of the cake can also be determined as a function of cake moisture ratio 

with following Equation (20) (Svarovsky, 2000): 

𝜀av = 1 −
𝑚s

𝜌s 𝐴 𝐿
=

𝜌s (1 − 𝑚)

𝜌s(1 − 𝑚) − 𝜌
 (20) 

where ms is the mass of solids, ρs is the density of solids and ρ is the density of the liquid 

phase.  

 

4  Particle Properties 

Particle properties i.e., particle size and shape, particle size distribution (PSD) and the 

surface properties of particles in filtration conditions have a significant effect on the outcome 

of filtration process (Wakeman, 2007). These properties affect all stages of filtration cycle, 

from cake formation to washing and deliquoring. Filter cake consistency, moisture content 

and porosity are largely dependent on particle properties (Wakeman, 2007).  

 

Study of particle properties of the slurry sample before filtration experiments is advised. 

Possible issues in filter performance or need for slurry pretreatment can be predicted 

beforehand based on particle properties, even though they alone do not reveal the whole truth 

about the filtration process in question. In the following chapters, the effects of particle size, 

particle shape and PSD, along with particle interactions in solution environment are 

discussed in more detail.  

 

4.1  Particle size 

As mentioned in the previous chapter, measuring the sizes of particles can provide an insight 

to their presumable behavior in the filtration process. This information can be used to aid 

selection of filtration equipment, or to make the initial choice between different filter 

mediums or pretreatment methods (Wakeman, 2007).  
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Larger particles settle faster than smaller particles due to gravitational force. Vertical 

distribution of particles in the filter cake can vary at different cake heights, if larger particles 

are allowed to settle faster and form the base layer of filter cake on top of the filter medium 

(Kinnarinen, 2014). This phenomenon can also result in uneven cake thickness: filter cake 

is thicker in the middle of the filter chamber, than near the sides.  

 

Ideally particles in the slurry would be homogeneous in composition, and of equal size and 

shape. Unfortunately, this is rarely the case, and a simplification must be made to 

characterize particles of irregular shape and size with mean size measurement.  

 

In cake filtration calculations, surface-volume mean diameter xsv (i.e. Sauter mean diameter, 

D[3,2]) is often most useful particle size measurement (Wakeman, 2007). When all the 

particles are assumed uniform and spherical, the surface-volume mean diameter is related to 

volume specific surface S0 [m
2/m3] with following Equation (21):  

𝑆0 =
6

𝑥sv

(21) 

 

According to Kozeny-Carman equation, the relationship between specific cake resistance, 

particle size and porosity can be defined by following Equation (22) (Svarovsky, 2000): 

𝛼 = (
𝐾0 𝑆0

2

𝜌s
) (

(1 − 𝜀)

𝜀3
) (22) 

where K0 is Kozeny constant, that depends on the porosity, along with particle size and 

shape. In lower porosity ranges the value K0 = 5 is used for Kozeny constant. 

 

Substituting S0 from Equation (21) to Equation (22) gives following Equation (23) 

(Wakeman, 2007): 
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𝛼 = (
180

𝜌s 𝑥sv
2

) (
(1 − 𝜀)

𝜀3
) (23) 

Equation (23) highlights the effect of particle size and porosity on specific cake resistance 

α. Specific cake resistance can be decreased significantly by increasing particle size: a 

tenfold increase in particle size reduces the specific resistance by a factor of hundred 

(Wakeman, 2007). Increasing porosity of the particle bed also decreases specific resistance, 

but to a lesser extent. These effects are presented in Table 1, below.  

 

Table 1. The effect of particle size and porosity on the cake specific resistance (ρs = 

2500 kg/m3) calculated using Equation (23). (Wakeman, 2007) 

 

Particle size xsv [µm] Porosity ε Specific resistance α [m/kg] 

1 0.4 6.7∙1011 

2 0.4 1.7∙1011 

10 0.4 0.068∙1011 

100 0.4 0.00068∙1011 

2 0.4 1.7∙1011 

2 0.5 0.72∙1011 

2 0.6 0.33∙1011 

2 0.7 0.16∙1011 

 

 

It must be noted that Equation (23) has quite a limited usability in practical filtration 

experiments since it cannot be used for compressible cakes. The equation works reasonably 

well for incompressible cakes over narrow porosity ranges, and thus can mainly be used for 

illustration purposes. (Svarovsky, 2000) 

 

4.2  Particle shape 

Along with size, shape of the particles affects filtration, and more precisely the specific cake 

resistance. Particles of differing shape have different specific surface area, so they can be 
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packed together more tightly or loosely under pressure filtration conditions, producing cakes 

with varying porosity. In addition, irregular shaped particles are affected by drag forces, that 

are dependent on the shape of the particle in question (Maramizonouz & Nadimi, 2022). 

Precise characterization of particle shape in the slurry sample is seldom possible since solid 

particles are rarely uniform (Wakeman & Tarleton, 1999). 

 

At the other ends of the spectrum there are fibrous and flake-like particles. Fibrous (or 

needle-like) particles have quite a small specific surface area and can form cakes with mesh-

like structure and low specific resistance. Flake-like particles, on the other hand have a large 

surface area compared to particle volume and can produce a cake with 690 times higher 

specific cake resistance, compared to fibrous particles (Wakeman, 2007). Flake-like particles 

settle differently due to the drag forces affecting them and tend to accumulate to a dense 

layer on top of each other, compared to the more mesh-like structure produced by fibrous 

particles. These effects are presented in Table 2 below.  

 

Table 2. Effect of particle shape on specific cake resistance. (Wakeman & Tarleton, 

2005) 

Particle shape Specific 

surface  

S0 [1/m] 

Specific resistance α [m/kg] 

(Calculated using Equation (22),  

xsv= 10 µm; K0 = 5; ε = 0.5;  

ρs = 2000 kg/m3) 

Fibrous 4.0001/xsv 1.6∙109 

Cylinder 4.1/xsv 1.7∙109 

Rectangular 4.2/xsv 1.8∙109 

Sphere 6/xsv 3.6∙109 

Cube 6/xsv 3.6∙109 

Flake 104/xsv 1100∙109 

 

 

In addition to these theoretical calculations, the significance of particle shape has been 

documented in experimentally. Bourcier et al (2016) studied the effect of particle size and 

shape by producing different shapes for calcium carbonate with controlled synthesis. With 

these experiments, the importance of particle shape could be evaluated without interference 
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of chemical composition of particles. Bourcier et al (2016) found that particle shape has a 

smaller influence on the cake resistance and compressibility than PSD, but especially needle-

like particles have significant effect on cake compressibility.  

