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Abstract
Filtration is a mechanical operation used for solid-liquid separation. It is widely employed for preparation
of concentrated mineral suspensions and for purification of biological suspensions. The efficiency of filtration is
mainly determined by filtration rate, which depends on colloidal properties of initial suspension (size of particles
and aggregation state). In order to improve filtration efficiency, initial suspensions are usually pretreated by
flocculants. Flocculation decreases concentration of fine particles, enhances aggregation of particles, decreases
specific cake resistance, and thus increases filtration rate. However, use of flocculants may also deteriorate
required properties of the final suspension and filtrate. For example, flocculation of mineral suspensions results
in undesirable decrease of filter-cake dryness and impedes filter cake liquefaction. Flocculation of biosuspensions may decrease the transmission of valuable products from initial suspension to filtrate and may
deteriorate filtrate quality. Consequently, pretreatment of suspension by flocculant may decrease the total
efficiency of filtration.
Alternative pretreatment methods were proposed in order to improve filtration efficiency. For example,
pretreatment of suspension with a dispersant is used for preparation of concentrated and flowable filter cakes.
Pretreatment of bio-suspensions by high pressure homogenization and other disruption methods may be used for
making higher the concentration of valuable intracellular components in filtrate. However, such pretreatment
may decrease the filtration rate and the total efficiency of filtration due to increase of the membrane fouling or
formation of denser filter cake.
Therefore, choice of the optimal pre-treatment method should account both for the filtration rate and the
final properties of filtrate and filter cake. This optimisation requires the knowledge of colloidal properties of the
feed suspension and dependence of these properties on intensity of various chemical and physical pre-treatments,
and it creates a need in the simple method for determination of filterability. It also requires the knowledge of the
mechanisms of filtration under various experimental conditions.
This thesis is focused on the influence of different pretreatment methods (use of dispersants, high voltage
electrical disruption, and high pressure homogenization) on filtration of mineral (kaolin, calcium carbonate) and
biological (yeast) suspensions. It also deals with determination of local compression-permeability properties of
concentrated suspensions from the centrifugal settling experiments.
Investigation of the influence of a dispersant on preparation of flowable and concentrated suspension of
kaolin has shown that preparation of kaolin suspensions with concentrations above 70 % wt is unreasonable due
to low fluidity of the concentrated suspensions. It was concluded that low fluidity of concentrated suspensions is
related to morphology (high aspect ratio) of the kaolin particles. Increase of suspension’s concentration results in
the percolation of stabilized kaolin particles and in abrupt decrease of fluidity.
It was shown that highly concentrated (> 75 % wt) and flowable suspension of calcium carbonate may be
prepared by means of dynamic filtration with addition of sodium polyacrylate. The optimal dryness of
suspension obtained by dynamic filtration with delayed addition of a dispersant was higher than the optimal
dryness of initially deflocculated suspension after its dynamic filtration.
It was also observed that continuous treatment of yeast suspension by high voltage electric discharges
(HVED) may be used for disruption of the cells and extraction of intracellular bio-products. However, it also
results in formation of cell debris and decrease of filtration rate due to internal membrane fouling. Comparison
of the novel method of HVED-treatment with classical method of high pressure homogenization (HPH) shows
that HPH is more effective disruption method than HVED, since it results in higher extraction of proteins and
other bio-products at the same value of disintegration index of yeast cells. However, if the value of disintegration
index Z is above 0.9, filtration of HPH-disrupted yeast suspension is governed by pore blocking mechanism. It
results in very low rates of filtration of the maximally HPH-treated suspensions.
Also, two independent methods for analysis of the experimental dependencies measured during the
centrifugal consolidation were proposed. The dependencies of local compression and permeability characteristics
versus solid pressure were estimated by these methods for aqueous suspension of calcium carbonate.
Keywords: dead-end filtration, dynamic filtration, centrifugal consolidation, concentrated suspension,
kaolin, calcium carbonate, yeast, dispersant, flocculant, high pressure homogenization, high voltage electrical
discharges, filter cake dryness and fluidity, specific filtration resistance, membrane fouling, coefficient of
consolidation, extraction.

Résumé
Ce travail de thèse est axé sur l’effet de différentes méthodes de prétraitement (utilisation des dispersants,
traitement électrique et homogénéisation à haute pression) sur la filtration des suspensions minérales (kaolin,
carbonate de calcium) et biologiques (levure). Il traite également de la détermination des propriétés locales de
compression-perméabilité de suspensions concentrées à partir d’essais de sédimentation centrifuge.
Une étude est menée sur l’influence de dispersants pour la préparation de suspensions de kaolin concentrées
mais demeurant fluide. L’augmentation de la concentration de la suspension provoque une percolation des
particules de kaolin stabilisées et une diminution brusque de la fluidité. Cependant, à partir d’une concentration
massique de la suspension de 70 %, son caractère fluide devient faible. Cela s’explique par la morphologie des
particules de kaolin (haut rapport hauteur/ largeur).
Une suspension de carbonate de calcium très concentrée (> 75 % massique) et fluide peut être préparée par
filtration dynamique et addition d’un dispersant : le polyacrylate de sodium. L’étape à laquelle est introduit le
polyacrylate de sodium influence la concentration de la suspension. Ainsi, l’ajout du dispersant au cours de la
filtration permet d’atteindre une siccité optimale supérieure à celle obtenue si la suspension est défloculée par le
dispersant avant filtration.
Une étude porte sur le traitement en continu des suspensions de levures par décharges électriques de haute
tension (DEHT). Il est constaté que ce procédé peut être utilisé pour la destruction des cellules et l’extraction des
bioproduits intracellulaires. Cependant, il provoque aussi une formation de débris cellulaires et une diminution
du taux de filtration due au colmatage des membranes. La comparaison de la nouvelle méthode de DEHT avec
celle classique d’homogénéisation à haute pression (HHP) met en évidence que le traitement par HHP est une
méthode de destruction plus efficace que le DEHT. Ainsi, pour une même valeur de l’indice de désintégration
des cellules de levure (Z), il permet une extraction supérieure des protéines et des autres bioproduits. Pourtant, si
la valeur de l’indice de désintégration dépasse 0,9, la filtration de la suspension traitée par HHP est régie par un
mécanisme de colmatage des pores, entraînant un très faible taux de filtration.
Enfin, deux méthodes indépendantes d’analyse des dépendances expérimentales obtenues durant la
consolidation centrifuge sont développées. Les dépendances des caractéristiques locales de compression et de
perméabilité en fonction de la pression de phase solide ont été estimées par ces méthodes pour la suspension
aqueuse de carbonate de calcium.
Mots-clés : filtration frontale, filtration dynamique, consolidation centrifuge, suspension concentrée, kaolin,
carbonate de calcium, levure, dispersant, floculant, homogénéisation à haute pression, décharges électriques de
haute tension, siccité et fluidité du gâteau de filtration, résistance spécifique du gâteau de filtration, colmatage de
la membrane, coefficient de consolidation, extraction.
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Introduction
The introduction describes the challenges existing in the field of filtration and makes
short overview of the objectives of the thesis and its contribution to the field of filtration.
Filtration is a mechanical operation used for solid-liquid separation. It is defined as
separation of particles or soluble solids from a liquid medium on the surface of semipermeable membrane. Filtration is employed in many industries: from the paper making and
the mineral industry to the beverage industry and biotechnology.
Various filtration methods (e. g., dead-end filtration, cross-flow microfiltration, dynamic
filtration and ultrafiltration) are created in order to solve different practical problems. For
example, dead-end filtration is commonly used for preparation of concentrated filter cakes
from diluted suspensions; microfiltration is used for purification of different biological
suspensions (purification of fermentation broth, separation of soluble bio-products from the
processed cell suspension). Micro- and ultrafiltration of juices and plant extracts is employed
for separation of colloidal impurities, decrease of turbidity, coloration and concentration of
active components. Dynamic filtration is aimed at avoiding or reducing of the cake formation,
therefore, it is usually employed for filtration of various mineral and biological suspensions
forming low permeable filter cakes.
The effectiveness of filtration is determined by three parameters: the filtration rate, the
quality of filtrate and the quality of the final filter cake or of the concentrate. A number of
methods for the improvement of these parameters exist. They are based on the various
physical and chemical pre-treatments of the filtered suspensions.
Filtration rate may be improved by pre-treatment of suspension with a flocculant, which
enhances the attraction between the particles and increases the particle size. Dynamic
filtration may be improved by pre-treatment of suspension with a dispersant, decreases the
attraction of particles and facilitates the filter cake erosion.
Pre-treatment of suspension by a dispersant may be needed if the filter cake with high
dryness and high fluidity is required.
Treatment with a flocculant is also used in order to decrease the turbidity and increase the
filtrate quality in the microfiltration of biological suspensions.
Different physical (high pressure homogenisation, high voltage electrical discharges) and
chemical (enzymatic treatment) methods were proposed for improvement of the extraction of
bio-products from microbial cells (e.g., yeast cells) and, thus, for improvement of the filtrate
quality (concentration of intercellular bio-products) during the membrane-assisted extraction.
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In should be noted that the main parameters determining the filtration efficiency are
interdependent. Both filtration rate and the final product quality depend on the colloidal
properties and chemical composition of the filtered suspension (particles size, shape, surface
charge and aggregation state, concentration of particles, concentration of polymeric
molecules, etc.). For example, filtration rate is frequently limited due to membrane fouling
and formation of low-permeable deposit of fine particles on the membrane surface (during the
dead-end filtration of non-flocculated mineral suspensions). The negative impact of
membrane fouling and deposit formation on the filtration rate may be reduced by means of
chemical pre-treatment of feed suspension (flocculation). However, the feed suspension pretreatment with a flocculant may influence negatively on the filter cake properties (decrease
the final dryness and reduce the viscosity of the liquefied filter cake) and may contaminate the
filtrate. Therefore, choice of the optimal method of pre-treatment should account for its
influence on each factor, determining the filtration efficiency.
Optimisation of the total filtration process requires knowledge of colloidal properties of
the feed suspension, dependence of these properties on intensity of various chemical and
physical pre-treatments, and creates a need in a simple method for determination of
compression-permeability properties (cake resistance and solidosity). It also requires
knowledge of filtration mechanism under various experimental conditions (operational
parameters and colloidal properties of the suspension).
The influence of various physical and chemical factors on filtration was studied
intensively, and many methods for determination of filtration properties were developed.
However, some filtration-related problems remain unsolved. Here, determination of local
compression-permeability properties from the centrifugal settling experiments, preparation of
highly concentrated and flowable mineral filter cakes, and determination of the optimal pretreatment method for the filtration-assisted extraction of intercellular components of yeast can
be mentioned. These problems are discussed in the present thesis.
This thesis consists of four chapters. The Chapter I (Literature review) summarises the
theories of filtration (dead-end filtration, dynamic filtration and membrane fouling). It is
divided in four sections.
Section I.1 of the literature review discusses the method developed for determination of
the local compression-permeability properties of filter cakes.
Section I.2 of the literature review contains discussion of the dead-end filtration of a
deflocculated mineral suspension. The section considers different factors impacting the
permeability, dryness and viscosity of mineral filter-cakes (size and shape of mineral
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particles, their surface properties, presence of various chemical additives, and concentration
of suspension). Special attention is paid to the kaolin suspensions and to the influence of a
dispersant (polyacrylic acid) on their colloidal, structural and filtration properties.
Section I.3 of the literature review is devoted to dynamic filtration of mineral
suspensions. It discusses advantages of cake removal during filtration of concentrated and
deflocculated mineral suspensions. A review of dynamic filtration models and various effects
related to deposit formation during dynamic filtration is presented together with discussion of
the possibilities to reduce the deposit formation. Special attention is paid to dynamic filtration
of calcium carbonate suspensions and possibility of preparation of highly concentrated
calcium carbonate suspension by means of dynamic filtration in the presence of a dispersant.
Section I.4 deals with peculiarities of filtration of complex bio-suspensions (mixture of
cells, cell debris and bio-molecules). It starts with an overview of the membrane fouling
mechanisms and the methods that are used for flux analysis and determination of the fouling
mechanism. The causes of membrane fouling during filtration of bio-suspensions and
available methods of avoiding the fouling are discussed.
Chapter II describes materials and methods used in this study.
Chapter III of the thesis is based on the results of five papers devoted to filtration of the
chemically and physically pre-treated mineral and biological suspensions and to
determination

of

filtration-consolidation

properties

of

mineral

suspensions

from

centrifugation experiments.
Paper I is devoted to the dead-end filtration of kaolin suspension in the presence of a
dispersant. It deals with an important challenge in mineral industry: preparation of highly
concentrated mineral suspensions with low viscosity. Influence of dispersant addition and
particle concentration on viscosity and filterability of kaolin suspension was studied and
relation between colloidal properties of kaolin particles, structural properties of kaolin
suspensions and structure of the filter-cake is discussed in this paper. The aim of this work is
to provide better understanding of the properties of highly concentrated suspensions and to
study the limiting effects, which prevent these suspensions from dewatering by filtration.
Paper II proposes an alternative way for preparation of concentrated mineral suspensions
with low viscosity. It presents the results of a lab-scale study of dynamic filtration of calcium
carbonate suspension in the presence of polyacrylic acid. Influence of operational parameters
(filtration pressure and shear rate) and dispersant concentration on effectiveness of filtration is
discussed.
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In Papers III and IV, the study of filtration of disrupted yeast suspensions is reported.
The aim of this study is to define conditions of filtration and method of disruption allowing
maximisation of the filtration rate and preservation of the quality of filtrated extracts. The
papers compare the influence of two methods of yeast disruption (mechanical homogenisation
and electrical treatment) on the filtration efficiency, mechanism of membrane fouling, and the
filtrate quality. The impact of flocculation of disrupted yeast suspension on filtration is also
discussed.
Paper V presents two independent methods for estimation of compression-permeability
properties of mineral suspensions (local specific filtration resistance and local consolidation
coefficient). The first method is based on analysis of ultimate compression at various
centrifugal speeds. The second method is based on analysis of kinetics of centrifugal
consolidation of the studied suspension.
The Chapter IV summarizes conclusions of the discussed papers and presents some
suggestions for further work.
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I.1. Cake filtration and consolidation of mineral suspensions
Notation for Section I.1
a

particle size [m]

A

membrane surface area [m2]

B

parameter of Eq. (I.35)

cc

solid weight fraction of filter cake [–]

Ce

average consolidation coefficient [m2/s]

cs

solid weight fraction of suspension [–]

D

solid diffusivity [m2/s]

e

void ratio [–]

Ei

rigidity of the “spring”

f

parameter defined by Eq. (I.41)

H

height of the consolidate [m]

k

permeability [m2]

k’

Kozeny constant

ko

parameter of constitutive equation

L

cake thickness, height of the sediment [m]

n

parameter of constitutive equation

pa

parameter of constitutive equation

pk

parameter of constitutive equation

pl

liquid pressure [Pa]

pn

parameter of constitutive equation

ps

solid pressure [Pa]

Δp

filtration pressure [Pa]

Py

compressive yield stress [Pa]

ql

superficial liquid velocity [m/s]

qs

superficial solid velocity [m/s]

R

radial distance from the axis of rotation to the bottom of the sediment [m]

r(φ)

hindered settling function [–]

Rm

membrane resistance [m–1]

So

specific surface area of particles [m2/m3]

t

time [s]

U

average consolidation ratio [–]

u

settling velocity [m/s]
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V

volume of filtrate [m]

x

distance [m]

Greek letters
α

specific cake resistance [m/kg]

αav

average specific cake resistance [m/kg]

αo

parameter of constitutive equation

β

parameter of constitutive equation

β

parameter of Eq. (I.35)

β

slope of the filtration curve presented in t versus (V/A)2 coordinates

δ

parameter of constitutive equation

ε

porosity [–]

η

parameter of Eq. (I.35)

Θ

viscosity of the “dashpot”

μ

liquid viscosity [Pas]

ρl

density of liquid [kg/m3]

ρs

density of solid [kg/m3]

υ

parameter of Eq. (I.37)

φ

solidosity, solid volume fraction [–]

φg

concentration of structure formation [–]

φo

parameter of constitutive equation

ω

material coordinate [m]

Ω

centrifugal rotation speed [rad/s]

ωo

total height of solids [m]
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I.1. Characterisation of cake formation and consolidation
I.1.1. Basic equations of cake filtration
When solid particles of suspension are larger than the pore size of the filter medium, they
form a deposit known as filter cake. Filtration is then called cake filtration or dead-end
filtration (if the suspension flow is perpendicular to the filter surface). Filter cake may be
considered as a solid packed bed made up of contacting particles and interparticle pores where
interstitial liquid may flow (Fig. I.1.a).

(b)
ql

L, ωo

Δp

suspension
pressure

(a)

qs

ps
pl

filter cake
L
filter medium

distance from the filter medium

Fig. I.1. Schema of a filter-cake (a), pressure distribution in a filter cake (b).
Driving force of filtration is the pressure difference between filtered suspension and filter
medium Δp.
In conventional theory of cake filtration, the process of cake formation is described by the
next set of equations [Vorobiev, 2006; Lee and Wang, 2000; Olivier et al., 2007; Wakeman
and Tarleton, 1999]:


material balance equations for liquid and particles, relating the superficial liquid (ql) and

solid (qs) velocities with local porosity (ε) and local solid volume fraction (φ)
∂ql/∂x = ∂ε/∂t

(I.1)

∂qs/∂x = ∂φ/∂t

(I.2)

where t is the time and x is the distance.


force balance equation, relating liquid pressure pl with solid pressure ps:
∂pl/∂x + ∂ps/∂x = 0

(I.3)

Liquid pressure pl presents the local hydraulic pressure in the pores: the value of pl is maximal
at the suspension-cake interface and decreases to zero at the membrane surface (Fig. I.1.b).
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Solid pressure ps presents the cumulative drag force acting on the particles. During the
filtration, the drag force appears due to the friction between the flowing interstitial liquid and
the particles. The solid pressure builds up from particle to particle: it changes from 0 on the
surface of the filter cake to Δp on the membrane surface (Fig. I.1.b). At the same time, the
value of liquid pressure pl decreases from Δp to 0 due to the friction (Fig. I.1.b).


Darcy’s equation, relating pressure drop in the porous medium dpl/dx with the interstitial

liquid velocity:
dpl/dx = – μ ε(ul – us)/k

(I.4)

where ul – us is the relative velocity of the interstitial liquid, ul = ql/ε, us = qs/φ, μ is the
viscosity, k is the permeability (in m2). For incompressible solids, us = 0.
Eq. (I.4) may be presented using the material coordinate ω:
dpl/dω = – αμ ερs(ul – us)

(I.5)

where ω is the height of solid (ω = φx), α is the local specific resistance of the filter cake
(α = 1/(kφρs)), ρs is the density of the solid.
Darcy’s law is valid only for a laminar flow, which is characterised by a low Reynolds
number Re ≤ 1–10. For a packed bed, the Reynolds number is
Re = aρl(ul – us)/(μ ε)

(I.6)

where l is the density of liquid, a is the particle size. In practice, a typical particle size in a
colloidal mineral suspension is 1 m. The porosity of a filter cake is normally close to 0.5 and
the volume flow rate during filtration is within 10–1000 lm–2h–1. Therefore, Reynolds
number characterising filtration through the filter cake is low enough (Re  10–3) and Darcy’s
law can describe the filtration of colloidal mineral suspensions.
Complete description of filtration process may be done on the basis of Eqs. (I.1–I.5). If we
assume that ul >> us and the liquid velocity ql is constant across the filter cake, then
integration of Eqs. (I.4) and (I.5) with consideration of Eq. (I.3) yields
ql L 

1

0

 kdp s

(I.7)

 p

ql  o 

1

0

1

 s

p





dp s

(I.8)
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where L is the cake thickness, and ωo is the total height of solids in the cake. Further
integration of Eqs. (I.7)–(I.8) requires information about the pressure dependence of the
parameters k and α.
I.1.2. Pressure dependence of the filtration parameters. Constitutive equations

All suspensions and filter cakes are compressible to a greater or lesser extent: application
of the pressure results in their compaction (increase of the solid concentration, decrease of the
permeability). Dependence of solid volume fraction on compression stress (solid stress, ps) is
frequently presented in the form of empirical constitutive equation [Tiller and Leu, 1980]
φ = φo(1+ps/pa)β

(I.9)

where φo, β and pa are empirical constitutive parameters. Other empirical equations for
pressure dependence of solidosity may be found in the literature [Tiller, 1955; Murase et al.,
1980]:
φ = φo at ps < ps, min

(I.10.a)

φ = φ1(ps)β at ps > ps, min

(I.10.b)

(1-φ)/φ = φ2 – φ3 ln(ps)

(I.11)

where φi are empirical constants.
Pressure dependence of other filtration parameters (k and α) also may be presented in the
form of power-law equations [Tiller and Leu, 1980; Tiller and Yeh, 1987]
k = ko(1+ps/pk)–δ

(I.12)

n

(I.13)

α = αo(1+ps/pn)

where ko, αo, δ and n are empirical constants. More constitutive equations may be found in the
literature [Olivier et al., 2007; Vorobiev, 2006]. The values of constitutive parameters may be
calculated by fitting of the experimental pressure dependencies φ(ps), k(ps) and α(ps) using
Eqs. (I.9)–(I.11), (I.12), and (I.13). However, experimental determination of the local values
of solid pressure, solidosity and permeability is a difficult task (especially in a wide range of
pressure). Frequently, fitting of the experimentally measured average values of φ and α
plotted versus filtration pressure Δp by the constitutive equations are used for determination
of β and n and for evaluation of the level of compressibility.
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I.1.3. Theoretical models of permeability

Two theoretical models are frequently used for prediction of the permeability of filter
cake: Kozeny-Carman’s model and Happel’s model [Happel and Brenner, 1965]. These
models relate the permeability with measurable properties of the filter cake: specific particle
surface area, particle shape, and solid volume fraction.
According to Kozeny-Carman’s approach, the liquid flow in pores of a filter cake is
equivalent to the laminar liquid flow in a cylinder with the hydraulic radius r equal to
r = ε/(Soφ)

(I.14)

where So is the specific surface area of particles (in m2/m3).
Thus, Kozeny-Carman’s equation for the permeability of filter-cake is expressed as
k

3
k S o2 2

(I.15)

and the specific cake resistance is expressed as



k S o2

 3s

(I.16)

where k’ is the empirical Kozeny constant, which depends on the shape and size of particles
and tortuosity of pores. For regular-shaped particles (spherical, elliptical, cubic), k’ usually
equals to 4–5. For irregular particles the value of k’ increases with the increase of the particle
anisotropy. Therefore, in general case the value of k’ is determined experimentally from the
data on filter cakes permeability.
Happel and Brenner [1965] calculated the filter cake permeability in the framework of the
cell model. According to this model, the filter cake permeability is equal to the integral
permeability of a number of regularly packed “cells” consisting of a particle and surrounding
liquid layer. The particle to the cell volume ratio corresponds to the volume fraction of
particles in the filter cake. For spherical particles, the permeability is equal to
k

1 6  9 1 / 3  9 5 / 3  6 2

.
S o2
 (3  2 5 / 3 )

(I.17)

and the specific resistance is equal to



S o2

s



3  2 5 / 3
.
6  9 1 / 3  9 5 / 3  6 2

(I.18)
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Once pressure dependence of the solid volume fraction φ = φ(ps) is experimentally
measured, it may be used for calculation of the local permeability k = k(φ(ps)) and the local
specific resistance α = α(φ(ps)) using Eqs. (I.15–I.18). However, Eqs. (I.15–I.18) should be
used with a caution for description of real filtration: Kozeny’s equation is valid only for
concentrated filter cakes, while Happel’s equation was deduced for the case of monodisperse
system of regularly packed non-contacting spherical particles.
I.1.4. Integration of the basic equations of cake filtration

If pressure dependence of the local permeability and local specific resistance is defined
(e.g., by Eqs. (I.12–I.13)), integration of the basic equations of cake filtration (I.7–I.8) yields
ql L 

 (1  p / p n )1  1 p

k
(
1
p
/
p
)
d
p
=

 o
k o

s
n
s
 p


p
p
(
1

)
/
n
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and
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The bracketed expression in Eq. (I.19) equals to the average permeability kav, and the
bracketed expression in Eq. (I.20) corresponds to the average specific resistance of the filter
cake αav. Average value of the solidosity may be calculated from Eqs. (I.4) and (I.9) as
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0

Using Eq. (I.20) one may obtain general equation describing the filter cake formation:

dV
1
p
 ql 
Ad t
 av o  s 

(I.22)

where V is the filtrate volume, t is the filtration time, A is the area of the filter medium.
Essentially, Eq. (I.22) is a Darcy’s equation with the specified value of the pressuredependent filter cake specific resistance. Resistance of the filter medium Rm may be
introduced and Eq. (I.22) may be rewritten as
dV
1
p

A d t ( av o  s  Rm ) 

(I.23)
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  dV 
 is constant.
where Rm = 
 p A d t 
The value of ωo may be determined from the volume of filtrate as

o 

V l
(c  cc,1av ) A s

(I.24)

1
s

where cs is the solid weight fraction in the filtered suspension, cc, av is the average solid weight
fraction of the filter cake. The value of cc, av may be calculated as
cc, av  (1 /  av  1)  l /  s  1 .
1

(I.25)

Substitution of Eq. (I.24) in Eq. (I.23) with subsequent integration of Eq. (I.23) over the
filtration time and filtrate volume yields classical equation of cake filtration (Ruth-Carman
equation):

 l  av
Rm
t  to
(V  Vo ) 

1
1
2
V  Vo 2 A p(c s  cc, av )
Ap

(I.26)

where to and Vo are the time and volume of filtrate corresponding to the initial point of
integreation, , respectively.
Eq. (I.26) is commonly used for description of a dead-end filtration and determination of
αav. Once several values of αav are measured at various filtration pressures Δp, the constitutive
parameters for the local specific resistance may be determined. Though Eq. (I.26) was derived
for description of the filter cakes with the pressure dependent αav, it is not appropriate for
analysis of filtration with formation of highly compressible filter cakes. It was assumed
during derivation of Eq. (I.26) that the solid velocity is negligible (qs = 0), the liquid velocity
is constant through the filter cake (∂ql/∂x = 0), the pressure drop across the cake is constant
and the pressure drop across the filter medium is neglected (Δp = const). These assumptions
are not valid for filtration with formation of highly compressible filter cakes. More rigorous
analysis of cake filtration incorporating the effect of variable liquid velocity may be found in
the literature [Stamatakis and Tien, 1991; Lee et al., 2000]. The effect of filtration pressure
redistribution between the filter cake and filter medium on filtration was analyzed in
[Vorobiev, 2006]. The process of filter cake consolidation was thoroughly studied in the
literature, and it is discussed in the next Section.
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I.1.5. Consolidation of a filter cake

Since solid content in a filter cake is constant during the cake consolidation, the material
coordinates are preferred for description of this process. The material balance equation in
terms of material coordinates is presented as [Shirato et al., 1970a]
 (ql  eq s )
e

t


(I.27)

where e is the void ratio (e = ε/φ), ω is the material coordinate.
Introduction of Eq. (I.27) in Darcy equation yields the consolidation equation
e
  1 p s 

.

(I.28)
t
   s  
Eq. (I.28) may be solved if rheological properties of the filter cake (linear elastic, linear

visco-elastic, non-linear elastic or visco-elastic) are defined.


When filter cake is assumed to behave as an elastic body (if the cake solidosity is a unique

function of solid pressure), left part of Eq. (I.28) may be presented as
e e p s

.
t p s t

(I.29)

Introduction of Eq. (I.29) in Eq. (I.28) yields consolidation equation for elastic bodies
p s
  1 p s 
1

.

t
e / p s    s  

(I.30)

Eq. (I.30) contains the pressure dependent parameters α and ∂e/∂t, which may vary
significantly during the consolidation. In spite of this fact, Eq. (I.31) is frequently presented in
the simplified form
p s
 2 ps
 2 ps
1
C
.




e
t
(e / p s ) s  2
 2

(I.31)

where Ce is the modified coefficient of consolidation [Shirato et al., 1970b]. It was stated by
Shirato that “since Ce changes throughout the consolidated cake and with consolidation time,
Eq. [I.31] may be used as an approximation with a proper mean value of Ce considered
constant during the whole consolidation period” [Shirato et al., 1970b]. If the constancy of Ce
is assumed and initial and boundary conditions are defined, Eq. (I.31) may be solved
analytically, and the time dependencies of solid pressure and porosity distribution in the filter
cake may be calculated. For the conditions of filter cake consolidation, solution of Eq. (I.31)
gives
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(I.32)

where U is the average consolidation ratio defined as a relative change of the filter cake
height during the consolidation
U  ( H o  H (t )) /( H o  H  )

(I.33)

where H(t) is the filter cake height measured at consolidation time t, Ho and H∞ are measured
at t = 0 and t = ∞, respectively. Fitting of the experimentally measured curve U = U(t) by
Eq. (I.32) may be used for determination of the value of Ce.


When filter cake is assumed to behave as a visco-elastic body (the cake solidosity depends

both on the consolidation pressure and consolidation time), Eq. (I.30) is substituted by
e p s e
  1 p s 

.


p s t t
   s  

(I.34)

The second term of the left part of Eq. (I.34) presents the rate of consolidation due to the
creep effect. Consolidation equation will depend on the model used to describe the filter cake.
Shirato [Shirato et al., 1974] modeled the filter cake as a Terzaghi and Voigt elements
connected in series (Fig. I.2).
Fig. I.2. Combined Terzaghi-Voigt model of

E
ps

E0

ps
Θ

a linear visco-elastic filter cake [Shirato et
al., 1974]: E0 – the rigidity of Terzaghi
element, E – the rigidity of Voigt element,
Θ – the viscosity of Voigt element.

Shirato et al. [1974] assumed that the values of Ce, E and Θ remain constant during the
consolidation (i.e., mean values of Ce, E and Θ are not pressure dependent) and provided the
analytical solution of their model. They showed that if the rate of consolidation related to the
deformation of Terzaghi’s element (elastic consolidation) is much higher then the rate of
consolidation related to the deformation of Voigt element (creep), then the overall
consolidation process may be divided in two stages: primary consolidation and secondary
consolidation. Then, average consolidation ratio is presented as
 
 (2i  1) 2  2 C e
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U  (1  B) 1   2
exp
2
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 i 1  (2i  1)
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1

(B is the creep constant, representing the

fraction of the secondary consolidation). The first term of the right part of Eq. (I.35)
represents deformation related to the elastic (primary) consolidation, and the second term
represents the creep.
Eq. (I.32) and (I.35) were derived using the questionable assumption about the constancy
of filter cake properties during the consolidation. However, these equations are widely
employed due to their simplicity. Eq. (I.32) is well fitted by empirical equation proposed by
Sivaram and Swamee (cited in [Shirato et al., 1979])

4C t /(4 )
U
1  4C t /(4 ) 
2
o

e

e

2
o

0.5

2.8 0.5 / 2.8

.

(I.36)

Eq. (I.37) was extended by Shirato [Shirato et al., 1979; Shirato et al., 1980] in order to
include the creep behaviour. Next empirical equation was proposed for simplified analysis of
the consolidation

4C t /(4 )
U
1  4C t /(4 ) 
e

2
o

e

2
o

0.5

v 0.5 / v

(I.37)

where v is the, so-called, consolidation behaviour index. Fitting of the experimentally
measured consolidation curve U = U(t) by Eq. (I.37) and determination of the consolidation
behaviour index v may be useful for evaluation of the secondary consolidation. If the
secondary consolidation is negligible, v is equal to 2.85. The lower is the value of v, the
higher is the influence of creep on the overall consolidation process. Though this approach is
useful for analysis of consolidation of sludge and other complex materials [Shirato et al.,
1980; Grimi et al., 2010], it does not elucidate the details of consolidation and can not be
related to the microscopic processes of filter cake deformation.
Recently, Iritani et al. [2010] proposed more complex model of consolidation (similar to
the model proposed by Lanoiselle et al. [1996]). In order to describe the complex creep
behaviour, the cake was modeled by a number of Voigt elements connected in series
(Fig. I.3).
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Θ2

ΘK

Fig. I.3. The model of a
visco-elastic filter cake
employed in [Iritani et al.,
2010]. Each of K Voigt
elements is characterised by
its value of EK and ΘK.

According to this model, the consolidation ratio is presented as
K
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.
The model of Iritani is linear: it assumes that the values of Ce, BN and ηN remain constant
during the consolidation. Therefore, utilization of this model for analysis of consolidation of
highly compressible materials is not justified. However, Iritani’s model is more useful then
the model of Shirato: each pair of BN and ηN

values may be attributed to a certain

phenomenon of structure deformation during the consolidation (e.g., deformation of flocs,
orientation of particles, loss of the bounded water).


In the general case, a non-linear model with pressure dependent parameters is required for

the correct description of consolidation process. Usually, it is impossible to obtain analytical
solution of the consolidation equation with variable coefficients of consolidation. A nonlinear consolidation equation is to be solved numerically.
Shirato et al solved numerically the consolidation equation for Terzaghi’s model with
variable consolidation coefficient C(ps) for the case of gravity settling [Shirato et al, 1970a]
and filtration followed by consolidation [Shirato et al 1971] . The solution was obtained using
the experimentally determined values of local compression-permeability characteristics
(liquid pressure distribution, solid volume fraction and permeability). It was shown that the
local values of C increase significantly during the consolidation. The calculated consolidation
curves perfectly coincided with the experimentally measured curves. Some deviation between
the calculated and experimental data was observed only at the final stage of consolidation
(U > 0.9), probably, due to the neglected effect of creep.
La Heij [La Heij, 1994; La Heij et al., 1995] solved numerically the consolidation
equation for the material with non-linear visco-elastic behaviour. Standard solid model
(Fig. I.4) was used for description of material properties.
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Fig. I.4. Standard solid model used in [La
Heij, 1994] to describe the sludge
consolidation.