 

The particle shape can also influence the lifecycle of filter in some cases. Sharp or abrasive 

particles can damage the structure of filter medium. This can happen especially at the start 

of filtration when the protective layer of filter cake has not yet formed on the filter surface 

and at the end of filtration when the cake layer is removed. (Sparks, 2012) 

 

4.3  Particle size distribution (PSD) 

Porosity of the filter cake is not dependent on the particle size, like specific cake resistance, 

but it is a function of particle size distribution (Wakeman, 2007). Even though the larger 

particles may occupy the biggest volume in the suspension, the smallest of particles have the 

greatest effect on filter performance. Fine particles are capable of migrating through the 

pores of filter cake and filter medium, all the way to filtrate side. They are small enough to 

fill up the voids between bigger particles, decreasing filter cake porosity and increasing 

specific cake resistance. Increased resistance prolongs not only filtration time, but washing 

and dewatering duration as well (Wakeman, 2007). In addition to the distribution of fine 

particles in suspension, overall wideness of PSD plays a significant role. This correlation 

between width of PSD and average specific cake resistance and cake porosity has been 

reported by Kinnarinen et al, (2017). 

 

Wideness of PSD can be influenced in the process steps that precede filtration, such as 

grinding (Kinnarinen et al, 2017). Alternatively, separation of finer particles from the slurry 

sample, for example by hydrocyclone classification, can improve filtration of coarser particle 

fraction by decreasing required filtration area (Vehmaanperä et al, 2018). However, filtrating 

the fraction of fine particles could prove to be difficult if these particles need to be recovered 

as well in the process. Filtration can also be improved by addition of chemical substances, 



18 

 

that modify PSD of the suspension. These chemicals, known as coagulants, flocculants, and 

filter aids, are further discussed in following Chapters 5 and 6. 

  

Laser diffraction -based instruments are nowadays commonly used to determine PSD of a 

slurry sample (Wakeman, 2007). Considering the importance of the smallest particles in the 

sample, 5% or 10% size in the cumulative undersize curve (D5 and D10, respectively) give 

almost always more valuable information about filtration behavior of the sample compared 

to 50% size. 

 

The PSD of a material sample has to be determined from a relatively small portion of the 

original sample. This small portion should naturally represent the original sample as 

accurately as possible. However, the necessary sampling of large entity into smaller 

proportions causes some errors to the PSD. In fact, PSD analysis usually includes at least 

two sampling operations: the first sampling occurs when a small sample is selected from the 

original matrix for PSD analysis, and the second one when a sample is taken from this small 

sample for the analysis instrument. Both of these samplings cause error to the analysis result. 

 

These errors can be caused by to segregation of bulk into different fragments due to 

inefficient mixing, or non-preventable statistical errors (Basim & Khalili, 2014). Gathering 

a representative sample is more challenging for heterogenous samples with wide and 

variable PSD. According to Basim & Khalili (2014), the precision of particle size analysis 

is dependent on the selected sampling method. Sampling method should therefore be 

carefully selected and executed to ensure repeatability of experiments. 

 

4.4  Particle interactions in the solution environment 

For the smallest of particles (particularly < 10 µm), the interactions between solid particles 

and the suspending liquid start to become as significant as the gravitationally and 

hydrodynamically induced forces (Wakeman, 2007). The interparticle attractive and 
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repulsive forces are caused by solution ions distributed along the charged particle surface 

(Wakeman & Tarleton, 1999).  

 

The zeta (ζ-) potential is used to express the magnitude of interparticle net attractive and 

repulsive forces. At isoelectric point of the suspension the ζ-potential has value of zero. At 

isoelectric point the interparticle forces are very small and particles tend to aggregate, 

causing faster settling and cake formation. The moisture content of the filter cake is slightly 

higher due to increased porosity, especially for incompressible cakes. (Wakeman & 

Tarleton, 1999) 

 

Changing pH of the solution from the isoelectric point either increases or decreases the ζ-

potential while the repulsion between particles is increased. Increased repulsion disperses 

the particles, causing slower settling and cake formation. Filter cakes with slightly lower 

moisture content and porosity are observed. The pH of the solution can be adjusted beyond 

these maximum or minimum ζ-potential conditions, to the point where the high ionic 

strengths in the solution start to impact filtration. (Wakeman & Tarleton, 1999) 

 

Particle surface properties, and interparticle forces caused by them, have a recognized role 

in the filtration. For example, Mattsson, Sedin & Theliander (2011) observed, that by 

changing ζ-potential of TiO2-particles compressibility of the filter cake can be significantly 

modified. However, modification of these properties might be challenging due to process 

requirements.  

 

Adjusting pH of the solution affects interparticle forces and can improve filtration 

conditions. For example, deterioration of filtration properties of bauxite residue slurry was 

reported by Kinnarinen et al (2019) when solution pH was reduced. It must be note, that 

adjusting pH of the solution might have counterproductive effects in down-stream processes. 

In addition, it can prove to be a significant expense, particularly if the solution in question 

is highly acidic or basic.  



20 

 

5  Coagulation and Flocculation 

Suspensions with challenging particle size, shape or PSD can often be modified with either 

physical or chemical pretreatment methods. Physical pretreatments include for example 

altering suspension temperature by either heating or freezing or exposing it to ultrasound or 

radiation. Chemical pretreatments, including coagulation and flocculation, are the most 

widely used pretreatment methods. Coagulation and flocculation aim at improving filtration 

characteristics of the suspension by increasing mean particle size. Basically, the mean 

particle size can be increased by either changing the surface properties of the solid particles, 

properties of the liquid phase, or the solid-liquid interaction. (Tarleton & Wakeman, 2006).  

 

In coagulation, the aggregation of particles is induced by addition of chemical (coagulant), 

that changes the surface properties of particles, or concentration of ions in the suspension. 

In flocculation this aggregation is generated by addition of long-chained polymer or 

polyelectrolyte (flocculant), that forms “bridges” between particles, binding them together. 

Flocculants can also be used to strengthen existing flocs in the suspension. (Tarleton & 

Wakeman, 2006) 

 

Both coagulants and flocculants are widely used, either together or separately, in industrial 

water treatment processes (Lee, Robinson, & Chong, 2014). Coagulants are inorganic salts, 

usually of multivalent metal ions like Ca2+, Fe2+, Fe3+ and Al3+ (Tarleton & Wakeman, 2006). 

Aluminium sulphate (also known as alum) and ferric chloride are among the most used 

coagulants (Lee et al, 2014).  

 

Flocculants are organic and soluble polymers with high molecular weight and can be either 

of synthetic or natural origin (Besra, Sengupta & Roy, 1998). Synthetic flocculants differ in 

chemical structure thanks to years of research and development of novel materials, but most 

include acrylamide structure (Tarleton & Wakeman, 2006). Natural flocculants include 

biobased polymers such as cellulose, chitosan, sodium alginate, starch, amylopectin, gums, 

and tannins which are all common in plants and animals (Lee et al, 2014; Fauzani et al, 
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2021). In addition to their origin, flocculants can be classified for example based on their 

molecular charge (cationic, anionic, nonionic, amphoteric), molecular weight (low, medium, 

high, and very high), the charge density, or molecular structure (linear, branched, cross-

linked) (Hyrycz et al, 2022).  