The standard solid model is more suitable for simulation than the model of Shirato presented
in Fig. I.2, because at the end of consolidation the stress is applied only to the spring E0 and
elastic modulus E0 can be simply determined from the equilibrium values of porosity [La Heij
et al, 1995]. It was shown that the proposed model is much more acceptable for description of
filtration and consolidation of highly compressible materials.
I.1.6. Alternative formulation of filtration-consolidation problem

The alternative approach to the modeling of filtration and consolidation processes was
elaborated by the scientific group from University of Melbourne [Buscall and White, 1987;
Green et al, 1996; Landman and White, 1997; Green et al., 1998; Landman et al., 1999;
Stickland et al., 2005]. This approach is based on the conceptions of the compressive yield
stress Py(φ), the hindered settling function of solids r(φ), and the filtration diffusivity D(φ).
Determination of Py(φ) is equivalent to determination of ps(φ): Py(φ) is the maximum
stress of solids that may be applied to the suspension at a certain value of φ. As soon as the
applied stress exceeds Py(φ), the consolidation begins and φ starts to increase.
The hindered settling function r(φ) accounts for the hydrodynamic interactions between
the particles in the consolidating suspension. It is defined by the following equation [Green et
al., 1998]

r ( )  u o / u ( ) (1   ) 2

(I.39)

where u(φ) is the settling (or compaction) velocity, uo is the settling velocity of the individual
particle in diluted suspension. Hindered settling function is an inverse function of the
permeability [Olivier et al., 2007]:
k ( ) 



(1   )

f  r ( )



(I.40)

where f is the constant related to the particle size and shape
f   /Vp .

(I.41)
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Here λ is the Stokes drag coefficient (for spherical particles λ = 6πμrp), rp is the particle
radius, Vp is the volume of a single particle. The value of r(φ) may be determined, for
example, from the dead-end filtration experiment [de Kretser et al., 2001]
f  r (  ) 

 1
2
1 

(1    ) 2

2

d d p   o   

(I.42)

where φ∞ is the equilibrium volume fraction at the compaction pressure Δp, φo is the volume
fraction of the filtered suspension, β2 is determined as the slope of the filtration curve V = V(t)
presented in the coordinates t vs (V/A)2.
The filtration diffusivity D(φ) is defined as [Landman et al., 1999]
D( )  (1   ) 2

dPy ( ) d
f  r ( )

(I.43)

D is the main parameter of the filtration-consolidation equation formulated by Landman and
White [1997]
  
 dL 
  D( )

t x 
x d t 

(I.44)

Eq. (I.44) is similar to Eq. (I.30), and the meaning of D(φ) is directly related to the
consolidation coefficient Ce.
Parameters Py(φ), r(φ) and D(φ) depends on the material properties and on the solid
volume fraction of suspension or filter cake (Fig. I.5).

Fig. I.5. Dependencies of Py(φ), r(φ), and D(φ) on volume fraction of particles (φg is the
concentration of structure formation) (from [Landman and White, 1997]).
Similarly to the basic filtration equation discussed in the Section I.1.1, solution of Eq. (I.44)
requires information about the constitutive equations for D(φ), r(φ) and Py(φ). These
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constitutive equations are usually presented as power functions of φ and (1 - φ) [Olivier et al.,
2007; Stickland et al., 2005], e.g.:
0
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 p1 ( /  g )  1    g 
r ( )  r1 (1   ) r2
0
  g 

D( )  
d3
d2
   g 
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(I.46)
(I.47)

where pi, ri and di are parameters.
Determination of parameters of the constitutive Eqs. (I.45)-(I.47) (or, in other words,
determination of the local values of D(φ), r(φ), Py(φ)) as well as determination of the
parameters of constitutive Eqs.(I.9)–(I.13) (determination of the local values of ps, k, α, and
Ce) is an important problem of filtration-consolidation theory. Once the parameters are
determined, filtration or consolidation may be modelled using Eq. (I.30) or Eq. (I.44). Various
experimental methods elaborated for determination of the local properties of cakes and
suspensions are reviewed in the next Section.
I.1.7. Determination of local compression-permeability properties

Many methods were proposed for determination of the local properties of cakes and
suspensions. These methods are based on various experimental techniques available for the
measurement of compression and permeability. Three most commonly used techniques
(compression-permeability, dead-end filtration, gravity/centrifugal consolidation) are
discussed below.
I.1.7.1. Compression-permeability cell

The compression-permeability cell (CP) is sketched in Fig. I.6.

piston
liquid inlet
cell

Fig. I.6. Schema of the compression-

filter cake

permeability cell.

filter medium
liquid outlet
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According to this technique, suspension is placed into the cell and uniform filter cake
forms under the constant pressure created by the piston. The piston is equipped with a
pressure sensor and displacement meter, therefore, the consolidating pressure and the height
of the filter cake may be measured continuously during the consolidation. Once filter cake is
formed (equilibrium height of the cake compressed at the certain constant pressure is
reached), the liquid flows through the cake under the fixed pressure. In this way, solidosity
and permeability of the filter cake at the certain pressure are determined. Then, increased load
is applied to the piston and new values of the solidosity and the permeability, corresponding
to the new value of compressive pressure, are determined. After the series of such
measurements, dependences of the local solidosity and local permeability (or specific
resistance) on solid compressive pressure is obtained [Teoh et al., 2002]. Then, appropriate
constitutive equations may be chosen for fitting of these dependencies [Sedin, 2003;
Johansson, 2005].
If initial concentration of the studied suspension is high enough, then consolidation occurs
from the very beginning of the CP experiment. In this case, filtration stage is practically
absent and the mean values of Ce, B, η, and υ parameters at various compressive pressures
may be estimated from the consolidation curves U = U(t) [Shirato et al., 1974; Shirato et al.,
1978; Grimi et al., 2010; Iritani et al., 2010].
If initial suspension is diluted below the structure formation concentration, filtration stage
followed by the consolidation stage occurs. The method of analysis of the experimental data
(height of the sample versus time curves) depends on the used filtration model. For example,
Wakeman et al. [1991] analyzed the filtration using the Ruth-Carman equation and
determined dependence of the average specific filtration resistance on the applied pressure
α = α(Δp). Teoh et al. [2001; 2002] showed that the local values of specific filtration
resistance, estimated for the CP measurements, were in a good correspondence to the values
estimated from the dead-end filtration experiments using Eq. (I.20). More recently they
proposed a new method for determination of the pressure dependence of the average specific
filtration resistance from a single filtration experiment [Teoh et al., 2006a]. According to this
method, instantaneous average of the specific resistance of the cake αav is determined from the
instantaneous value of filtration velocity
p  Rm A 1 (d V d t )
dV

A d t  av VA 1  l c s /(1  mav c s )

(I.48)
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where mav is the instantaneous value of the average wet-to-dry cake mass ratio, which is
expressed as
mav  1   l (1   av )  s av

(I.49)

Here, φav is the instantaneous average value of the filter cake solidosity. Teoh et al. [2006a]
determined φav from the value of the cake height L

 av   l c s (VA 1  L) (  s L   l c s L   s c s L)

(I.50)

The filter cake height L(t) may be experimentally measured using the set of the pressure
sensors built-in into the CP cell wall [Murase et al., 1989a; Teoh et al., 2006a]. The authors
[Teoh et al., 2006a; Teoh et al., 2006b] noticed that the values of αa measured by this method
are close to the values estimated from the measurement of the permeability of compressed
filter cakes.
I.1.7.2. Dead-end filtration

The main advantage of the dead-end filtration compared to the CP experiment is
simplicity of the used experimental installation. A common dead-end filtration cell does not
comprise the piston with the system for a liquid flow (Fig. I.7.a). However, it may be
equipped with the pressure probes (Fig. I.7.b), special insertions used for decreasing the
filtration surface (Fig. I.7.c), and floating pistons* protecting the filter cake from cracking
during the compression stage (Fig. I.7.d).
(a)

suspension inlet

(b)

(c)

suspension

disk
with hole

filter
cake
filtrate
outlet

(d)
floating
disk

pressure
sensors

Fig. I.7. Various types of the dead-end filtration cells.
In the dead-end filtration, the local and average filtration characteristics of the filter cakes
are determined from analysis of the filtration curves V = V(t). Several methods of filtration

*

Shirato et al. [1985; 1986] proposed to cover the cake surface with thin layer of bentonite slurry in order to
protect the cake and avoid the friction between the piston and filter cell wall.
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curves analysis were discussed above. Recently, Iritani et al. [2011] developed a new method
for determining the pressure dependence of the average specific cake resistance based on a
single dead-end filtration with a filtration medium having high hydraulic resistance. This
method is based on the fact that the average specific resistance of the filter cake αav varies
with time even during the constant pressure filtration because of the pressure drop variation
across the filter cake. The pressure variation period of filtration is longer when the filter
medium resistance is high compared to the cake resistance. The value of αav is calculated from
the following set of equations:

 av   o (pc ) n

(I.51)
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Here, V* = V/A, Δpc is the pressure drop across the filter cake, (dt/dV*)m is the reciprocal
filtration rate in the absence of the cake. The method of Iritani et al. [2011] is more
advantageous as compared to the method of Teoh et al. [2006a], since it does not require
information about the filter cake thickness and the experiments may be carried out in a simple
filtration cell described in Fig. I.7.a. However, Eq. (I.52) is valid only for the filtration of
diluted suspensions (with cs << 1).
Murase et al. [1987] designed a dead-end filtration installation with a holed disk inserted
in the filter cell (Fig. I.7.c). The disk serves for filter cake height L determination during the
filtration. Once filter cake grows on the underside of the disk, filtration rate steeply decreases
due to the steep decrease of the filtration area. Using such filtration cell, one can calculate the
αav = αav(Δp) dependence from a series of the constant pressure filtration experiments with the
help of Eqs. (I.48)–(I.50) [Murase et al., 1987].
An interesting method for determination of αav(Δp) dependence from a single filtration
test was elaborated by Iritani et al. [2008a] on the basis of idea proposed by Murase et al.
[1989a]. It is based on the “step-up pressure filtration” tests, in which the applied pressure is
increased by increments several times during filtration. Filtration pressure is raised manually
rapidly as soon as the height of the cake L reaches the certain value. The height of the filter
cake is determined either with the help of the set of pressure probes (using the cell presented
in Fig. I.7.b) [Murase et al., 1989a] or using the filter cell, the internal surface of which is
decreased step-by-step (Fig. I.8) [Iritani et al., 2008a].
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Fig. I.8. Schema of the filter cell with

suspension
disks
with
holes
filter
cake

decreasing inner cross-sectional area, which
is proposed in [Iritani et al., 2008a] for
determination of αav(Δp) dependence from a
single filtration experiment.

Fathi-Najafi and Theliander [1995] used the filter chamber equipped with the set of
pressure sensors (Fig. I.7.b) for determination of local compressive-permeability properties of
filter cakes. They proposed three methods for determination of local values of solid
compressive pressure ps, solidosity φ, and specific filtration resistance α from the analysis of
filtration curves and liquid pressure profiles. The methods are based on the fitting of the
experimental dependencies αav = αav(Δp), φ = φ(Δp) and x/L = x/L(ps) by conventional
constitutive equations.
In several works [Theliander and Fathi-Najafi, 1996; Lu et al., 1998; Johansson and
Theliander, 2007] simulation of the filter cake growth was carried out and the results were
used for the prediction of local compression-permeability properties and filtration
performance. The input data required for the simulation method described in [Theliander and
Fathi-Najafi, 1996] are the known constitutive equation for solidosity, functional dependence
between α and φ (for example, Happel’s equation (I.18)) and V = V(t) data. Lu et al. [1998]
proposed the method which requires only t – V data and the values of porosity on the cake
surface (which is the gel point) corresponding to various filtration pressures and certain
equation connecting local values of α and φ (e.g., I.18). In the model of Johansson and
Theliander [2007] the input data are the certain constitutive equations for solidosity and
specific resistance (with unknown parameters) and the experimentally measured t – V
dependence. It was shown, that filtration performance may be predicted satisfactory, if the
optimal constitutive equations are used for the simulation [Johansson and Theliander, 2007].
The constitutive equations may be determined by fitting of the experimentally measured
pressure and solidosity profiles [Sedin et al., 2003].
I.1.7.3. Gravity and centrifugal sedimentation and consolidation

The pressure dependencies of local and average values of solidosity and specific
resistance of suspensions may be estimated from the experiments on gravity/centrifugal
settling and consolidation. The equipment used for these experiments is quite diverse: from
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inexpensive settling tubes to analytical photocentrifuges. Regardless of the type of equipment
used in the experiment, main principle of the measurement remains the same: height of the
sediment L is registered during the settling (Fig. 9). Each infinitesimal layer of the sediment is
compressed under the solid pressure corresponded to the total relative weight of particles
situated above this layer. The compression and permeability data, obtained from the gravity
and centrifugal experiments, corresponds to the low and moderate region of the solid
pressure, which is not available in the CP and dead-end experiments.
sedimentation curve

centrifugal or gravity
sedimentation cell
Lo initial
supernatant
sediment

L

Fig. I.9. Schema of the
gravity/centrifugal settling

L(t)

experiment.

L∞ final
t

Both diluted (φ < φg) and concentrated (φ ≥ φg) suspensions may be studied by these
techniques. Two types of experimental dependencies may be obtained and analyzed in order
to determine the compression-permeability properties:


dependence of the equilibrium sediment height on the centrifugal acceleration

(Fig. I.10.a);


and dependence of the sediment height on the sedimentation time (kinetics of

(a)
L∞ = L(t → ∞)

Sediment height L, [mm]

Ultimate height L∞, [mm]

settling/centrifugation) (Fig. I.10.b).

Rotation speed Ω, [rpm]

(b)
Ω = 1000 rpm
2000 rpm
3000 rpm
Time t, [s]

Fig. I.10. Typical dependencies obtained in centrifugal settling experiment: (a) ultimate
sediment height L∞ at various centrifugal rotation speed Ω; (b) sediment height L versus
centrifugation time t.
Below we will discuss separately the methods created for analysis of the first (L∞ vs Ω) and
the second (L vs t) types of the experimental data.
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Murase et al. [1989b] proposed a simplified method for determination of parameters of the

constitutive equation for solidosity from the centrifugal consolidation data presented in
Fig. I.10.a. The analysis was developed for relatively thin sediments with L << R (where R is
the radial distance from the center of rotation to the bottom of the sediment). It starts with the
assumption of the certain constitutive equation for φ and yields the equation relating the final
sediment height L∞ with the centrifugal acceleration RΩ2. Fitting the set of the experimental
points L∞ vs. RΩ2 by this equation yields the values of parameters of the constitutive equation.
Recently, Curvers et al. [2009] proposed another method of analysis for assessing the
compressibility of suspensions from the data on ultimate sediment height. The analysis is
based on a numerical iterative algorithm relating the equilibrium solidosity profile with the
profile of solids pressure and equilibrium sediment height [Curvers et al., 2009]. The method
assumes variation of the centrifugal acceleration through the cake thickness, therefore, it is
appropriate for analysis of thick cakes (with L∞ ~ R). The input data for this method are the
certain constitutive equation φ = φ(ps) and the set of experimental points L∞ vs. Ω2. The output
data are the values of parameters of the chosen constitutive equation for solidosity. The
method also yields local values of solidosity and solid compressive pressure in a centrifugal
cell.


From the practical point of view, the sediment height versus sedimentation time

dependence is equivalent to the filtrate volume dependence on filtration time: it contains
information about suspension permeability. Similarly, kinetics of the gravity/centrifugal
compaction of concentrated suspension is directly related to the consolidation kinetics
measured in the CP cell.
Observation of the gravity settling/consolidation is simple and does not require any
special equipment. However, only low compressive pressures may be created in the gravity
consolidation experiments. The wide range of compressive pressure is available in the
centrifugal consolidation experiments. However, until recent times, studies on the kinetics of
centrifugal consolidation were rather rare, because equipment for continuous measurement of
the sediment height was scarce [Iritani, 1993]. Nowadays, such type of measurements may be
performed using the new device – analytical photocentrifuge [Lerche, 2007]. The creators of
this centrifuge used it for quantification of the hindered settling function of suspensions
[Lerche, 2007].
Iritani et al. [2007; 2008b] proposed a method for evaluation of specific resistance of
suspension from analysis of the centrifugal settling data. They used the fact that initial
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sedimentation velocity of non-compressed suspension uo is proportional to its specific
resistance α:



 s   l r 2

 s
uo

(I.54)

where r is the radial distance from the center of rotation to the surface of the sediment. The
value of α, determined from the initial sedimentation velocity, corresponds to the initial
concentration of the settling suspension. Using this point (α, φ), complete dependence
α = α(φ) may be determined with the help of Kozeny equation or Happel equation [Iritani et
al., 2007]. Thus, specific filtration resistance of suspension may be estimated in the wide
range of φ. However, it was noticed in the Section I.1.3 that Kozeny and Happel equations
should be used with caution, because they assumed the constancy of the properties of particles
during consolidation. The true dependence of permeability on compressive solid pressure can
not be obtained from the dependence of initial sedimentation rate of non-compressed
suspension. More reliable information about the permeability of suspensions may be obtained
only from analysis of its consolidation.
Iritani et al. [2009] developed the method of analysis of the gravity consolidation
behaviour. The analysis is based on the simplified analytical solution of consolidation
equation, derived using the Terzaghi’s model. The authors derived the equation, relating the
consolidation ratio U with the modified consolidation coefficient of suspension Ce:
U  1

 (2m  1) 2  2 Ce t 
(1) m1
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(I.55)

where U is defined by Eq. (I.33) and Ce is defined by Eq. (I.31). Fitting of the experimentally
measured gravity consolidation curve U = U(t) by Eq. (I.55) yields the values of Ce. The
authors also have shown that the value of Ce may be estimated from a single point of
consolidation curve using the equation
Ce = 0.665(ωo)2/t80

(I.56)

where t80 is the time of U = 0.8 [Iritani et al., 2009]. This equation may be useful when the
initial part of the consolidation curve is not available.
Equations (I.55)–(I.56) are valid in approximation of Ce remaining constant during the
consolidation process. This assumption may be appropriate in the narrow range of solids
pressure ps appearing in the gravity consolidation experiment [Iritani et al., 2009]. However,
in the general case, the consolidation coefficient is pressure dependent (Ce = Ce(ps)) and
increases throughout the consolidation time [Shirato et al., 1970a]. The pressure dependence

I.1. Cake filtration and consolidation of mineral suspensions

28

seems to be especially important when centrifugal consolidation is studied instead of gravity
consolidation. As a result, application of Iritani’s method for analysis of the centrifugal
consolidation data is questionable and requires additional investigation. Strictly speaking,
only numerical solution of the consolidation equation is necessary when the centrifugal
coefficient is pressure dependent [Shirato et al., 1970a].
I.1.8. Summary

We can summarize that each technique available for determination of the local
compressibility and permeability of suspensions has its own advantages. The new technique
of analytical centrifugation seems to be very promising for determination of the pressure
dependence of compression-permeability parameters (solid volume fraction, specific filtration
resistance, consolidation coefficient). However, the appropriate method is needed for analysis
of centrifugal consolidation and for determination of local properties of suspensions.
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Notation for Section I.2
a

particle size [m]

af

floc size [m]

DF

fractal dimension of flocs [–]

h

height of filter cake [m]

k’

barrier probability, defined by Eq. (I.78)

ke

constant defined in Eq. (I.74)

kl

lumped permeability factor, defined by Eq. (I.59

Ko

Kozeny constant

kp

shape factor, defined by Eq. (I.72)

pf

liquid pressure [Pa]

py

compressive yield stress [Pa]

Δp

filtration pressure [Pa]

r

smaller radius of particle [m]

R

larger radius of particle [m]

So

specific surface area of particles [m2/m3]

t

time [s]

t’

tourtosity (defined by Eq. (I.77))

V

volume of filtrate [m]

X

parameter, defined by Eq. (I.68)

Z

structural variable (in the model of Quemada) [–]

Greek letters
α

specific cake resistance [m/kg]

β

angle between two particles (explained in Fig. I.17) [°]



shear stress [s–1]

c



critical shear stress [s–1]

ε

porosity [–]

ζ

ζ potential [mV]

η

viscosity of suspension [Pas]

ηl

viscosity of liquid [Pas]
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θ

angle [°]

σ

shear stress [Pa]

σB

Bingham’s yield stress [Pa]

φ

solidosity, solid volume fraction [–]

φf

average volume fraction of particles in the flocs [–]

φp

solid volume fraction at percolation point [–]

φs-g

solid volume fraction at point of sol-gel transition [–]
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I.2. Dead-end filtration of stabilized mineral suspensions
Dead-end filtration is a common method for preparation of concentrated mineral
suspensions. It follows from the Section I.1 that efficiency of dead-end filtration is
determined by the value of specific filtration resistance α: low value of  is required for fast
filtration (Eq. I.26). The value of α depends on porosity of a filter cake (α decreases with the
increase of porosity) and structure of pores (pore size, tortuosity, number of opened pores
etc.) It is also proportional to the particle size a and the surface area of particles So (see
Eq. I.18) and depends on colloidal properties of the suspended particles (particle shape and
charge). These properties also determine viscosity and dryness of the filter cake. Therefore,
optimization of filtration rate is usually attained by adjustment of colloidal properties of
particles and structural properties of the filter cake.
In the Section I.2 we will discuss preparation of concentrated and low-viscous mineral
suspensions by means of dead-end filtration. We will consider relation between the properties
of mineral particles (their shape, size and surface charge) and colloidal properties of
suspensions (structure formation, rheological behaviour and filterability). The methods
available for adjustment of colloidal properties (use of flocculants and dispersants) will be
reviewed. We will pay special attention to kaolin suspensions, because kaolin particles have
peculiar colloidal properties, while concentrated and flowable kaolin suspensions are needed
in mineral industry.
I.2.1. Flocculation of mineral suspensions
According to equation (I.18), the specific cake resistance α decreases when the average
particle size a grows. So, when particles in suspension are too small (a < 1 m), a
conventional method of α reduction is to trigger off the flocculation.
Flocculation is a process of aggregation of the dispersed fine particles into larger units
(flocs). Flocculation involves [Hogg, 1999]:
 destabilization of the suspended fine particles, i.e., elimination of interparticle repulsion.
 formation and growth of flocs, i.e., development of aggregates through particle-particle
collision and adhesion.
Destabilization of particles is required, because mineral particles in an aqueous suspension
often repel one another due to their surface charges. A mineral particle dispersed in water
usually obtains surface charge from dissociation of surface groups or adsorption of ions from
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the aqueous medium. This interaction results in formation of a double electric layer around
the charged surface with:
-

an immediate layer of counter-ions strongly linked to the surface;

-

a diffuse and extended layer made up mostly of counter ions.

This double layer compensates the opposite electrical surface charge so that the net charge of
the system (particle and double layer) respects the principle of electro-neutrality. Untreated
colloidal particles often exhibit stability against aggregation resulting from repulsion between
their electric double layers.
According to DLVO theory, this electrical repulsion is proportional to the surface charge
and length layer of outer counter-ions [Hunter, 2001]. Lowering of the surface charge reduces
the interparticle repulsion and provokes destabilization of suspension (coagulation). If the
suspension is stirred, the number of destabilized particles may grow due to particle-particle
collision and adhesion [Hogg, 1999]. This is the flocculation process. Surface charge of the
mineral particles may be controlled through adsorption of polyvalent ions, surfactants and
polymers in order to initialize the flocculation.
I.2.2.1. Effect of pH
For mineral particles the surface charge depends on pH of solution. Variation of pH
suppresses dissociation of the surface hydroxyl groups or results in adsorption of
protons/hydroxyls on the surface [Tombacz, 1999]. At certain pH (so-called, isoelectric point)
the particles lose their surface charge and aggregate easily.
I.2.2.2. Effect of multivalent ions
As an alternative to lowering of repulsion between particles, their charge may be screened by
addition of multivalent ions to suspension. It effectively reduces the length of the diffusive
counter-ion layer, decreases repulsion between the particles and allows them to approach
closely to form aggregates. Effectiveness of the action of ions depends on their electrical
charge zi and their concentration. The required concentration of ions usually depends on their
charge as ~ zi–6 [Kruyt, 1952].
Metal ions, such as Mn2+, Al3+, Fe3+, can be highly effective for aggregation of particles.
In addition to the above mentioned effect of screening, these ions readily adsorb on the
negatively charged particle surface and reduce its charge, or even can reverse the sign of
charge to positive [Hunter, 2001]. High binding ability of these ions also plays an important
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role in adsorption of molecules, such as polymers, which can be further added to improve
flocculation [Tian, 2006].
I.2.2.3. Effect of polyelectrolytes
Polymeric substances, especially polyelectrolytes, are very effective as agents for
aggregation of fine mineral particles [Mpofu, 2003a; Yu, 2006]. Highly charged polymeric
molecules adsorb on the oppositely charged surfaces forming local charge irregularities.
Aggregation occurs through interaction of the tails and loops of the adsorbed molecules with
bare surface of other particles. Molecular weights of the order of 105 Da seem to be optimal
for flocculation of mineral suspensions [Hogg, 2000].
Finally, previous Sections show that different ways may be used for triggering off the
flocculation of particles. But effects of flocculations, induced by neutralization of charge,
screening and bridging, on the efficiency of subsequent solid-liquid separation by filtration
will not be the same. Their advantages and drawbacks are discussed below.
I.2.3. Dual effect of flocculation on filtration
It was shown in [Klimpel, 1991], that flocculation of mineral particles not only increases
the average particle size but also enlarges the porosity of flocs:
1    ( a / a f )

(I.57)

where a is the individual particle size, af is the floc size; exponent γ varies between 0.7 and
1.3.
So, it is expected that flocculation of feed suspensions always yields dual results. Increase
of the particle size results in faster filtration, while increase of the aggregate porosity results
in higher water content in the filter cake.
This conclusion was verified in many experimental studies. Besra et al. [Besra, 2000]
have demonstrated the influence of pH on filterability and final dryness of kaoline, calcite and
quartz suspensions: all the three mineral suspensions exhibited improvement in flocculation
and filtration rate near their respective isoelectric points. Filtration of kaolin suspension was
also studied in [Addai-Mensah, 2005] at various concentrations of indifferent electrolyte. It
was shown that dewatering rate and consolidation degree of kaoline suspensions depended
strongly upon the ionic strength (indifferent electrolyte concentration).
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Suspensions were reaching maximum of the settling rate, sediment compactness and yield
stress under conditions of flocculation near the isoelectric point of kaoline particles. Increase
of the ionic strength also increased the settling rate.
It was shown in the work of Besra et al. [Besra, 2002, 2003] that flocculation of kaoline
suspension by cationic and non-ionic polyacrylamides appreciably decreased specific cake
resistance. However, flocculation retained excess water in the flocs.
Mpofu et al. [Mpofu, 2003b] have investigated the influence of adsorption of the
hydrolysable metal ions (Mn2+ and Ca2+) on particle interactions, flocculation and dewatering
behavior of kaoline dispersions. It was shown that adsorption of Mn2+ and Ca2+ significantly
decreased zeta potential (hence, surface charge) and adsorption of anionic polyacrylamide–
acrylate flocculant. Kaoline flocculation by metal ions alone resulted in faster clarification
(higher settling rates), but had no detectable effect on dispersion consolidation. In [AddaiMensah, 2007], flocculation and dewatering of the kaoline suspension in the presence of nonionic polyethylene oxide and anionic polyacrylamide was studied. It was shown that
flocculation of kaoline resulted in faster dewatering, however, increased moisture content in
the final concentrated suspension. The moisture content has been increased twice after
mechanical agitation of the flocculated sediment, revealing loose packed and fragile structure
of flocs. According to [Nasser, 2007a], such loose packed flocs may collapse under
compression.
A number of different flocculants were tested in [Dussour, 2000] for dead-end filtration of
kaoline suspensions. Salts, acids and polymers were used as a flocculation agent and specific
cake resistance and final dryness of the filter cakes were compared. It was shown that pretreatment of the concentrated kaoline suspension with an optimal dose of the flocculating
spice reduces specific cake resistance in half at the most, while dryness of the cake remains
constant.
Different types of flocculants were used in the mentioned studies. However, different
experimental studies came to the common result: increase in the dead-end filtration rate after
flocculation is accompanied by decrease in dryness of the filter-cake. Importance of this result
is discussed in the next section.
I.2.4. Relation between kinetics of dead-end filtration and dryness of filter cake
Simplistically saying, filter cake formation comprises two processes: filtration and filter
cake consolidation. The filtration rate is determined by the specific cake resistance α (see
Eq. I.26). The process of filtration was discussed in Section I.1. Filtration lasts until the filter-
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cell is filled by the filter cake. This filtration stage is followed by consolidation (or
compression) of the filter cake. The specific cake resistance rises during the compression.
During consolidation, the applied pressure Δp is a sum of particle network stress pp and fluid
pressure pf:
Δp = pp + pf

(I.58)

The particle network pressure consolidates the cake if pp exceeds the cake yield stress py;
the fluid stress maintains a liquid flow through the cake pores. According to [Raha, 2006] the
rate of cake compression depends on the yield stress and lumped permeability of the cake (kl).
Consolidation stops when the applied pressure is counterbalanced by the compressive
yield stress of the cake py. Substitution of the permeability coefficient in Eq.(I.5) by its
expression in Eq. (I.16) gives an expression for the compression rate:
dh
1
(1   )3 p  p y
(1   )3 p  p y



  kl

dt
l K 0 S02
2
h
2
h

(I.59)

where h is the cake thickness, φ is the solid volume fraction in the cake (φc < φ < φmax). φc and
φmax are the solid volume fractions at the beginning and at the end of consolidation,
respectively. According to [Buscall, 1988], py ~ φμ, where μ ≈ 4. Eq. (I.59) shows that the rate
of compression drops with the increase of cake dryness.
According to Eqs. (I.23) and (I.59), cake formation may be characterized by three
parameters: α, kl and φmax. It was mentioned above that each separate parameter depends on
the particle-particle interaction. Fig. I.11 shows the results of alumina suspension filtration at
different pH. The alumina particles become aggregated near the point of zero charge
pHpzc,alumina = 7.5. The surface charge of alumina increases in absolute value with distance
from p.z.c. both in acidic and basic directions, which leads to stabilisation of suspension.
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Fig. I.11. Effect of pH on the specific cake resistance α and lumped permeability kl and
equilibrium cake dryness φmax for dead-end filtration of alumina suspension (adapted from
[Raha, 2005, 2006]).
It is clear that the filtration rate increases while the equilibrium cake dryness decreases, and
vice versa. A similar tendency was observed during filtration of alumina suspensions
flocculated by polyacrylic acids with different molecular weight [Raha, 2007]. The increase
of polymer molecular weight results in a more effective flocculation and faster filtration, but
the cake dryness decreases simultaneously. Studies on the cake filtration of flocculated
mineral suspensions cited in Section I.1.3 also confirm this trend.
Raha et al. [2007] have demonstrated that this trend is rather general for all the colloidal
suspensions. Fig. I.12 shows experimental data on the cake permeability (defined in Eq. I.59
as kl (1   )3 /  2 ) and equilibrium cake dryness φmax for alumina suspensions under various

conditions of pressure, flocculation or stabilization [Raha, 2007].

permeability kl(1– φ)3/φ2, a. u.
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Fig. I.12. Pareto profile for the dead-end filtration
followed by consolidation: permeability of
growing cake plotted versus cake dryness at the
end of consolidation. Symbols are experimental
data for different conditions of cake formation
(filtration pressure, pH and concentration of
flocculant). After [Raha, 2007].

equilibrium cake dryness φmax
All data follow one single curve. This curve is seemingly independent of the suspension
chemistry and physical process variables. Pareto profile was observed for all the suspensions
studied (filtration pressure, pH and concentration of flocculant) [Raha, 2007]. But the profile
depends on geometry of the particles (shape and size).
The Pareto behaviour puts in evidence of interrelation between the cake dryness and
filterability, which is based on importance of the cake structure for these two parameters. It
appears that it is not possible to improve the filtration kinetics without paying a penalty in
terms of lower extent of cake dewatering. It should be noted that improvement of cake
dewatering is more complicated if additional structure-sensitive parameter (viscosity of the
final suspension) is important.
I.2.5. Viscosity of flocculated suspensions

In some cases, fast filtration of a mineral suspension is not the only thing that is needed,
but physical properties and chemical composition of the filter cake are also of great
importance. For example, concentrated mineral suspensions with low viscosity are required in
ceramic industry, manufacture of pigments and paper coating [Jepson, 1984, Murray, 2005].
Same as maximal cake dryness and filtration rate, viscosity is also sensitive to the particleparticle interactions and the structure of suspension. Therefore, flocculation of suspension
may deteriorate rheological properties of the final filter cake. In the next three sections, the
influence of flocculation on the rheology of concentrated suspensions will be briefly
discussed.
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I.2.5.1. Influence of particle concentration on viscosity of suspension