 

Flocculants are often preferred to coagulants in industrial processes because they are 

naturally inert to changes in solution pH, highly efficient with relatively low dosage, and 

easy to handle (Tarleton & Wakeman, 2006; Lee et al, 2014). Polyacrylamides are most 

widely used synthetic flocculants on the market currently (Hyrycz et al, 2022; Trampus & 

França, 2020). Natural flocculants have gained attention as a more sustainable, non-toxic, 

and biodegradable alternative for synthetic flocculants (Fauzani et al, 2021). Advantages of 

coagulants include often cheaper price and lower cake moisture levels compared to 

flocculants (Tarleton & Wakeman, 2006).  

 

Selection of best possible flocculant or coagulant for the filtration process is challenging 

without prior knowledge on the subject, due to wide variety of alternatives. Useful data to 

aid the selection can be acquired with relatively simple experiments, like jar settling and 

filter tests. Investigating possible chemical pretreatments can be highly beneficial to all 

phases of the filtration process, providing improved filtration, washing, and dewatering rates 

or reduced cake moistures. However, addition of chemicals to the process often increases 

operating costs, so improvements in filtration need to counter the increased expenses. 

(Tarleton & Wakeman, 2006) 

 

6  Filter Aids 

Filter aids are solid materials, such as powders and granules, that are added to the process to 

enhance filtration properties of the slurry. There are two basic types of filter aids known as 

precoat and body feed, which are regularly combined in filtration processes (Tarleton & 

Wakeman, 2006).  
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Figure 3. Use of filter aid in a) bodyfeed filtration and b) precoat filtration (Adapted 

from Bächle et al, 2021). 

 

In precoat filtration, suspension of filter aid material is filtered to form a layer of cake on the 

filter surface. This layer of precoat protects the filter medium from abrasive particles and 

stops the finest particles from blocking filter pores or migrating into filtrate (Tarleton & 

Wakeman, 2006). In batch filtration processes the whole precoat layer is usually removed 

with the filter cake after every filtration cycle, while in continuous processes a thicker 

precoat layer can be used in several consecutive cycles. Precoat can be a suitable filter aid 

for diluted slurries of fine particles that tend to be challenging to retain, or for compounds 

that tend to stick to the filter medium, making cake discharge more difficult (Anlauf, 2019).  

 

In body feed filtration, filter aid is added to the feed suspension before filtration. While 

precoat is often used in order to achieve better filtrate clarity, body feeds aim at increasing 

the filtration rate and are often coarser grade of the same material (Tarleton & Wakeman, 

2006). Coarser body feed particles increase filter cake porosity and decrease specific cake 
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resistance, improving filtration and deliquoring (Anlauf, 2019). Dosage of body feed is 

related to the solids content of the slurry and is usually between 50 – 100%, ultimately 

determined by experimental results (Tarleton & Wakeman, 2006).  

 

Typical mineral-based filter aid materials are diatomaceous earth (diatomite) and perlite 

(Anlauf, 2019). Diatomite is comprised of fossilized remains of microscopic algae, while 

perlite is a rock with volcanic origins (Tarleton & Wakeman, 2006). Mineral-based filter 

aids form almost incompressible filter cakes and have large specific surface area, but are 

hazardous if inhaled, relatively heavy (density is typically between 2000 – 2500 kg/m3), and 

abrasive (Anlauf, 2019).  

 

Compared to these mineral-based materials, novel cellulose-based materials from renewable 

sources have many attractive qualities. Fibrous cellulose has high specific surface area and 

low weight, while also being non-hazardous, non-abrasive, and even less expensive for the 

process operation (Anlauf, 2019). To get the best of both materials, mineral-based filter aids 

are commonly used in combination with cellulose-based materials (Tarleton & Wakeman, 

2006). It is also possible to get additional functionalities from the filter aid materials, such 

as adsorption of certain contaminants by functionalized cellulose or ion exchange by special 

resins (Anlauf, 2019).  

 

Filter aids have found their use in food industry, for example in beer and wine filtration 

(Braun et al, 2011; Boittelle et al, 2008). The cost and hazardous nature of mineral-based 

filter aids, in addition to expensive disposal, have aroused interest towards novel, renewable 

and regenerable filter aid materials (Braun et al, 2011; Boittelle et al, 2008). Chemical 

resistance of the filter aid in solution environment is of high priority in material selection 

(Jenkins, 2017).  
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7  Selection of Filter Media 

The filter medium is a permeable material that allows the liquid to flow through while 

retaining the solid particles (Wakeman & Tarleton, 1999). The filter medium has probably 

the greatest role at the start of filtration, when the first solid particles encounter the medium 

surface (Järvinen, 2005). Cake filtration occurs only when pores of the filter medium are of 

suitable size and shape to capture the solids by bridging or complete blocking (Wakeman, 

2007). This ability to retain the solids is the basis for the whole separation process and 

ultimately determines if the filtration is successful or not. The choice of applicable filter 

medium for the process at hand is essential, but correct selection depends on many factors 

that are challenging to identify without testing or prior experience (Wakeman & Tarleton, 

1999).  

 

Filter mediums come in many forms, such as woven or non-woven textiles, membranes, 

screens, meshes, cartridges and perforated or porous sheets, and are made from wide variety 

of materials from polymers and paper to ceramics, metal, and glass (Svarovsky, 2000; 

Wakeman & Tarleton, 1999). Filter medium industry is a flourishing business, with 

constantly developing materials and filter designs. Novel materials and designs cause drastic 

variation in filter cost, even within one type (Sparks & Chase, 2016).  

 

Along with being the most important part of the filtration equipment, the filter medium is 

often the most expensive spare part during the equipment lifetime. Therefore, ensuring that 

appropriate filter design is selected, operated properly under optimal conditions, cleaned 

periodically, and protected from abrasive forces and other mechanical wear should be of 

high priority in the process. Replacing the filter medium at appropriate time is also 

necessary, even though it might be a significant expense, since operating a damaged filter 

medium not only decreases the quality of product but exposes other parts of the process (both 

equipment and personnel) to suboptimal or even dangerous operating conditions. (Sparks, 

2012) 
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Filter medium performance can be evaluated by considering characteristics like mechanical 

strength, thickness, durability, particle capture, permeability, and porosity (Järvinen, 2005). 