In a concentrated colloidal suspension, motion of particles is hindered by the presence of
the other ones. Certain “tagged” particle can only move in the particle-free volumes, which
decrease with the increase of the volume fraction of particles.
If the particles are aggregated, the volume of liquid available for motion of particles is
reduced, because lots of liquid is entrapped by the flocks structure. Starov et al. [2002]
defined the relation between the viscosity of a flocculated suspension and the volume fraction
of particles:

  
 1
l   f






2.5 A

(I.60)

where  is the viscosity of suspension, l is the viscosity of liquid, φ is the volume fraction of
particles, φf is the average volume fraction of particles in aggregates (packing density). A is a
coefficient related to friction between the liquid and aggregate surface. Since the volume of an
aggregate of n particles (Vf,n) is greater than the total volume of n individual particles (nV1),

φf < 1 in an aggregated suspension. In a non-aggregated suspension, φf = 1. Then, as it is
shown in Eq. (I.60), the viscosity is higher when the suspension is flocculated. The value of φf
depends on arrangement of particles in the floc, their shape and size distribution. For spherical
particles of same diameter, φf  0.74 for a close sphere packing and φf  0.63 for a random
sphere packing [Sigworth, 1996]. However, the theoretical prediction of φf in a real
suspension with particles of irregular shape and size is quite difficult.
In such a case, it is useful to consider flocs as fractal objects, implying that they are selfsimilar and scale invariant [Chakraborti, 2000; Glover, 2004; Li, 2007, Gregory, 1998; Tang,
1999; Waite, 2001; Wu, 2002; Bushell, 2002; Li, 2006]. According to this approach the floc
structure is characterised by the fractal dimension DF

a
n   f
 a





DF

(I.61)

where n is the number of particles in a floc, and a and af are the particle and floc sizes,
respectively [Turchiuli, 2004]. From Eq. (I.61), aggregates with looser structure have lower
fractal dimension. The packing density of particles in a floc is expressed through the fractal
dimension as [Rahmani, 2005]:
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DF 3

(I.62)

Experimental methods available for measurement of the fractal dimensions of aggregates
are indirect [Li, 2007; Soua, 2006a]. For example, substitution of f in Eq. (I.60) by Eq. (I.62)
enables DF estimation through measurement of suspension viscosity. Also, Eqs. (I.60) and
(I.62) suggest that decrease of floc fractal dimension increases viscosity of suspension. So, the
floc structure plays an important role in the rheology.
Equation (I.60) almost coincides with the Dougherty-Krieger’s equation [Krieger, 1972]
showing the relation between viscosity, volume fraction of particles  and their maximum
packing fraction max

 
 

 1 
l   max 

[ ]max

(I.63)

where [] is the intrinsic viscosity. According to many authors []max  2 [Quemada, 2006].
Eq. (I.63) was empirically formulated for concentrated suspension of non-aggregated
particles. Soua et al. [Soua, 2006a] had proposed the modified Dougherty-Krieger’s equation
for aggregated suspensions in order to calculate the maximum volume fraction of flocs in
suspension. They replaced max in Eq. (I.63) by more appropriated max, flocs = maxf . This
modified equation makes it possible to assess the influence of flocculation (floc size and
fractal dimension) on viscosity in a highly loaded suspension via Eq. (I.62).
Eq. (I.60) gives the next relation for non-aggregating spherical particles

 / l  1    2.5

(I.64)

It coincides with well-known Einstein’s equation in case of diluted suspensions taking into
account that  is close to zero and first order Taylor expansion of Eq. (I.64):

 / l  1  2.5

(I.65)

The models listed in this section, as well as models of Mooney, Dabak-Yucel, Liu and
others (referred in [Yuanling, 2004]), consider only geometrical factor in prediction of
viscosity of a concentrated suspension. They do not inquire into the influence of shear on the
floc structure and maximal volume fraction and, therefore, on viscosity. Influence of shear on
the structure and viscosity of flocculated suspensions is discussed in next section.
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I.2.5.2. Influence of shear on viscosity of suspensions

If hydrodynamic perturbations exceed interparticle attraction, the floc structure collapses
[Tadros, 1990]. Hence, the structure and viscosity of flocculated suspension depends on the
shear stress  and shear rate  (so, exhibits non-newtonian flow behaviour). Many
researchers (referred in [Quemada, 2002] and [Carreau, 1999]) have simulated the
rheological behaviour of flocculated suspensions and estimated dependency    (,  ).

Different types of rheological behaviour of a suspension are predicted by the structural
model of Quemada [2002]. Quemada’s model discusses the relation between viscosity and
cumulative structure of suspension. The model assumes that:

(a) the structure of suspension may be characterised using structural variable Z;
(b) the structure may be perturbed under shearing, but restored by Brownian forces and
attraction between particles . Kinetics equation with single variable Z accounts for the
structure evolution;
(c) the viscosity is a function of Z;
Z increases with formation of, so-called, structural units: flocs, aggregates, or network of the

particles. Z decreases with disruption of structural units: deflocculation, disaggregation,
damage of a network of particles, etc. It is important that Quemada’s theory does not
postulate disintegration of structure with increase of the shear rate. Values of Z range from Z0




for   0 to Z for   . Kinetic equation for Z is expressed as:

dZ 
  (Z  Z )   c (Z0  Z )
dt

(I.66)

where first term of equation accounts for structure disruption, second term of equation




accounts for structure recovery. Here,  c is the constant,  c ~ ( kBT + U ), where U is the
energy of interaction between particles and term kBT accounts for Brownian motion.
Quemada’s theory leads to the following general equation for viscosity:

 ( )  1   /  c 

 

 X   /  
c 





2

(I.67)


where σ is the shear stress, (  ) is the viscosity of suspension when its structure reaches the




steady-state at the given shear rate  ,  is the viscosity of suspension for   , X is the
rheological index given as
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1   / 0
1   / 

(I.68)

[Quemada, 2006]. The rheological index X accounts for the volume occupied by flocs and
particles at different shear rates. Here, φ is the volume fraction of solids, φ is the maximal


volume fraction of structural units (flocs) and particles when   , φ0 is the maximal


volume fraction of flocs and particles when   0.
Though Quemada’s model is based on simple assumptions, it predicts different types of
rheological behaviour [Quemada, 2006]. According to Eqs. (I.67)–(I.68), rheological
behaviour of suspensions mainly depends of the value of X, i.e., on ratio of φ and φ0. The
theory predicts that:
(a) steady-state viscosity increases with flocculation (inasmuch as flocculation increases the


energy of interparticle attraction U and thus increases  c );
(b) if 0 < X < 1, the viscosity of flocculated suspension drops from 0 to  with increase of
shear stress of suspension (so-called shear-thinning behaviour);
(c) if X = 0, undisturbed suspension exhibits infinite viscosity (hence, yield stress develops);
(d) if X > 1, viscosity of suspension increases with shear stress (shear-thickening behaviour);
(e) if X = 1, viscosity is shear-invariable (Newtonian liquid).
It is seen that the rheological behaviour of suspension depends on organisation of particles
upon shear. Observation of shear-thinning (or shear-thickening) suggests that maximal
volume fraction of structural units decreases (or increases) with shear However, explanation
of such decrease (or increase) is required.
I.2.5.3. Computer simulation of viscosity

Computer simulation of concentrated suspensions may predict new rheological
phenomena. Barthelmes et al. [2003] have developed computer simulation for prediction of
the viscosity of concentrated aggregating suspensions knowing the intensity of interparticle
attraction and fractal dimension of flocs . It was shown that increase of interparticle attraction
results in formation of large flocs with low fractal dimension. According to Eqs. (I.60)–(I.62),
decrease of floc fractal dimension DF and increase of floc size af should increase viscosity of
suspension. However, it was observed that the viscosity does not vary much as DF decreases
from 2.7 to 2.1. This result is rather surprising with regard to concept of viscosity discussed in
Section I.2.5.1. The authors [Barthelmes et al., 2003] have shown that large and voluminous
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flocs are more sensitive to the action of shear. The shearing of flocculated suspensions results
in disruption of large flocs. Therefore, decrease of the floc fractal dimension in the flocculated
non-sheared suspension results in decrease of the floc size in the sheared suspension. It results
in lower viscosity of the flocculated suspension.
An interesting result was reported in the theoretical study of Silbert et al. [1999], where
rheological behaviour of concentrated aggregating suspensions was simulated. It was
observed that at high shear rate particles may order in the direction parallel to the shear flow.
The ordering increased with increase of concentration of the particles. As soon as ordering
appeared, the suspension displayed shear thickening.
I.2.5.4. Experimental investigations of the viscosity of kaolin suspensions

The negative effect of flocculation on fluidity of kaoline suspensions was reported in
numerous experimental studies [Stenius, 1990; Johnson, 1998a; Conceicao, 2003; Conceicao,
2005; Tombacz, 2006; Nasser, 2007b; Kim, 2009]. However, the rheological behaviour of
kaoline displays some surprising features: non-monotonous effect of the particle charge on
viscosity of kaoline suspensions [Johnson, 1998b], and unexpected decrease of viscosity after
flocculation in the presence of some cations [Mpofu, 2003b]. In addition, concentrated kaoline
suspensions have high viscosity compared to other minerals [Yuan, 1997; Conceicao, 2005].
In summary of Section I.2.5: according to theoretical predictions and many experimental
results, viscosity of mineral suspensions increases after their flocculation. Viscosity is
sensitive to floc geometry (size, pacing density, fractal dimension). It should be noted that
rheological behaviour of kaolin suspensions is more complicated and viscosity is higher as
compared to other minerals. These phenomena are related to peculiarities of the crystalline
structure, morphology and surface charge distribution of kaoline particles, which is briefly
discussed in the next paragraph.
I.2.6. Colloidal properties of kaoline: influence on viscosity

Clay mineral kaolinite is a basic component of the kaoline powder. Kaoline may also
contain impurities of feldspar, quartz, mica and occasionally montmorillonite, anatase and
iron oxides [Raghavan, 1997; Chandrasekhar, 2002; Gamiz, 2005]. The chemical
composition of kaolinite is Al2Si2O5(OH)4 with substitutional impurities of Fe, Mg and Са
[Mpofu, 2003b; Ferris, 1975]. The kaolinite particle is a batch of alternate two-dimensional
arrays
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Fig. I.13. Structure of kaolinite particle (the upper picture is adopted from [Barak, 2003]).
of silicon-oxygen tetrahedrons (tetrahedral silica sheet) and aluminium octahedrons
(octahedral alumina sheet) with the oxygen atoms shared between octahedrons of alumina and
tetrahedrons of silica (that is so called 1:1 or TO structure) [van Olphen, 1963; Bish, 1993;
Tombacz, 2006]. Particles of kaolinite have two different basal planes: O faces bearing
hydroxyl groups (Al)–OH and T faces bearing oxygen atoms, which are bounded to silicon
atoms (Fig. I.13).
(a)

(c)

(b)

0.5 m

2 m

Fig. I.14 (a), (b) SEM images of kaolin particles, (c) AFM image of 3 kaolin particles with
edge surface area 13% (particle A), 33% (B) and 47% (C) of the total surface area.
Images (a), (b), (c) are from [Wan, 2002], [Murray, 2005] and [Brady, 1996], respectively.
Kaoline particles are plate-like in shape with the aspect ratio (diameter to thickness ratio)
varying between 2 and 10 [Brady, 1996] or even 50 [Jepson, 1984] depending on the type of
kaolins (Fig. I.14). Therefore, the surface area of edges varies from 5 to 50 % of the total
surface area (e.g., Fig. I.14.c). The average particle diameter equals to 0.5–5 m and specific
surface area makes only 10–20 m2/g [Herrington, 1992; Wan, 2002; Teh, 2009].
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In aqueous suspensions, kaolin particles may exhibit surface charge heterogeneity [van
Olphen, 1963; Johnson, 1998b; Tombacz, 2006; Konan, 2007]. Kaolin particles have negative
charge sites on the T faces owning to substitution of Si4+-ions in the crystal lattice for lower
positive valence ions Al3+ and Fe3+ and that on the O faces owning to the substitution of Al3+
for Ca2+, Mg2+ and Fe2+ [van Olphen, 1963; Bolland, 1980]. This excess of negative charge is
compensated by the exchangeable cations forming the outer part of double electric layer. The
degree of isomorphic substitution is low for all types of kaolins and results in a relatively low
layer charge density (cation exchange capacity) of ~ 0.1–1 mEq/100 g [Ma, 1999; Tombacz,
1999]. The negative surface charge of the face lattice is independent of pH and electrolyte
concentration.
Some authors [Brady, 1996; Carty, 1999; Tombacz, 2006] highlight the difference in the
chemical nature of siloxane T faces and hydroxyl O faces and concede pH-independent
negative charge only for T faces. Carty suggests that in an aqueous suspension over a broad
range of pH values alumina surfaces are positively charged. Tombacz and Szekeres had
proposed a kaolin surface charge model taking into account ionization of basal (Al)–OH
‘gibbsite’ hydroxyls. Though basal (Al)–OH hydroxyls have low reactivity [Brady, 1996],
pH-dependent charges, either positive or negative, may develop on these amphoteric sites
[Tombacz, 2006]:
(Al)–OH + H+ –– (Al)–OH2+

(in acidic medium)

(I.69)

(Al)–OH + OH+ –– (Al)–O – + H2O

(in alkaline medium).

(I.70)

Other charged groups are situated on the edges of the particles. The octahedral alumina
and tetrahedral silica sheets are disrupted at the edges of the particles, where the broken
bounds, exposing aluminol (Al)–OH and silanol (Si)–OH hydroxyls, occurs. Due to
hydroxyls, ionization edges are positively charged at low pH, but pass through the point of
zero charge and become negative at high pH [van Olphen, 1963]. Electrical charge of the
edges is formed due to reactions (I.69), (I.70) and due to dissociation of silanol hydroxyls
(Si)–OH + OH+ –– (Si)–O – + H2O

(in alkaline medium).

(I.71)

Brady et al. [Brady, 1996] had shown that only participation of edges is required for
explanation of pH-dependent surface charge of kaoline, while contribution of O basal faces is
low. Additionally, it was shown that aluminol hydroxyls of the edges display appreciably
higher Brønsted acidity than acidity of pure Al2O3 surface hydroxyls, while silanol sites differ
minimally from those of pure SiO2. It was concluded in [Tombacz, 2006], that acid-base

I. Literature review

+

–

–

–

+
ζ edges,
mV

T face, charge = const, < 0

+
edges, pH < pHpzc,edge
charge > 0

30

47

–

–

–

–
–

–

edges, pH > pHpzc,edge
charge < 0

20
10
0

4

5

6

7

8

9

-10

10

pH

-20
-30

Fig. I.15. Development of patch-wise surface charge heterogeneity of kaolin particles.
ζedges data were taken from [Williams, 1978] for 1:1-electrolyte concentration of 10–3 M.
properties of the amphoteric sites of kaolinite lie between those of the surface hydroxyls of
pure alumina and silica; the kaolin edges have point of zero charge at pHpzc,edge  6–6.5.
Kaolin particles display patch-wise surface charge heterogeneity only at pH < pHpzc,edge.
Another reported values of kaolin pHpzc,edge are 3–4 [Appel, 2003], 3.8 [Brady, 1996], 4–5.5
[Coppin, 2002], 5.9 [Kretzschmar, 1998], 5–7 [Herrington, 1992] and ~ 7 [Williams, 1978;
Johnson, 1998b].
Such difference in the nature of edge and face surface charges of kaolin particles causes
heterogeneity of pH-dependent surface charge (Fig. I.15) and results in pH-dependence of the
particle-particle interaction of kaolin. In aqueous suspensions, kaolin particles are
electrostatically stabilized at pH > pHpzc,edges, when both faces and edges possess negative
charge; particles can form aggregates only at high concentration of electrolyte, when the
surface charge is screened [Tombacz, 2006]. Decreasing of pH below pHpzc,edges recharges
edges and causes electrostatic attraction between oppositely charged edges and faces. At low
pH, kaolin particles strongly aggregate forming ‘card house’ structures, where particles are
held together through edge-to-face contacts [van Olphen, 1963; Johnson, 1998b; Taylor,
2002]. Some authors suggests possibility of edge-to-edge contacts between particles in
vicinity of pHpzc,edges and formation of spacious ‘Bandermodel’ aggregates [Rand, 1977;
Taylor, 2002] (Fig. I.16). Formation of both ‘house of cards’ and ‘Bandermodel’ structures
was confirmed recently by means of scanning electron microscopy [Źbik, 2009].
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‘face-to-face’
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Fig. I.16. Kaolin particles arrangement a different pH.
The pH-induced aggregation significantly exerts on rheological behaviour of kaolin
suspensions. In alkaline medium, the uniformly charged particles repel each other, and stable
kaolin suspensions exhibit slight shear-thinning flow with the yield stress equal to zero.
Decrease of pH promotes aggregation that results in increased viscosity [Tombacz, 2006]. In
concentrated suspensions, appearance of a ‘card house’ structure leads to formation of semisolid pastes with plastic flow behaviour [Johnson, 1998b]. At sufficiently high concentration
of kaolin, strong attractive gel arises with a network of edge-to-face heterocoagulated
particles. The elasticity of gel increases in acidic medium [Tombacz, 2006], however, gel
liquefies as the shear stress approaches the yield stress value. It was shown that in colloidal
suspensions the yield stress value is proportional to the concentration of contacts between the
particles and strength of the contact [Kapur, 1997]. Electrostatic attraction between the faces
and edges of kaolin particles are proportional to the edges charge, which increases as pH
decreases. Therefore, shear yield stress of kaolin suspension increases as concentration of
particles increases and pH decreases from pH = 10 to 3–5, in accordance with the theory’s
prediction. However, in contrast to spherical particulate systems shear yield stress of kaolin
suspensions passes through the maximum and decreases at pH < 3 [Johnson, 1998b; AddaiMensah, 2005; Teh, 2009]. This feature of kaolins rheology may reflect partial rearrangement
of particles from ‘edge-to-face’ to ‘face-to-face’ geometry [Johnson, 1998b]. In very acidic
medium O faces of the particles may be re-charged to positive due to basal (Al)–OH
hydroxyls dissociation, equation (I.69) [Tombacz, 2006]. This drives formation of ‘T face to
O face’ lamellar structured tactoids and, hence, decreases a number of particles in ‘edge-toface’ contact. The result is a decrease in the suspension shear yield stress [Schofield, 1954].
Due to the particularities of structure particles arrangement flocculation of kaolin
suspensions with hydrolysable metal ions also decreases shear yield stress. Specific