In addition to these characteristics, indicators of filter medium performance such as filtrate 

clarity, throughput, washing result, cake moisture content and discharge performance, along 

with filter cleanability and resistance to particle binding should be carefully considered in 

the final selection of filter medium (Sparks, 2012).  

 

8  Outcomes of Filtration Processes 

As discussed in previous chapters, multiple factors have an effect on filtration, ranging from 

particle properties to homogeneity, dispersion and other properties of the slurry, also 

including permeability and specific resistance of the filter cake and particle settling 

(Wakeman, 2007). These solid – liquid system properties control outcomes of filtration 

process. Desired filtration outcomes should be defined to set clear targets for initial 

laboratory experiments, further tests with actual process conditions and finally scale up of 

the process.  

 

Different relevant filtration process outcomes are presented below in Figure 4. According to 

Sparks (2012), filtration process outcomes can be divided into filter cake related outcomes, 

filtrate outcomes, slurry outcomes i.e., capacity of the filtration process, and expenses and 

other consequences.  
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Figure 4.  Different outcomes of the filtration process. (Adapted from Sparks, 2012) 

 

Filter cake properties, such as porosity and specific cake resistance have an effect on the 

cake moisture content after filtration (Wakeman, 2007). Filter cake moisture content is an 

important process outcome, whether the solids are primary product of the process or not 

(Sparks, 2012). High moisture content can indicate e.g. poor washing result, inefficient 

dewatering, or product loss by unsuccessful filtrate recovery.  

 

When the filter cake is not the primary product, particle breakage in the process is rarely a 

significant problem, unless hazardous dust is produced. However, waste treatment costs of 

the filter cake should be taken into account. If the solid waste has to be transported to another 

location, higher moisture content increases the cost of transportation significantly (Sparks, 

2012). Alternatively, more effective (and therefore more expensive) drying methods might 

be required.  

 

In terms of filtrate outcomes, filtrate clarity is surely one of the most important. Solid 

contamination can be a significant problem in the following process steps. As volume of 

produced filtrate defines the capacity of subsequent process steps, throughput of the filtration 
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process itself naturally defines how much slurry can be processed i.e., the scale of the 

process. (Sparks, 2012) 

 

Cost of filtration includes other factors affecting the filtration outcomes, such as 

consumption of power, utilities and washing liquid in the process, along with price of filter 

medium and other consumables. Cost of maintenance and labour, as well as safety, health, 

and environment aspects of the process should be carefully considered here.  
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EXPERIMENTAL PART 

In the experimental part of this thesis particle analysis and leaching and filtration 

experiments were conducted according to decided design of experiments. The aim was to 

define what kind of effects the leaching conditions of recycled cemented carbide powder 

have on the filtration properties of the remaining slurry, and how these properties differ 

between Samples 1 and 2. A rule of thumb here is that better leaching result (i.e. the higher 

the yield) result to more challenging filtration. 

 

9  Study of Particle Properties 

As previously mentioned, study of particle properties of the sample can provide important 

information of its filtration properties. Analysing mean particle size and shape, along with 

particle size distribution (PSD) of the samples gives one a chance to identify possible 

challenges in filtration beforehand. The specimens studied in this work are two samples of 

recycled cemented carbide powder, labelled intermediate product of cobalt metallurgy 

(IPCM). The two samples, addressed in this work as Sample 1 and 2, have distinct physical 

properties and elemental composition.  

 

Visible differences between the two samples come from colour and texture. Sample 1 

appears darker in colour and clumpy texture. The bigger clumps are also appeared “soapy” 

when handled, indicating higher base content. Sample 2 on the other hand appeared a bit 

lighter in colour and grainier in texture, resembling sand or other coarse material. This 

texture indicated that Sample 2 could be less homogenic in PSD.  

 

The elemental composition of both of samples have been analysed qualitatively and 

quantitatively with XRF (Tables 3 and 4, respectively). Cobalt is the most abundant element 

in both of the samples and primary target in leaching. The samples also contain lower 
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amounts of several other elements, that are widely used in cemented carbides, most notably 

aluminium, chromium, iron, sodium, nickel, and silicon. Most significant differences come 

in cobalt concentration, which are 43.8% and 27.4% for Sample 1 and 2, respectively. 

 

Table 3. Qualitative analysis of the two samples. 

Weight-%: Elements: 

> 10% O, Co 

1 – 10% P, Ni, Mn, Al, Cu 

0.1 – 1% Ce, S, Ti, K, Si, Zn, Cl, Fe 

< 0.1% Nb, Sr, Br, Cr, Zr, Pr, Sn, Ca, Mg, La 

 

Moisture contents of the samples were determined by measuring weight of samples before 

and after drying them for 24 hours at 105 °C. Sample 1 had significantly higher moisture 

content (~ 20 w-%) compared to Sample 2 (~ 8 w-%). Pictures of the two samples, both 

before and after drying, are presented below in Figure 5, while sample properties are 

presented in Table 4. 
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Table 4. Comparison of physical properties and chemical composition of the two 

samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Samples 1 and 2 in original form and after drying (105 °C, 24 h).  

 
Sample 1 Sample 2 

Description: 

Darker in colour, clumpy, 

more basic and “soapy”, 

more homogenic 

Coarse and “sandy” in 

composition, less basic and 

visibly less homogenic 

Moisture-%: ~ 20 w-% ~ 8 w-% 

Quantitative analysis of selected elements (Weight %): 

Al 7.4% 6.2% 

Co 43.8% 27.4% 

Cr 0.5% 1.2% 

Fe 1.6% 3.9% 

Na 4.5% 8.0% 

Ni 10.4% 6.4% 

Si 3.4% 5.6% 

Original 
Dried 

Sample 1 

 

Sample 1 

 

Sample 2 

 

Sample 2 
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PSDs of Samples 1 and 2 were analysed with a laser diffraction particle size analyser 

Malvern Mastersizer 3000, using Hydro EV liquid sample dispersion unit. PSD was analysed 

from comparable slurry samples, prepared simply by adding purified water to small powder 

sample. 

 

Average PSDs were produced with repeated analyses of parallel samples to determine both 

repeatability of the analysis method and sampling. The results are presented graphically 

below in Figure 6, along with some characteristic average particle sizes in Table 5. Sample 

1 has a wider PSD, which can indicate a challenging filtration. The PSD of Sample 2 is 

narrower, but there is clear indication of bigger particles that stand out from the bulk.  

 

Table 5. Average particle sizes [μm] of Samples 1 and 2. 

 
D10 D50 D90 D[3,2] 

Sample 1 2.6 16.6 133.2 5.9 

Sample 2 1.5 6.5 45.7 3.0 

 

 

Figure 6. Average PSD of Sample 1 and Sample 2, analysed with Malvern Mastersizer 

3000 laser diffraction particle size analyser. 
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When filtration properties of the two samples are evaluated, it is useful to compare the D10 

particle size of the samples. Sample 2 has D10 value of 1.5 μm, which shows that the sample 

consists of more very small particles than Sample 1 with D10 value 2.6 μm. The PSD analysis 

can determine the volumetric fraction of very small (< 1 μm) particles with good 

repeatability, but larger variation is observed when larger particles (100 – 1000 μm) are 

analysed. This phenomenon is likely due to originate from non-homogeneity of the samples. 

Number of larger particles in the analysed sample has a significant effect on the analysis 

result. 

 

10  Design of experiments 

Statistical designs of experiments (DOEs) are used to systematically analyse the effect of 

several variables to the selected response value (Huhtanen, 2012). According to 

Montgomery (2013), the seven general guidelines for experiment designing are: 

 

1. Recognition and statement of the problem 

2. Choice of factors, levels, and ranges 

3. Selection of the response 

4. Choice of experimental design 

5. Performing the experiment 

6. Statistical analysis of the data 

7. Conclusions and recommendations 

 

Here, the aim is to define what kind of effects the leaching conditions of IPCM powder have 

to the filtration properties of the remaining slurry, and how these properties differ between 

Samples 1 and 2. The hypothesis is that when leaching advances, the particles erode as cobalt 

and other elements dissolve from the solid phase to the liquid phase. This erosion affects 

PSD of the suspension, and in turn deteriorates its filtration properties. It was also predicted 
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that the two samples would perform differently due to their distinct chemical compositions 

and PSDs.  

 

Leaching result is affected by concentration of solid particles in the slurry, pH of the solution 

(essentially the concentration of acid in the solution), temperature, mixing speed, and 

leaching time. Of these variables, acid (H2SO4) concentration and leaching time were 

selected as DOE factors x1 and x2, respectively. The pH of the solution could be used as a 

factor, instead of acid concentration. However, since accurate measurements at low pH 

solutions can be challenging, it proved to be simpler to relate the amount of acid to the 

constant sample weight of the solid material. 

 

The third factor was selected from the filtration conditions. The filtration pressure has an 

effect on the filtration time and filter cake properties, so it was selected as factor x3. Specific 

cake resistance α is a material-specific value and a good indication of filterability of the 

material. Therefore, it was selected as the suitable response value for the experiments.  

 

23-factorial DOE was selected for this work due to it being one of the simplest designs. 23-

factorial DOE is a two-level design, containing 3 selected variables and one response value. 

The selected variables are given a range by selecting high and low values for the 

experiments. When the response values are examined after the experiments, the effect of 

variables can be statistically analysed. 23-factorial DOE method yields 8 filtration 

experiments for both Sample 1 and 2, so 16 experiments in total. These experiments are 

listed below in Table 6. 
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Table 6. Design of experiments. Differing from the initial DOE, a lower filtration 

pressure of 4 bar was used in some experiments, marked with a symbol (*). 

Sample 1 23-factorial DOE  Sample 2 23-factorial DOE 

Expt.  

no. 

Amount 

of H2SO4 

(x1) 

Leaching 

time 

(x2) 

Filtration 

pressure 

(x3) 

 
Expt. 

no. 

Amount 

of H2SO4 

(x1) 

Leaching 

time  

(x2) 

Filtration 

pressure 

(x3) 

1 50 g 1 h  5 bar *  9 50 g 1 h  5 bar 

2 50 g 1 h  6 bar  10 50 g 1 h  6 bar 

3 50 g 3 h  5 bar *  11 50 g 3 h  5 bar 

4 50 g 3 h 6 bar  12 50 g 3 h 6 bar 

5 100 g 1 h 5 bar  13 100 g 1 h 5 bar * 

6 100 g 1 h 6 bar  14 100 g 1 h 6 bar 

7 100 g 3 h 5 bar *  15  100 g 3 h 5 bar * 

8 100 g 3 h 6 bar  16  100 g 3 h 6 bar 

 

In the experiments, it was observed that difference between 5 bar and 6 bar filtration results 

was not significant in most cases. Lower filtration pressure of 4 bar was used in some 

experiments to resolve this problem.  

 

11  Leaching & Filtration experiments 

After DOE, the leaching and filtration experiments were conducted. Leaching conditions 

were selected based on previous knowledge of the reaction. Batch leaching experiment were 

conducted in a glass mixing reactor (Figure 7a). Temperature of the reactor was maintained 

with external water circulation, controlled at 65 °C with a Lauda immersion circulation 

heater. Due to this setup, temperature at the reactor was slightly lower, around 50 – 55 °C.  

 

To produce the suspension for the leaching experiments, 800 ml of water were added to the 

reactor and warmed up to the target temperature. The selected amount of acid was weighted 

from 95% reagent grade H2SO4 and added carefully to the reactor. Mixing speed was set to 

800 rpm. After the solution had warmed up, the weighted amount of selected sample was 

added. In order to keep the solid concentration constant between experiments, sampling was 
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made based on dry weight of the sample. Timing was started after the sample was added to 

the reactor and continued for 1 h or 3 h. The pH of the solution at the start and end of leaching 

were approximated with pH-indicator paper strips. Initial pH for all of the experiments was 

below 2 and no clear increase in pH was detected for Sample 2. For Sample 1, however, 

increase in solution pH was noticed in leaching experiments with lower amount of H2SO4. 

In these experiments the solution pH was around 4 at the end of both 1 h and 3 h leaching.  

 

Table 7. Leaching conditions. 

 

 

 

 

 

 

 

Density and viscosity of the liquid need to be determined before filtration calculations. 

Density of the liquid ρL was assumed to be close to that of aqueous sulphuric acid solution. 

Density of 6 weight-% and 11 weight-% H2SO4 solution at 60 °C is ρL = 1.0203 g/cm3 and  

ρL = 1.0526 g/cm3, respectively (Perry & Green, 2008). Viscosity of the H2SO4 solution was 

assumed to be μ = 0.0006 Pas, values reported by Rhodes & Barbour (1923) were used as a 

reference. 

 

Leaching experiment were conducted inside fume cupboard for safety reasons. Some amount 

of volatile and toxic gases, such as sulphur dioxide (SO2) can form during the leaching. 

Strong odour of SO2 was noticed in some experiments, mostly when 11 weight-% solution 

was used.  

 

Constants:  

Volume of water 800 ml 

Weight of dry sample 100 g 

Temperature of water circulation 65 °C 

Mixing speed 800 rpm 

 

Variables: 

 

Weight of H2SO4 50 g or 100 g 

Leaching time 1 h or 3 h 
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After leaching, a representative slurry sample (around 500 ml) was taken from the reactor 

for the filtration experiments with a syringe. The slurry sample was placed in an intermediate 

mixing tank, that was temperature controlled by a water bath. 250 g – 300 g samples were 

taken from this mixing tank to filtration experiments. The mixing tank was used to ensure 

sufficient mixing of the slurry before taking the filtration sample. The water bath maintained 

the slurry temperature, so that two slurry samples could be filtered successively in different 

filtration pressures. 