I. Literature review

49

adsorption of positively charged hydrolyzed metal complexes leads to significant reductions
of particles zeta-potential, that decreases edge to face attraction and yields face to face
attraction. This results in particle ‘house of cards’ network breakdown and a marked decrease
of yield stress [Lagaly, 1989; Addai-Mensah, 2007].
Same as arrangement of particles and the number of interparticle contacts, the particle
size, shape and aspect ratio determine peculiarities of the rheological behaviour of kaolin
suspensions. At the same particle volume fraction, viscosity of diluted suspension of the
kaolin particles is higher than that of spherical or grain-like mineral particles due to larger
effective volume fraction occupied by rotating plate-like plates. For the plate-like particles,
Einstein’s equation for viscosity of non-interacting spheres (I.65) grades into

 / l  1  2.5k p

(I.72)

where constant kp > 1 (kp increases with increase of the particle aspect ratio and decreases
with increase of orientation of particles in the shear flow [Quemada, 2006]). However, shape
factor kp introduction in the equations for spherical particles is not sufficient to describe in
details the rheological behaviour of more concentrated suspensions [Yuan, 1997].
Since rheology of kaolin is associated with formation of a network of particles, below we
discuss briefly the influence of the particle shape on the structure formation and viscosity.
I.2.7. Structure formation in suspensions of high-aspect-ratio particles

Suspensions of kaoline and other clays with plate-like particles are often referred as
Bingham plastic bodies. They behave as a rigid body at low shear stress but become fluid at
higher stress [Luckham, 1999; Abend, 2000; Tombacz, 2006]. The Bingham equation for
plastic behavior is given as

   B   pl 

(I.73)

where pl is the plastic viscosity and B is the Bingham yield stress. B is the minimum or
critical stress that should be imposed for triggering off the transition from solid state to liquid
and, thus, for triggering off the flowing of the suspension. This concept of yield stress is used
in several rheological models (Hershel-Bulkley, Casson [Quemada, 2006]).
The yield stress can be obtained from a rheological curve by means of equation (I.73).
The physical meaning of the yield stress is as follows: a concentrated suspension in absence
of stress is constituted of a network of particles; the yield stress of suspension represents the

I.2. Dead-end filtration of stabilized mineral suspensions

50

mechanical force required for breaking this network, disconnection of particles and generation
of the flow.
The network formation may be discussed in the framework of percolation theory [Brinker,
1990; Sahimi, 1998; Walsh, 2008]. This theory forecasts the specific percolation volume
fraction φ ≈ φp (also named percolation threshold), when particles start to establish some
connections with their neighbors. Rather moderate changes in viscosity take place both below
φp and above φp, but strong discontinuity occurs at the vicinity of φp. Above φp, a continuous
network exists due to the contacts between particles.
A contact between three particles is possible when a particle penetrates into ‘excluded
volume’ of the other two particles (Fig. I.17). For particles with high aspect ratio (2R/r), the
excluded volume is much higher than the particle volume. Here, 2R is the particle diameter
and r is its thickness.
Hence, the percolation threshold is not related directly to the volume fraction of particles
but rather to the volume fraction of excluded volume [Celzard, 1996]. For 3D network, φp is
related to the excluded volume as

 p  1  exp( keV Ve )

(I.74)

where Ve is the excluded volume and V is the volume of particle. ke is a constant: ke = 2.8
and 1.8 for parallel and random orientation of particles, respectively [Celzard, 1996; Walsh,
2008]. For disk-like particles, the mean excluded volume equals to


Ve  4R 3  sin 2  d

(I.75)

0

where β is the angle between the two disks in contact and  represents the angle of the
greatest disorientation of disks in the system (–   β  + );  = 0 and π/2 for parallel and
randomly arranged particles, respectively.

β
C

r

B
A

2R

Fig. I.17. Sketch of excluded volume (e.v.).
When centers of particles A and C penetrate
into e.v. of particle B, it can be considered
that particles are in contact (β : angle
between two particles).
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Fig. I.18. Percolation threshold of kaolin particles φp calculated for different aspect ratio
values as a function of maximum angle between particles  (solid lines: ke = 1.8, dashed lines:
ke = 2.8).
Kaolin particles can be simulated by disks with aspect ratio varying from 2 to 10–50
[Jepson, 1984; Brady, 1996]. The percolation threshold φp of kaolin particles was estimated
using Eqs. (I.74) and (I.75). Fig. I.18 shows that both particle shape and orientation impact a
lot the percolation threshold.
For instance, φp strongly increases as  decreases. So, φp is maximal for parallel ordering
of kaolin particles. Theoretically, suspension of plate-like particles may reach 50% vol.
concentration without gel formation if the maximum angle between two neighbour particles is
less than 30 degrees.
In suspensions with chaotic orientation of particles, φp drops with increase of particle
aspect ratio. For well delaminated kaoline particles, formation of gel may occur at volume
fraction below 0.05.
Meanwhile, for usual grain-like mineral particles (less anisotropic), structure arises at φ ~
0.5. Therefore, transition from Newtonian to plastic behaviour (sol-gel transition) in a kaoline
suspensions takes place at lower concentration of particles than in usual mineral suspensions
[Bundy, 1991; Yuan, 1997; and Fig. 4 in Lu, 2005].
And vice versa, concentration of Na-montmorillonite suspensions (having aspect ratio >
100) is much lower than that for thicker kaolin particles [Abend, 2000]. So, we can conclude
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that the calculated percolation threshold (φp = 0.05–0.1) is close to experimentally measured
sol-gel transition concentration for kaolin suspensions (0.04 in [Kislenko, 2001], 0.13 in
[Addai-Mensah, 2005]).
It is worthwhile noting that there is a difference between sol-gel transition (that is the
volume fraction of steep increase in rigidity φs-g) and percolation threshold (that is the volume
fraction of steep increase in connectivity φp). According to [Celzard, 2001; Moraru, 2004],
the sol-gel transition point is higher than the percolation threshold:

 sg D 2  1

 p 2D  1

(I.76)

where D is the system dimension (D = 3). According to Eq. (I.32) φs-g/φp = 1.6.
In summary, electrostatic attraction exists between edges and faces of the kaolin particles
in neutral and acidic media. This attraction results in formation of aggregates having ‘house
of cards’ structure. At certain concentration of particles, the aggregates do connect into
percolating 3D network, which accounts for poor flowability of suspension. The percolation
concentration may be noticeably low in systems of attracting particles having high aspect
ratio. In natural form the kaolin suspensions are slightly acidic, and kaolin particles are platelike, kaolin suspensions are flocculated and their viscosity is elevated. So, in order to reduce
the viscosity of concentrated kaolin suspensions, it is necessary to decrease interparticle
attraction and deflocculate the suspension.
Next paragraph briefly discusses the methods used to improve the flowability of
concentrated suspensions.
I.2.8. Regulation of flowability of concentrated suspensions

Better flowability may be obtained from a mechanical crushing and thus an
homogenisation of particle sizes in the suspension [Garrido, 1990; Baudet, 1999; Conceicao,
2003; Murray, 2005]. However, it is quite energy-consuming. The easier way to improve
flowability of suspensions is to add chemicals called dispersants [Stein, 1995]. All the
chemicals having stabilizing effect on particles can be considered as dispersants: ions,
polyelectrolytes, non-ionic polymers and surfactants. Most commercial molecules used for
minerals stabilization are polyelectrolytes with low molecular weight (< 20 000 Da).
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I.2.8.1. Mechanism of stabilisation of particles by polyelectrolytes

The mechanism of stabilization of particles in presence of polymeric dispersant is
described in this Section. Adsorption of dispersant on the particles increases the energy
barrier of their aggregation. According to the extended-DLVO theory [Israelachvili, 1992;
Quemada, 2002], the energy barrier is determined by attractive van der Waals forces and
repulsive electrostatic and steric forces. Electrostatic forces originate by the surface charge of
particles. Steric forces may be determined by two factors [Solomon, 1983; Israelachvili, 1992,
Tobori, 2003]:
 osmotic factor (increase in polymer concentration in the gap between two polymercovered particles causes an increase in disjoining osmotic pressure);
 entropic factor (compression of the adsorbed layer during collision of particles confines
conformation of polymer chain and, thus, also increases disjoining pressure);
The factors are sketched in Fig. I.19.
Adsorption of charged polymers changes both electrostatic and steric interaction forces. It
provides more effective electrosteric stabilisation of particles. Effectiveness of electrosteric
stabilization is influenced by the polymer charge. Polymer charge and conformation depends
on ionic composition of the medium: cation adsorption, pH changes and increase of ionic
strength may reduce electric charge of ionizable polymer groups. Decrease of the polymer
charge results in a more compact conformation of the polymeric molecule. Therefore,
decrease of the polymer charge results in lower repulsion between adsorbed polymer layers
and lower disjoining pressure. Conformation of non-ionic polymer molecules is less sensitive
to these factors. Therefore, different types of single polymers and polymer mixtures may
render an optimal stability of suspensions having different chemical nature [Kong, 2006]. In
the next Sections we will pay our attention to the widely used dispersant: polyacrylic acid.
polymer tails
and loops
counter-ion’s
layer

Fig. I.19. Mechanism of steric
stabilization.
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I.2.8.2. Polyacrylic acid

Polyacrylic acid (PAA) salts are widespread in mineral industry as dispersing agents
(calcium carbonate, ceramics, oxides, aluminosilicate clays, etc) [Shih, 1999; Sjöberg, 1999;
Tobori, 2003; Shen, 2004a; Labanda, 2005; Binner, 2006]. Polyacrylate-ions easily adsorb on
mineral surfaces either because of electrostatic attraction, or because of formation of a
complex between carboxylic groups and cations at the particle surface (Ca, Ba, Al). It
increases the surface charge in absolute value. So, PAA provides electrostatic and, to some
extent, steric stabilization. For example, ammonium polyacrylate can reduce significantly the
viscosity of suspensions of barium titanate microparticles [Tseng, 2002] and nanoparticles
[Shen, 2004a; Shen, 2004b].
I.2.8.3. Effect of pH and dose of PAA

It was shown that the value of pH and dose of PAA are important parameters determining
the efficiency of stabilization of particles [Shen, 2004a; Shen, 2004b]. Adsorption of PAA is
alters in neutral and acidic media. In a very alkaline medium, PAA is dissociated and has a
large negative charge. Therefore, at high pH electrostatic repulsion between negatively
charged particle surface and free PAA– prevent PAA– molecules from adsorption. With the
barium titanate, the highest PAA efficiency occurred at pH = 10 (2.0% w/w of PAA), while
dissociation of polyacrylic acid was moderate at this pH.
Usually, there exists some optimal dose of dispersant. [Zhang, 2006] has shown that the
viscosity of hydroxyapatite dispersion decreases with addition of sodium polyacrylate until
adsorption of dispersant reaches a maximum. Then, further addition of dispersant deteriorates
the flowability.
At optimal conditions of pH and dispersant dose, mineral suspensions often display a
shear-thinning behavior in a wide range of shear rates (  = 1–103 s–1) and maintain their
fluidity up to 55% volume fraction of particles [Shen, 2004a].
I.2.8.4. Comparison of PAA with other polymers

Here we discuss efficiency of PAA in comparison to other polymers. [Tobori, 2003] has
studied the rheological behaviour of concentrated calcium carbonate suspensions in the
presence of PAA and comb-grafted copolymer. Last one was made of a backbone of sodium
methacrylate and polyethylene oxide ‘tails’. It was observed that viscosity of suspensions
stabilized by a comb-grafted copolymer is lower than with PAA, and does not depend on  at
high shear rates, while suspensions stabilized by 0.4% wt PAA (optimum dose) were shear-

I. Literature review

55

thinning in the studied range of shear rates :  = 10–3–103 s–1. [Tobori, 2003] have concluded
that the particles with PAA were still flocculated to some extent. Papo and Piani [2004] had
noted better flowability of cement paste with PAA than with lignosulfonate. In addition, they
have reported, as well as [Shih, 1999; Tobori, 2003], that viscosity increases again when PAA
is overdosed.
Farrokhpay et al. [2005] have compared the effects of dispersants containing different
functional groups (carboxylic, hydroxylic, amide) on titania pigment particles. The study was
carried out at pH = 6.0 and 9.5. These pH values correspond to low positive and low negative
surface charge of titania, respectively. It was observed that the most efficient are pure PAA
and modified polyacrylamide containing 10% of carboxylic groups and 10% of hydroxy
groups. Dispersant adsorption and particle zeta-potential were lower, while the shear stress of
suspension was better, for pure polyacrylic acid. At the same time, copolymeric dispersant
yields better fluidity despite of lower absolute value of particle zeta-potential. [Farrokhpay,
2005] have concluded that highly charged polymer chains of pure PAA provide better
electrosteric stabilization. Thickness of adsorbed PAA layer was assessed at 0.9 nm.
Copolymer molecules provide rather a steric barrier. Thickness of the adsorbed copoymer was
assessed at 1.2 nm.
It was observed in [Leong, 1995] that addition of PAA in a concentrated suspension of
mineral particles with pH-dependent surface charge (ZrO2 particles) decreases the value of
yield stress at the given pH. [Leong, 1995] has shown that adsorbed PAA molecules adopt a
flat conformation on the uncharged metal oxide surface.
I.2.8.5. Measure of size of the polymer layer on particle surfaces

Direct measurements of the adsorbed layer were performed in [Fukuda, 2001] by means
of AFM (atomic force microscopy). Highly loaded dispersant-containing alumina suspensions
were studied. Three dispersant concentrations were tested: below, at, and above the optimal
dispersant dose. The optimal dose was previously determined from viscosity analyses. It was
shown that at low dispersant doses alumina surface coverage by dispersant molecules is
patch-wise. In this case repulsion between alumina particles is low. Repulsion between
alumina particles increases significantly at optimal dispersant concentration. Overdosing of
dispersant reduces the repulsive force. [Fukuda, 2001] has deduced that unadsorbed PAA
molecules compress the adsorbed polymer layer above the critical dispersant concentration.
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This short review concerning the effect of dispersant (PAA) on the stability of mineral
suspensions reveals importance of the surface properties for particle – polymer interaction. As
for kaolin, heterogeneity of the surface must play a determinant role in its interaction with the
polymer molecules. The adsorption of polymers on the kaolin particles and its effect on
viscosity of suspension are discussed in next Section.
I.2.9. Influence of dispersants on stability of kaolin suspensions
I.2.9.1. Effect of polyanionic molecules

Some recent papers show that polyanionic molecules are able to eliminate heterogeneity
of the kaolin surface charge and, hence, decrease viscosity of the kaolin slurries. It was
evidenced for phosphate [Ioannou, 1997; Penner, 2001], silicate, tripolyphosphate and
polyphosphate [Papo, 2002] and their mixtures [Romagnoli, 2007], hexametaphosphate
[Andreola, 2006] and citrate anions [Teh, 2009].
Adsorption of the said small polyanion molecules on positively charged edges of kaolin
particles increases their overall negative surface charge, thus intensifying electrostatic
repulsions between particles.
I.2.9.2. Adsorption of PAA molecules. Effect of pH

Sastry et al. [1995] have tried to understand how PAA adsorbs on kaolin at different pH.
They analyzed the isotherms of PAA (Mw = 250 000 Da) adsorption on kaolin particles. The
amount of adsorbed PAA was clearly decreasing at basic pH values. So, adsorption decreases
with increase of the negative surface charge of kaolin and negative charge of highly ionized
PAA molecules.
At high pH values, electrostatic repulsion between PAA anions and kaolin edges and faces
is expected. However, the relatively large amount of PAA adsorbed at high pH values
indicates that not merely an electrostatic interaction should be considered. Formation of
chemical bonds between aluminol sites of kaolin surface and polyacrylic acid may increase
the adsorption.
The authors deduced that the binding sites for PAA carboxylic groups are situated only at
~ 10% of the BET surface area of kaolin. Most probably, these sites are situated on the edges
of particles. Strong interaction of PAA and kaolin infer existence of a chemical reaction
between carboxylic groups and aluminol hydroxyls. It should be noted that chemical reaction
between PAA and surface of pure Al2O3 was evidenced by means of IR spectra analysis in
[Santhiya, 2000].