 

The Nutsche filter unit is a pressure filter, where compressed gas is used to pressurize the 

filter chamber (Figure 7b). The maximum operating volume of the filter chamber is 350 ml, 

and the filtration area is 0.002 m2. The filter medium is placed at the bottom of filter chamber. 

The pressure difference between the filter chamber and ambient pressure acts as the driving 

force in filtration, pushing filtrate through the filter medium and to the vessel below. The 

temperature in filtration stage was not controlled. The filtrate weight and filtration pressure 

were automatically measured in the experiments once a second.  

 

 

Figure 7. Experiment setup a) mixing reactor for leaching b) Nutsche pressure filter unit. 

a) b) 
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The filtration was continued until filter chamber depleted of liquid and pressurized gas 

started to penetrate through the filter cake and filter medium. Gas flow through the filter 

cake was let to dewater the filter cake for one minute, until the filtration was stopped. After 

filtration, the filter cake height, along with the weight of wet filter cake were measured. Wet 

filter cakes were dried for 24 h at 105 °C to zero moisture, after which the weights of dry 

cakes were measured.  

 

The filter medium selected for the experiments was a cellulosic disc (model T120, Pall 

Corporation). The cellulosic disc had been previously discovered to work well in the Nutsche 

pressure filtration unit, capable of producing clear filtrate in similar conditions. The discs 

were soaked well in water before use in the experiments. A new cellulosic disc was used for 

each filtration, since it was noted that the material experienced so much fouling or 

deterioration in the experiments, that its performance significantly decreased. 

 

12  Results and Discussion 

As expected, Samples 1 and 2 behaved quite differently during the filtration experiments 

after leaching. Filtration properties of the samples were analysed based on collected data 

from the filter unit and filter cake weight before and after drying. PSDs of slurry samples 

after 3 h leaching were analysed to determine how leaching affects particle properties of the 

suspension. In addition, chemical constitutions of filtrate samples were analysed to 

determine yield of cobalt in each of the leaching experiments.  

 

12.1  Filtration analysis 

Filtration of Sample 1 seemed especially susceptible to changes in leaching conditions. 

When the leaching was done with 6 weight-% H2SO4 -solution (H50g), the filtration proved 

to be quite challenging. Filtration time of ~250 g slurry samples took around 60 min, 
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regardless of the filtration pressure. Leaching time did not seem to have an effect on the 

filtration in this range. 

 

Challenging nature of these filtration conditions are also evident in the steep slopes of t/V 

vs. V diagrams. Produced filter cakes had high moisture content (mass ratio was m = 2.89, 

m = 2.85, m = 2.75 and m = 3.19 for Experiments 1 – 4, respectively) and high values of 

average specific cake resistance (αav = 7.67∙1012 m/kg, αav = 1.56∙1013 m/kg, αav = 8.31∙1012 

m/kg, αav = 1.08∙1013 m/kg for Experiments 1 – 4, respectively).  

   

When 11 weight-% H2SO4 -solution (H100g) was used in leaching, filtration of Sample 1 

became much easier. However, leaching time had much greater effect on the length of 

filtration. Slurry sample from 1 h leaching could be filtered in under 5 min, while samples 

from 3 h leaching took nearly 20 min to filtrate. Longer leaching time more than doubles 

average specific cake resistance, from αav = 2.79∙1012 m/kg, αav = 2.14∙1012 m/kg in 1 h 

leaching to αav = 7.46∙1012 m/kg, αav = 8.97∙1012 m/kg in 3 h leaching. Sample 1 filtration 

diagrams are presented below in Figure 8. 
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Figure 8. Filtration experiments for Sample 1 (experiments no. 1 – 8). In figures a) and 

c) filtrate weight is presented as a function of filtration time, while in figures 

b) and d) the related t/V vs. V diagrams are presented along with line equations 

fitted to the datapoints.  

 

Behaviour of Sample 2 was more uniform between the filtration experiments (Figure 9). In 

all of the experiments, filtrations length was 3 – 7 min, much less than for Sample 1. These 

faster filtrations did not however seem to produce filter cakes with significantly lower cake 

resistance. Leaching with 6 weight-% H2SO4 -solution (H50g) in Experiments 9 – 12 

produced filter cakes with following average specific cake resistance: αav = 3.34∙1012 m/kg, 

a) 

 

b) 

c) 
d) 
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αav = 4.09∙1012 m/kg, αav = 5.97∙1012 m/kg, αav = 2.22∙1012 m/kg. The effect of leaching time 

in this range was minimal.  

 

 

Figure 9.  Filtration experiments for Sample 2 (experiments no. 9 – 16). In figures a) and 

c) filtrate weight is presented as a function of filtration time, while in figures 

b) and d) the related t/V vs. V diagrams are presented along with line equations 

fitted to the datapoints.   

 

When 11 weight-% H2SO4 -solution (H100g), an increase is noticed both in filtration length 

and specific cake resistance. After 1 h leaching the average specific cake resistance is 

calculated αav = 3.46∙1012 m/kg and αav = 4.97∙1012 m/kg for Experiments 13 – 14, 

a) 

 

b) 

 

c) 

 

d) 

 



41 

 

respectively. After 3 h leaching the average specific cake resistance doubles to αav = 

7.96∙1012 m/kg and αav = 1.05∙1013 m/kg for Experiments 15 – 16, respectively. These values 

are quite comparable to results from Sample 1 filtrations. All calculated results from the 

filtration experiments are presented below in Table 8. 

 

Table 8.  Calculated suspension, filter cake and filter medium properties from the 

leaching and filtration experiments. Predetermined experiment conditions are 

presented alongside measured filtration pressure Δp and calculated values for 

slurry concentration by mass fraction Csl, filter cake mass ratio m, filtration 

concentration c, and average specific cake resistance αav. 

 

Expt. 

no. 

Sample 

no. 