I. Literature review

57

I.2.9.3. Sites of PAA adsorption on kaolin surface

Zaman et al. [, 2002] have assumed that mimics of alumina and silica active sites are
present on the surface of kaolin particles. They also have compared adsorption of low
molecular weight PAA (Mw = 3400 Da) on kaolin, alumina and silica. Adsorption isotherms
were analysed in diluted suspensions at pH = 7. The adsorption density (in mgm–2) of PAA
on kaoline surface was about 10 times lower than on alumina, while adsorption on the silica
surface was negligible. The authors have concluded that adsorbing PAA occupies only about
10% of the kaolin surface, which is the alumina-like surface of the edges. The infrared
spectroscopy of PAA-alumina and PAA-kaolin complexes has revealed similarity in the
polymer – surface interactions.
Adsorption of charged PAA– anions on the kaolin surface results in increase of the
negative surface charge of particles. Therefore, zeta-potential of the kaolin particles increases
with addition of polyacrylic acid. It was observed in [Zaman, 2002] that optimal dose of PAA
yielding the lowest viscosity of kaolin suspension and the highest absolute value of zetapotential corresponds to commencement of the plateau region in adsorption isotherm.
Adsorption of sodium polymethacrylate on alumina and silica was also studied in [Boufi,
2002]. Same as in [Zaman, 2002], it was observed that maximal amount of polymer adsorbed
on silica is much lower than that of polymer adsorbed on alumina. However, the non-zero
adsorption of PAA on silica surface was observed (~ 0.1 mgm-2 and 0.75 mgm-2 for SiO2 and
Al2O3, respectively). So, the results of this study do not discard possibility of PAA adsorption
on basal faces of kaolin particles.
I.2.9.4. Influence of Ca2+ ions on adsorption of PAA

Järnström and Stenius [Järnström, 1990] have measured adsorption of sodium
polyacrylate (NaPAA) on kaolin. They have defined also the hydrodynamic radius of PAA in
bulk of solution at different pH. They have shown that PAA partially adsorbs on the kaolin
basal surface. About 20% of adsorbed PAA is localized on the basal sites. However, they are
less favourable for adsorption than the sites on the edges. The Ca2+ ions present in the
suspension were pointed out as responsible for adsorption on the basal surfaces. Ca2+ ions
actually form a complex with PAA molecules, thus lowering the polymer charge. [Järnström,
1990] have concluded that only Ca2+ saturated polyacrylic acid molecules may adsorb on the
basal surfaces.
However, it was observed that good adsorption of PAA saturated by Ca2+ on the kaolin
particles does not correlate with better stabilization of these particles. PAA with Ca2+ ions acts
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rather as a flocculant. It aggregates the particles causing significant increase of both the yield
stress and the plastic viscosity [Stenius, 1990].
Santhiya et al. [1998] have shown that isotherms of PAA adsorption on Al2O3 exhibit
high-affinity Langmuirian behaviour. The adsorption density decreases as pH increases. This
is similar to data obtained on kaolin that were reported by [Sastry, 1995] . The electrokinetic
study has shown that even low amount of PAA adsorbed at high pH may increase
significantly the absolute value of zeta-potential.
I.2.9.5. Flocculation by neutralization of charge

Das et al. [Das, 2001; Das, 2003] have shown that PAA may cause flocculation of
alumina particles if added at ultra-low concentration. The dose used was ~ 0.1% of the
optimal dose needed for stabilization of particles.
I.2.10. Effect of PAA on kaolin rheology

Influence of PAA (Mw = 10 kDa) on rheological behaviour of concentrated alumina
suspensions was investigated in [Palmqvist, 2006],. The authors reported that it was possible
to increase the solid content up to 59% vol with PAA as a dispersant, while the suspension
remained shear-thinning and maintained low viscosity. Progressive addition of PAA to
suspension resulted only in a downward (at dispersant concentration below optimal one) or
upward (at concentrations above the optimum) shift of the linear log – log  flow curves.
In study of Davies and Binner [2000], ammonium polyacrylate with molecular weight
3500 Da was found to be effective in lowering of viscosity of the concentrated (up to
57% vol) alumina. Shear-thickening was noticed for suspensions with the dispersant
concentration below optimal. Also, maximum particle concentrations φmax were calculated
from the flow curves of the stabilized and non-stabilized suspensions [Binner, 2006]. It was
concluded that increase in repulsion of highly charged stabilized particles notably decreases
φmax. Therefore, the optimal dispersant concentration is required for preparation of low
viscous and concentrated suspension.
In [Sjöberg, 1999; Marco, 2004; Marco, 2005] viscosity of kaolin suspensions was
measured at different dispersant concentrations. It was observed that even low adsorbed
amount of the dispersant decreased viscosity of 60% wt kaolin suspension. Only shearthinning behaviour of the dispersed suspension was observed in the studied range of shear
rates  = 10–1–103 s–1. In [Conceicao, 2003], shear-thickening of 63% wt kaolin suspensions
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dispersed with NH4PAA was observed, while diluted suspensions ( 53% wt) were shearthinning at  = 0–1300 s–1.
In summary, the rheology of kaolin suspensions with PAA is not related to the ‘edge-toface’ structure. As well as for other minerals, the fluidity of kaolin slurries is maximal for an
optimal dose of dispersant. This dose depends on the adsorption properties of the particles.
The above-mentioned works have demonstrated that the kaolin suspensions with optimal
PAA dose display a shear-thinning behaviour and low viscosity at solid loadings up to
60% wt. However, mineral suspensions with even higher solid loadings, used, for instance, as
paper coatings, or in ceramics for slip casting, may exhibit completely different rheological
behaviour. They are briefly discussed below.
I.2.11. Shear-thickening of concentrated suspensions

Most concentrated suspensions exhibit a shear-thickening behaviour that is an increase of
viscosity with increasing shear rate [Carreau, 1999; Quemada, 2006]. An onset point may be
defined as the critical shear rate c , over which the viscosity begins to increase. The onset
and thickening depend on the volume fraction of particles, their shape and size distribution
and the degree of their stabilization [Barnes, 1989; Quemada, 2006]. The onset of shearthickening marks the point, where the hydrodynamic forces start to dominate and re-organise
the particles.
According to Barnes [1989], all the suspensions may display shear-thickening if the shear
rate is high enough. Onsets at c ~ 10–100 s–1 are commonly reported for concentrated
suspensions > 50% wt. It was also observed that c shifts to lower values at higher
concentrations of particles.
I.2.11.1. Description of the shear thickening mechanism

There are two microstructural explanations for shear-thickening. According to Hoffman
(cited in [Barnes, 1989; Quemada, 2006]), the increase of viscosity is attributed to transition
from an easy flowing state, where the particles are ordered into two dimensional layers, to a
disordered state. This mechanism was confirmed by Hoffman’s experiments on light
scattering in flowing suspensions of spherical particles.
Another explanation implies that shear-thickening results from formation of shear-induced
clusters. Formation of clusters results in decrease of the volume available for motion of
particles. A natural increase of viscosity follows. This may result even in discontinuity of
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viscosity if a percolation network of clusters is formed. This mechanism description does not
require to assume existence the layer-ordering of particles at shear rates   c [Raghavan,
1997].
I.2.11.2. Structural model of Quemada

Quemada had used structural model for estimation of the influence of different parameters
(particles size and size distribution, concentration and suspension stability) on the cluster
formation and shear-thickening [Quemada, 1998a, 1998b]. Formulation of this model is the
same as for the structural model of viscosity of the flocculated suspensions. However, kinetics
equation for Z contains kinetic constant, which accounts for probability of shear-induced
aggregation. The model fits experimentally data well and predicts different behaviour for
suspensions of weakly aggregated and wholly stabilized particles:
1. At low shear rates, the shear-thinning is predicted for the weakly aggregated
suspensions.
2. The viscosity plateau is predicted for strongly stabilized suspensions.
3. In the weakly aggregated suspensions, the onset of shear-thickening becomes less
obvious: the low shear rate viscosity increases with increase of aggregation of the particles.
4. In both types of suspensions, viscosity reaches maximum with increase of shear rate
and further increase of  results in disruption of clusters and decrease of viscosity.
It is also deduced in [Quemada, 1998b] that dilatancy is reduced for suspensions with
broader particle size distribution.
I.2.11.3. Dependence of shear-thickening on particle aspect ratio

Increase of dynamic viscosity with increase of shear rate was reported for a number of
mineral suspensions [Barnes, 1989]. In [Chadwick, 2002] dilatancy of anatase suspensions
with particle volume fraction near φ = 0.33 was registered by means of three methods: steady
state viscosity measurements, creep-recovery tests and oscillatory measurements.
Viscosity of moderately concentrated silica suspensions was studied in [Raghavan, 1997].
The studied suspensions exhibited shear-thickening behaviour even at low particle
concentration (5% wt), which should be the result of strong anisotropy of the studied
particles.
The data of Clarke, cited in (Fig. 8 in [Barnes, 1989]), Yuan [1997], Bergström [1998]
and [Curcio, 1998], suggest that at the certain volume concentration of particles the effect of
shear rate on the dilatancy dramatically increases with increase of the aspect ratio of particles.
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This was deduced from experiments with mineral grain-like, needle-like and plate-like
particles with different aspect ratios.
Beazley [1972] has studied rheological behaviour of deflocculated kaolin suspensions at
different concentrations of particles. The suspension behaviour ( vs. suspension
concentration) was linear at low concentrations (with proportionality constant higher than
2.5), and nonlinear at intermediate concentration. At higher particle concentrations,
suspensions were shear-thickening. For monodispersed samples with high aspect ratio, the
dilatancy was observed at much lower particle concentrations (ckaol ≥ 33% wt) than in low
aspect ratio samples (ckaol ≥ 64% wt).
Such rheological difference between near-spherical and anisotropic suspensions of
particles is often attributed to the difference in excluded volumes of particles [Jogun, 1996].
An increase in particle anisotropy results in motion of geometrically hindered particles at
concentrations significantly less then the maximum particle fraction.
I.2.11.4. Shear-induced ordering in concentrated suspensions

Though transition from the ordered to disordered state of suspension is not required for
explanation of the shear-thickening, the shear-thinning of suspensions formed by anisotropic
particles at shear rates below c may be attributed to alignment of particles with flow [Egres,
2005]. The possibility of flow-induced orientation of particles in concentrated kaolin
suspensions was suggested, e. g., in [Champion, 1996] (from the data of light scattering),
[Jogun, 1996] (from conductivity measurement), [Brown, 2000] (from neutron diffraction
experiments).
In [Brown, 2000], symbasis between the extent of particle alignment and shear rate was
reported for concentrated kaolin. Surprisingly, reduction in alignment was observed after
concentration of particles exceeded the critical value φ = 0.13.
Jogun and Zukoski [Jogun, 1996] has reported that alignment of the kaolin particles was
also preserving in more concentrated shear-thinning suspensions (φ = 0.43). The authors
suggested that the particles experience a tumbling/shear aligning transition with increase of
the shear rate.
It was measured in [Egres, 2005] that alignment of long axis kaolin particles is preserved
at the shear-thickening regime. According to this result, hypothesis of order-disorder
mechanism of dilatancy in suspensions of anisotropic particles must be discarded. The authors
explained dilatancy in such suspensions as percolation of shear-oriented particles in shear-
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induced clusters. Naturally, the percolation threshold for the clusters decreases as the particle
aspect ratio increases.
In summary of Section I.2.11, shear-thickening is possible in highly concentrated mineral
suspensions. Though the exact mechanism of shear-thickening is unclear, it follows from
increase of excluded volume in the suspension. The onset shear rate of shear-thickening c
decreases with increase of particle concentration and aspect ratio. Therefore, shear-thickening
is achievable in kaolin suspensions because of high aspect ratio of kaolin particles.
Addition of dispersant to kaolin suspension decreases the viscosity and helps attaining of
a high concentration of particles. However, viscosity of highly concentrated suspensions may
increase due to the shear-thickening. So, special study is required for elucidation of the
influence of particle and dispersant concentrations on rheological behaviour of kaolin
suspensions.
I.2.12. Dead-end filtration of deflocculated mineral suspensions

In this Section we discuss the ways for preparation of concentrated and low-viscous
suspensions based on the dead-end filtration method.
I.2.12.1. Dead-end filtration followed by cake mixing

[Wiekmann, 1980], [Bleakley, 1997] and [Willis, 1998]) have proposed to filtrate diluted
suspension and grind the filter-cake after discharge in a tank with an appropriate amount of a
dispersant. This process has some disadvantages.
The diluted suspensions, even untreated, are usually naturally flocculated. That’s why the
obtained filter cakes have high porosity and, thus, insufficient dryness (for instance < 60% wt
for CaCO3 suspensions). It is possible to break this high porous cake by grinding and to
release some water. However, the additional dewatering of the mixed filter cake is required in
order to reach the higher concentration (for instance 65–75% wt for CaCO3 suspensions).
Grinding and homogenizing with special equipment like jaw crushers and blade mixers is
energy-consuming and can alter the properties of the minerals (breakage of the particles). This
is a consequence of high viscosity of an aggregated concentrated mineral suspension.
I.2.12.2. Dead-end filtration after suspension deflocculation

[Purdey, 1976; Chamberlain, 1977; Story, 1990; Morreno, 1998, Hansen, 2000, Garrido,
2001] have proposed to add the dispersant before filtration. Filtration of deflocculated
suspension results in formation of a filter cake with lower porosity and, hence, with higher
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dryness. It was demonstrated that despite of high dryness it is usually easier to homogenize
the final filter cake saturated with dispersant. However, this method has serious drawbacks.
The filter cake with low porosity has

high specific resistance (see Eq. I.16). Thus, its

filtration requires either extended time or elevated pressure. Moreover, unadsorbed molecules
of dispersant contained by suspension get flushed out from the filter cake and contaminate the
filtrate.
I.2.12.3. Combined use of dispersant and flocculant

[Parker, 1997] has proposed preliminary mixing of diluted suspension with a dispersant
and a flocculant. According to this method, particles are stabilised by a dispersant before
filtration. The stabilised particles are flocculated with addition of a small quantity of
flocculant. Preliminary addition of dispersant facilitates fluidizing of the concentrated
suspension. Correctly chosen dose of flocculant accelerates solid-liquid separation, but does
not decrease viscosity at high shear rate. Approach of [Parker, 1997] is interesting, but it is
rather difficult to find proper flocculant-dispersant mixture, because when mixed, flocculant
and dispersant usually neutralize each other.
I.2.12.4. Dead end filtration in the presence of a dispersant with precoat formation

For preparation of a concentrated suspension, one must deals with controversial effects.
Flocculation gives better filtration speed, while stability gives better dryness and flowability.
It is however possible to avoid this controversial effects.
In [Soua, 2004; Vorobiev, 2004] two processes of filtration of diluted calcium carbonate
suspensions in the presence of a dispersant (polyacrylic acid) were compared. In the first
process, the dispersant is added to diluted suspension before filtration and filtration is carried
out in a single stage. The second process is based on two-stage filtration described in
[Mouroko-Mitoulou, 2002; Husson, 2003]. This process involves precoat filtration of
deflocculated suspension [Mouroko-Mitoulou, 2002; Husson, 2003].The first stage of the new
process is an ordinary filtration with formation of cake precoat from diluted suspension
(naturally flocculated) without any dispersant (Fig. I.20.a). At the second stage, the diluted
suspension is mixed with the dispersant and then filtered on the precoat (Fig. I.20.b–c). The
new layer of cake, deposited on the surface of precoat, consists of particles covered by the
dispersant. The filtrate from deflocculated suspension (enriched with dispersant) displaces the
dispersant-free interstitial liquid remaining in the pores of precoat (Fig. I.20.c–d). Precoat
absorbs and retains the dispersant molecules coming from the deflocculated suspension and,
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thus, prevents the filtrate from contamination. Finally, the particles of precoat adsorb the
dispersant, which uniformly imbues the whole filter cake .
(a)

precoat

precoat

suspension
with
dispersant

suspension
without
dispersant

(c)
suspension
with
dispersant

(b)

(d)

precoat

precoat

suspension
with
dispersant
final cake saturated
with dispersant

Fig. I.20. Schema of the two-stages dead-end filtration process (after [Soua, 2006a])
It was shown that such two-stage dead-end filtration have noticeable advantages
compared to a simple cake filtration. As shown in Fig. I.21.a, duration of two-stage filtration
is shorter than that of simple filtration of deflocculated suspension. Filtration curve of the
two-stage filtration is smooth and has not breakpoint. The slopes of the curve at the first
(filtration of aggregated suspension) and at the second stage (filtration of deflocculated
suspension) are equal. As shown in Fig. I.21.b, this implies a relative constancy of the specific
cake resistance during the two stages. On the contrary, for simple filtration of deflocculated
CaCO3 suspension, Fig. I.21.b shows a rise in specific cake resistance with the dispersant
dose.
CaCO3 filter cakes were becoming fluid at a low shear rate (Fig. I.21.c) whatever the
process was used. Moreover, the two-stage filter cake was more fluid. There was no
dispersant loss in filtrate in the two-stage filtration.
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(a) filtration curves in Ruth-Carman’s coordinates, total dispersant dose cdisp = 0.5% wt;
(b) cake specific resistance versus dispersant concentration;
(c) viscosity of filter cakes versus dispersant concentration;
(d) final dryness of the filter cake.
After [Vorobiev, 2004].