Amount of 

H2SO4 

Leaching 

time 

Δp,  

Bar 
Csl, - m, - 

c, 

kg/m3 

αav,  

m/kg 

1 1 H50g 1 h 3.98 0.054 2.89 65.4 7.67∙1012 

2 1 H50g 1 h 6.07 0.052 2.85 61.8 1.56∙1013 

3 1 H50g 3 h 4.15 0.051 2.75 60.2 8.31∙1012 

4 1 H50g 3 h 6.08 0.058 3.19 73.0 1.08∙1013 

5 1 H100g 1 h 5.01 0.014 1.32 15.4 2.79∙1012 

6 1 H100g 1 h 6.00 0.023 1.36 24.5 2.14∙1012 

7 1 H100g 3 h 4.16 0.012 1.48 13.2 7.46∙1012 

8 1 H100g 3 h 6.03 0.013 1.46 14.3 8.97∙1012 

9 2 H50g 1 h 4.98 0.006 1.60 6.6 3.34∙1012 

10 2 H50g 1 h 6.04 0.006 1.64 6.4 4.09∙1012 

11 2 H50g 3 h 5.12 0.005 1.69 5.5 5.97∙1012 

12 2 H50g 3 h 6.05 0.013 1.26 13.6 2.22∙1012 

13 2 H100g 1 h 3.93 0.004 1.50 4.7 3.46∙1012 

14 2 H100g 1 h 6.00 0.004 1.52 4.6 4.97∙1012 

15 2 H100g 3 h 3.93 0.004 1.50 4.4 7.96∙1012 

16 2 H100g 3 h 6.11 0.004 1.50 4.6 1.05∙1013 

 

 

There is much variation in filtration concentration c values between the experiments. The 

slurry sampling by syringe has most likely caused some error here, producing slurry samples 

with varying solid material concentration. In addition, some degree of error originates the 

heterogeneous composition of the solid materials. 
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The differences in filtration behaviour are visibly noticeable also when filter cakes from 

different experiments are compared. While leaching time and filtration pressure had little 

effect on the filter cake properties, the amount of acid used in leaching has more significant 

effect, as visualized in Figure 10 below.  

 

Figure 10. Pictures of filter cakes from different filtration experiments.  

 

Most of the filter cakes are very flat, thin, dry, and cracked after filtration, probably due to 

low solid concentration in the filtered suspension. A remarkable difference can be seen in 

Sample 1 filter cakes, when 6 weight-% H2SO4 -solution is used in leaching. The cake is 

thicker (~ 1.5 cm) and has a mud-like consistency and twice as high moisture content as the 

other filter cakes.  
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12.2  PSD analysis 

PSDs of suspension samples after 3 h leaching were analysed and compared to the results of 

original Samples 1 and 2. Two parallel samples were analysed from each suspension, and 

both of these parallel samples were analysed multiple times to gather credible and repeatable 

results. PSD analysis results are presented in following Table 9 and Figure 11. 

 

Table 9. Comparison of average particle sizes of original Samples 1 and 2, and after 3 

h leaching experiments. 

 D10 D50 D90 D[3,2] 

Sample 1, Original 2.6 16.6 133.2 5.9 

Sample 1, H50g, 3h 7.7 21.3 42.5 12.2 

Sample 1, H100g, 3h 1.5 9.3 49.9 3.4 

Sample 2, Original 1.5 6.5 45.7 3.0 

Sample 2, H50g, 3h 1.2 5.9 69.6 2.7 

Sample 2, H100g, 3h 1.0 6.0 94.7 2.5 
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Figure 11. PSD of slurry samples collected after leaching experiments. 

  

Sample 2 Original 

After leaching (H50g) 

After leaching (H100g) 

Sample 1 Original 

After leaching (H50g) 

After leaching (H100g) 

a) 

b) 
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For Sample 1, a remarkable change in PSD was noticed when 6 weight-% H2SO4 -solution 

was used in leaching. The volumetric fraction  of 10 – 50 μm diameter particles is 

significantly increased and PSD is narrower. This change in PSD of the slurry can be a reason 

behind the distinct filter cake properties of the sample and could caused by increased pH 

during leaching. As solution pH increases, surface properties of the particles change. This 

change in surface charge can cause the particles to interact more with each other and to form 

larger flocks. Other possibility for this type of behaviour is that leaching of some chemical 

compounds has occurred differently. Some compounds might not have leached at all from 

the solid material in these conditions, or precipitation of some compounds could have 

occurred during filtration. Extensive filtrate analysis is required to determine this for certain.  

 

For Sample 2, the change in sample PSD is more easily explained by particle erosion by 

leaching. The effect of leaching is noticed from D10 values of the samples. D10 value of 

Sample 2 decreases from 1.5 μm to 1.2 μm in 1 h leaching and to 1.0 μm in 3 h leaching. 

The volumetric fraction of small particles (< 1 μm) increases in the suspension, as expected. 

However, estimating the volumetric fraction of larger particles (50 – 1000 μm) is more 

unreliable from the samples.  

 

12.3  Filtrate analysis 

Filtrate analysis was conducted to estimate success of the leaching. All filtration experiments 

produced a clear filtrate, as was the objective. Some of these filtrate samples are presented 

below in Figure 12. Filtrate colour was clear and red for the leaching experiments done with 

lower amounts of H2SO4. Colour of the filtrate was noticeably darker and purple in the 

experiments done with 11 weight-% H2SO4 -solution. 
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Figure 12. Filtrate samples. Clear filtrate was achieved in each experiment. 

 

The acquired filtrates were analysed with ICP-MS to determine their chemical composition. 

These analysis results for selected elements (aluminium, cobalt, chromium, iron, sodium, 

nickel, and silicon) are presented below in Table 10. Parallel samples from each suspension 

were collected, when the same suspension was filtered twice with different filtration 

pressures. Analysis results from these parallel samples are in a similar level with each other, 

indicting good repeatability in leaching experiments. The second of parallel samples always 

has a slightly higher concentration than the first, due to longer residence time in leaching 

solution.  
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Table 10. Concentrations (g/L) of aluminium, cobalt, chromium, iron, sodium, nickel, 

and silicon in filtrate samples, analysed with ICP.  

 

Expt. 

no. 

Sample 

no. 

Amount of 

H2SO4 

Leaching 

time Al Co Cr Fe Na Ni Si 

1 1 H50g 1 h 1.88 20.40 0.26 3.00 4.96 0.94 0.21 

2 1 H50g 1 h 1.86 22.20 0.26 3.15 5.30 1.07 0.15 

3 1 H50g 3 h 1.69 21.80 0.24 3.23 5.14 0.96 0.16 

4 1 H50g 3 h 1.67 23.40 0.23 3.43 5.35 1.06 0.13 

5 1 H100g 1 h 2.19 24.00 0.64 3.83 4.74 1.31 3.03 

6 1 H100g 1 h 2.28 25.20 0.70 4.10 4.94 1.39 3.15 

7 1 H100g 3 h 2.47 27.20 0.83 4.36 5.16 1.57 3.06 

8 1 H100g 3 h 2.59 28.60 0.91 4.68 5.45 1.68 3.22 

9 2 H50g 1 h 0.94 11.24 0.22 1.45 2.19 0.63 1.07 

10 2 H50g 1 h 0.94 11.37 0.25 1.59 2.20 0.66 1.09 

11 2 H50g 3 h 0.96 15.44 0.29 1.59 2.24 0.87 1.06 

12 2 H50g 3 h 1.00 16.05 0.31 1.66 2.29 0.90 1.05 

13 2 H100g 1 h 0.84 12.82 0.23 1.32 1.84 0.75 0.92 

14 2 H100g 1 h 0.86 13.31 0.29 1.53 1.83 0.81 0.94 

15 2 H100g 3 h 0.79 23.80 0.28 1.42 1.65 1.38 0.81 

16 2 H100g 3 h 0.81 24.40 0.32 1.54 1.64 1.41 0.81 

 

 

The amount of acid in leaching has more significant effect on the leaching result than 

leaching time for Sample 1. However, for Sample 2 the effect of leaching time is more 

considerable. Sample 2 contains less cobalt than Sample 1, which is naturally also observed 

in leaching results. Therefore, it is also important to consider yield of the leaching. 

 

Yield of cobalt in leaching can be estimated by comparing filtrate analysis results to the 

theoretical maximum, i.e. initial concentration of cobalt in XRF results of original samples. 

This mass balance calculation provides more information of the leaching result. The 

calculated results for cobalt yield in the experiments are presented below in Figure 13.  
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Figure 13. Yield of cobalt in the leaching experiments. 

 

Yield of cobalt increases only slightly as leaching time of Sample 1 is lengthened. This might 

occur because Sample 1 produced more basic aqueous solution, so more acid was consumed 

by neutralization reactions. Yield of cobalt increases significantly when Sample 2 is leached 

with higher amount of acid. Cobalt yield is quite low for industrial recovery process. Even 

though increasing cobalt yield through more effective leaching does have a negative effect 

on filtering properties of the slurry, it is likely necessary, so that recycling of the material 

becomes profitable. 

 

13  Further research topics 

Leaching and filtration results provide some information on the filterability of the two 

cemented carbide samples. These results can however be utilized only as a starting point for 

further research on the topic. If the material is intended to be recycled and utilized efficiently 

in an industrial scale recovery process, there are still multiple challenges to consider.  
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Leaching conditions used in this work are not sufficient for efficient cobalt recovery. It is 

likely that higher acid concentration or different chemicals must be used to achieve higher 

cobalt yield. However, if improvements to leaching are made only with cobalt yield in mind, 

the filtration properties of remaining slurry can quickly deteriorate, as these preliminary 

filtration results showcase. 

 

Sampling errors of both the dry solid material and the slurry samples have a significant effect 

on the experimental results, especially when heterogeneous materials are used. Therefore, it 

is essential to design the experiments with precision and select sampling methods carefully 

to reduce errors caused by inefficient sampling. Reactor used in the leaching should also be 

designed in a way that allows effortless sampling before filtration experiments for safety 

reasons. This is important especially if harsher leaching conditions (i.e., stronger acids, 

higher temperature etc.) are used in the experiments.  

 

One possible way to improve the filtration properties of the slurry is to use a higher solid 

content in leaching. Increased solid content can make filtration less challenging, because the 

filter cake forms faster on top of the filter medium and smaller particles do not get a chance 

to block pores of the medium. With higher solid content cobalt concentration in the filtrate 

can also be increased, even though overall cobalt yield is not necessarily improved. 

 

If modification of leaching properties does not provide a desired outcome, another 

interesting possibility to consider is pretreatment and modification of the raw material before 

leaching. Both Sample 1 and 2 were quite heterogeneous in their particle properties and had 

wide PSD. Fractionation of the samples with wide PSD based on particle size has been 

documented to improve filtration properties of the sample (Vehmaanperä et al, 2018). This 

kind of fractionation could be possible before or after leaching. Grinding the solid raw 

material into more uniform consistency might also have similar effects.  

 

Filtration of challenging suspension can also be made easier by addition of coagulation or 

flocculation chemicals or either precoat or bodyfeed -type filter aids. Process requirements 
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might not however allow addition of these filtration benefiting chemicals, since process 

conditions are likely too harsh for polymers and filter aids can contaminate both the filtrate 

and the solid filter cake residue. 

 

The pH of the solution seems to have an effect on interaction between the particles in the 

solution environment based on experimental results, at least in a certain pH range. 

Modification of solution pH after leaching could improve filtration properties of the slurry. 

However, this type of modification in pH might not be realistic or even effective in the pH 

range required by the recovery process. 

 

Even though clear filtrate was produced with cellulosic disk filter medium, it is clear that the 

material type is not suitable for industrial scale, since the chemical resistance of the material 

is not sufficient for a continuous process. Selection of filter medium material and type 

requires its own extensive research. In this selection, the professionals working for filter 

medium manufacturers should be consulted, but further filtration tests with potential 

materials are nevertheless required.  

 

Further testing of filtration conditions should be made with the main process targets clearly 

defined. A possible target for further testing could be achieving efficient recovery of clear 

filtrate, along with required cobalt yield and filter cake moisture content. Increasing solid 

concentration of the slurry, finding suitable filter medium material and conducting the 

filtration in a temperature-controlled system could be some of the solutions to achieve these 

goals. 
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14  Conclusions 

In this thesis, the effect of leaching conditions on the slurry filtration properties was 

examined with two cemented carbide samples. The effect of acid (H2SO4) concentration, 

leaching time and filtration pressure to slurry filtration was tested with leaching and filtration 

experiments.  

 

The two samples had quite different physical properties, so it is only natural that they 

behaved differently in the leaching and filtration experiments as well. Most notably Sample 

2 had more heterogenous consistency than Sample 1 and contained larger relative volume of 

small (< 10 μm) particles. Sample 1 proved to be more susceptible to changes in leaching 

conditions. Furthermore, the amount of acid used in leaching was observed to be the most 

important factor affecting filtration of the selected variables, while the effect of leaching 

time and filtration pressure was minimal at the selected range. However, it is probable that 

other factors in the experimental setup, such as errors in solid material sampling or 

differences in slurry sampling before filtration have affected the results. In addition, pH of 

the solution changed in some experiments due to the low acid concentration. This change in 

solution environment undoubtedly had an effect on particle properties of the slurry, and in 

turn affected filtration of the sample. Cobalt yield in the leaching was quite low, around 30% 

– 50% in the experiments, due to mild reaction conditions.  

 

The results of this thesis provide some initial information of filtration properties of leached 

cemented carbide. However, because the leaching and filtration conditions used here do not 

represent realistic industrial process conditions, more research is needed before conclusions 

can be drawn of the chemical system and optimal process conditions. Interesting research 

topics would be optimization of leaching conditions by selecting target for cobalt yield, 

experiments with higher solid concentration, or improvement of filtration conditions of the 

slurry by coagulation, flocculation, or filter aids.  
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