It should be noted, that viscosity of the concentrated suspension of calcium carbonate
decreases significantly after addition of the dispersant, while specific resistance of the filter
cake prepared in the simple dead-end filtration increases only in ~ 4 times (Fig. I.21.b–c).
I.2.12.5. Action of PAA on filtration of CaCO3 suspensions

[Soua, 2006b] has shown that zeta-potential of CaCO3 decreased from approx. + 4 mV to
– 40 mV with increase of PAA dose. But dry matter of the filter cake remaining after simple
filtration (Fig. I.21.d) did not vary much: from ~ 68.5 % wt at cdisp = 0% to 69.5 % wt at
cdisp = 0.7%. So, porosity of the filter cake did not vary much with the dose of dispersant.
Meanwhile, viscosity of suspension was dropping with the dispersant. This suggests that
hydrodynamic forces, which structure the filter cake during filtration, dominate over the
repulsive forces created by the dispersant. Therefore, there is only low effect of a dispersant
on the filter cake formation and structure.
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One can explain such a moderate influence of the dispersant on arrangement of particles
in a concentrated suspension by dense structure of aggregates and grain-like shape of the
particles of CaCO3.
[Brinker, 1990] indicated that the structure of filter cakes made up of particles with
regular shape and uniformly charged surface may be less sensitive to repulsion and
orientation of particles than when the particles are plate-like or needle-like. Therefore, the
influence of a dispersant on filtration should be much more important for plate-like kaolin
particles than for grain-like CaCO3 particles. Next Section discusses why the structure and
specific resistance of a concentrated suspension of plate-like particles is more sensitive to the
mutual orientation of particles and cites some experimental results on orientation of particles
during dead-end filtration.
I.2.13. Effect of aspect ratio and orientation of particles on specific cake resistance
I.2.13.1. Theory: effect of particle orientation on permeability

[Lu, 2005] reported a theory of “barrier properties of composites” that can be used for
depiction of the influence of aspect ratio and orientation of particles on specific resistance of a
filter cake. The theory considers permeability coefficient of a system filled with plate-like
particles. The permeability estimation is based on calculation of two parameters: tortuosity
factor and ‘barrier probability’. ‘Barrier probability’ is the probability of formation of
completely non-permeable portion of the system. Both parameters are functions of the particle
aspect ratio (2R/r), orientation and volume fraction of particles (φ). The authors give the
following formulas for estimation of ‘barrier probability’ k' and tortuosity t'

t  1  2 R / r  
k 

2S  1
 2R / r 
3

(I.77)
(I.78)

where S is orientation parameter depending on the maximum angle between particles  : S = 1
for parallel ordering of particles, S = 0 for random particles distribution.
Fig. I.22 presents influence of the shape and arrangement of particles on barrier properties
of suspension at the given concentration of particles estimated by means of equation I.78.
In a system of randomly oriented particles (S = 0), the barrier probability and, therefore,
resistance to flow, increases with the increase of particle aspect ratio.
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Fig. I.22. Influence of particle aspect ratio and orientation on the barrier probability.
For high aspect ratio particles, the cake resistance will increase even more with alignment
of particles (perpendicularly to the flow). This factor is absent in a system of regular shape
isometric (e.g., spherical) particles. Other theories of “barrier properties” lead to the similar
conclusions [Cussler, 1988; DeRocher, 2005].
In addition, according to Fig. I.18, parallel orientation of the plate-like particles increases
their percolation threshold. Therefore, it means that higher concentration of particles is
accessible in suspension with aligned particles. But it results in lower suspension porosity and
worse permeability.
I.2.13.2. Experimental data on orientation of particles during dead-end filtration

It is clear that existence of particle alignment may be quite an important factor in filtration
of anisotropic particles. Naturally, alignment of particles should increase at higher suspension
concentration [Onsager, 1949]. Ordering of platey colloidal mineral particles at high
suspension concentrations was observed in a number of studies referred in [Davidson, 2003].
Hence, one can expect that kaolin particles will be much more ordered than grain-like
particles. As a result, filter cakes of the kaolin particles are also much more impermeable.
[Moan, 2003] observed on SEM images the striated structure of particles in concentrated
suspensions (not filter cakes) of deflocculated kaolin (φ = 0.55). They have suggested that
kaolin plates were aligned parallel to each other. The local parallel order persisted in a
distance of only few micrometers. The overall chaotic orientation of the ordered domains of
particles was, probably, the consequence of mixing the suspension before the measurement.
Orientation of plate-like particles in filter cakes and dense suspensions was observed in
several studies. In [Perdigon-Aller, 2005] preferred orientation of kaolin particles was
observed by means of non-invasive neutron scattering technique and extent of particle
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orientation was related to the cake dryness and permeability. It was shown that alignment of
particles enhances with increase of cake dryness (in the studied range of particle volume
fraction φ = 0.2–0.5). Weakly aggregated natural suspensions were found to form the cakes
with lower alignment of particles than suspensions deflocculated with polyacrylic acid. The
extent of the preferred orientation of particles was estimated by means of orientation
parameter S ; it reached the value of S = 0.5 at φ = 0.35. Influence of the orientational order on
permeability was compared for weakly aggregated and deflocculated suspensions. It was
observed that for both types of suspensions ordering of particles resulted in decrease of
permeability, however, the permeability of deflocculated filter cakes was much lower than
that of aggregated with the same value of orientation parameter S. Hence, orientation
parameter is not a single factor influencing permeability of the filter cakes.
In [Pignon, 2000], the structure of filter cakes formed during filtration of disk-like mineral
particles of Laponite (aspect ratio = 30) was studied. The authors had shown that Laponite
particles are packed with anisotropic arrangement parallel to the membrane. Addition of
dispersant (diphosphate) changes ordering of the particles for more regular; such ordered
arrangement of particles leads to lower cake permeability.
Influence of the particle (cell) shape on filtration of bacterial suspensions was reported in
[Mota, 2002]. It was shown that shear-induced mutual alignment of rod-like bacteria
pronouncedly reduced permeability of filter cakes prepared in cross-flow filtration as
compared to those obtained in dead-end filtration.
Influence of the concentration of particles on their orientation and durability of
concentrated kaolin suspension was studied in [Babak, 1986]. The study was based on
computer analysis of ESEM pictures of compressed suspensions and rheological
measurements. It was shown that increase of solid volume fraction resulted in a complex
transformation of particle orientation. Initial increase in the volume fraction of particles (φ)
was leading to only insignificant decrease of the mean angle between particles, while number
of interparticle contacts was increasing significantly until φ reached some critical value (and
the angle between particles reached ~ 70°). After the critical point, the angle between particles
was steeply decreasing with increase of particle concentration, while the number of
interparticle contacts remained constant. Observed complex behaviour should reflect
transformation between formation and compression of dense aggregates. Additionally, it was
deduced that durability of a compacted suspension increases with increase of particle
orientation, because the strength of single interparticle contact increases with decrease of the
angle between particles.
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I.2.14. Summary

Due to high aspect ratio of particles and complex distribution of particle surface charge,
kaolin suspensions are highly viscous in natural state. So, preparation of flowable and
concentrated kaolin suspensions requires application of a dispersant. However, highly loaded
and stabilized kaolin suspensions may display shear-thickening and even shear-hardening at
high shear-rates. In addition, filtration of dispersed suspensions may results in ordering of
kaolin particles and decrease in the filter cake permeability. These phenomena are also related
to particularities of kaolin particle geometry.
It follows from the Section I.2 that preparation of a concentrated and flowable mineral
suspension by means of dead-end filtration requires optimization of pretreatment method. The
factors increasing flowability and dryness of the filter cake also increase the time of filtration,
and vice versa. Therefore, it is necessary to study all the properties of kaolin suspensions
(structural, rheological and filtration) in a single study.
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Notation for Section I.3
a

particle size [m]

b

height of the cell [m]

c

concentration of suspension

Cc

parameter, defined by Eq. (I.86a)

Cg

gel concentration

Co

bulk concentration

D

diffusion coefficient [m2/s]

FA

force of adhesion between particles [N]

FD

drag force of cross-flow [N]

FF

friction force [N]

FL

lift force [N]

FY

sum of drag force of filtrate and force of interaction between particles [N]

J

filtrate flux [m3/(m2s)]

kf

parameter, defined by Eq. (I.86a)

Km

parameter, defined by Eq. (I.80)

Δp

filtration pressure, transmembrane pressure, TMP [Pa]

Q

volume velocity of suspension [m3/s]

Rd

resistance of deposit [m–1]

Rm

membrane resistance [m–1]

t

time [s]

tw

wall shear stress [Pa]

x

distance [m]

Greek letters
δ

thickness of deposit [m]

ηl

viscosity of liquid [Pas]

ρ

density of liquid [kg/m3]

φ

solidosity, solid volume fraction [–]
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I.3. Dynamic filtration of concentrated mineral suspensions
I.3.1. Arguments for cake removal during filtration of concentrated
suspensions
It was shown in Section I.2 that use of chemical additives can not increase the rate of
dead-end filtration without paying a penalty in terms of lower dryness of the filter cake, and
vice versa. Addition of flocculants or dispersants to the feeding suspension always gives dual
results. Flocculation yields large and loosely packed flocs with voluminous pores, which are
beneficial for fast filtration. But such flocs retain an excess of water in the pores.
Deflocculation of suspensions reduces the pore volume and leads to higher dryness. However,
higher tortuosity of pores in a dispersed filter cake results in higher hydraulic resistance and
longer filtration.
A promising way to improvement of filtration kinetics and preparation of a concentrated
(and flowable) suspension is to avoid or to delay the cake formation. Raha et al. [2009] have
modeled the influence of periodic and continuous removal of a filter cake on kinetics of a
dead-end filtration. They have shown by results of simulation that the filtration time decreases
with increase of a number of successive homogenizations of the filter-cake with suspension.
The filtration time is minimal for continuous homogenization of the formed cake with
suspension (Fig. I.23). With continuous homogenization filtration rate depends more on the
membrane resistance Rm than on the properties of suspension.
conventional
dead-end

2000

t

1500

with continuous
homogenization

filtration time t, s

1000
500

0.07 0.14 0.21 0.28 0.35

0

φ



average solid volume fraction φ

Fig. I.23. Influence of a number of successive homogenizations Nh = 0, 1…4 and 
(continuous homogenization) on the time of dead-end filtration of alumina suspension
(modeling). Insert shows experimental data. After [Raha, 2009].
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This prediction was examined via a lab-scale filtration test [Raha, 2009]. Alumina
suspensions were filtered with and without homogenization of the formed cake and
suspension. In this experiment, homogenization involved mixing of the formed cake with
suspension by spatula. In was observed that homogenization led to significant reduction in
filtration time. While the cake dryness was the same as in conventional dead-end filtration
(see insert in Fig. I.23).
It was also predicted in [Raha, 2009] that filtration of concentrated suspension can be
even more efficient if the suspension is deflocculated. Fig. I.24 shows the effect of
deflocculation and single homogenization on the dead-end filtration of alumina suspensions.
Deflocculation was carried out changing the pH, from pH 7.6 to pH 3.3. Fig. I.24.a shows
results of

modeling while Fig. I.24.b shows experimental results. It was shown by

computation that simultaneous homogenization and deflocculation of suspension reduce the
filtration time by two and permit achieving of the solid volume fraction in the filter-cake (φ )
about 0.7. The experiments confirmed prediction of the model for the filtration time, but the
achievable dryness was substantially lower φ = 0.54.
(b) experiment

a: pH = 3.3 (dead-end)
b: pH = 7.6 (dead-end)
c: pH = 7.6 (1st stage)
pH = 3.3 (2nd stage)

a

c
homog.
1st

2nd

b

average solid volume fraction φ

filtration time t, s

filtration time t, s

(a) simulation

a: pH = 4.5 (dead-end)
b: pH = 8.5 (dead-end)
c: pH = 8.5 (1st stage)
pH = 4.4 (2nd stage)

homog.
1st

b 2nd

a

c

average solid volume fraction φ

Fig. I.24. Dead-end filtration of deflocculated suspension (curve a). Dead-end filtration of
aggregated suspension (curve b). Filtration with intermediate homogenization and
deflocculation (curve c). The moment of homogenization is shown by an arrow. After [Raha,
2009].
In summary, both continuous homogenization and deflocculation of suspension are
beneficial for filtration of concentrated suspensions. The experimental data show that
homogenization of the filter cake results in faster filtration, while deflocculation of
suspension results in higher final dryness. Unfortunately, the maximal dryness of the alumina
suspension was not achieved in the experiments carried out in [Raha, 2009]. Homogenization
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was implemented by a simple, but not conventional method, which is difficult to realize in a
large scale. In practice, homogenization of suspension may be carried out by one of a number
of dynamic filtration methods. Obviously, further investigation is required to clear up the
question: “How to prepare a very concentrated but flowable mineral suspension in a short
time by means of conventional filtration technique?”

I.3.2. Background of dynamic filtration
Dynamic filtration comprises a number of methods developed for avoiding the filter cake
formation during pressure filtration. In those methods the particles are continuously swept
away from the surface of membrane by the high-shear fluid flow. Due to the fluid flow, the
cake does not form at all or only a thin layer of the residual cake deposits. Hence, the rate of
dynamic filtration may be much higher than the rate of dead-end filtration. The thickness of
the residual cake in a dynamic filter depends on the hydrodynamics of the flowing slurry
adjacent to the membrane surface. The shear flow may be created either by recirculation of
the processed suspension, or by rotating/vibrating disks and membranes [Wronski, 1989;
Ripperger, 2002].
M3

V3

flow meter

pext

filtration
cell

permeate

flowing
suspension
tank with
suspension

V1
M2

V2

filtration cell

M4

M1

pump

deposit
filter
drainage
permeate

Fig. I.25. Schema of cross-flow filtration apparatus. M – manometers, V – valves.
Dynamic filtration is called cross-flow (or tangential) if the suspension flows is parallel to
the membrane surface. Membranes may be different in shape: flat, cylindrical, spiral. Fig. I.25
presents the schema of a common cross-flow filtration apparatus. The rate of cross-flow
filtration is mainly determined by two parameters: suspension velocity Q and transmembrane
pressure Δp.
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Fig. I.26. Cross-flow filtration of diatomaceous earth (after [Altmann, 1997]).
Figure I.26 shows typical evolutions of the permeate flux and cake thickness during a
cross-flow filtration. At the beginning, the permeate flux steeply decreases due to deposition
of particles on the membrane surface. In addition, blocking of membrane pores may also
account for this decrease. If Q is high enough, the deposit does not grow anymore. So, it is
possible to get a quasi-steady permeate flux for a long time [Altmann, 1997; Li, 2002].
The deposition of particles and cross-flow filtration are influenced by a great number of
parameters, such as cross-flow velocity, transmembrane pressure, membrane resistance,
deposited layer resistance, concentration of suspension, particle shape and size distribution,
aggregation state of suspension and interaction between particle and membrane surface. The
deposit growth and compression is the main factor influencing dynamic filtration. A lot of
methods were proposed for in situ observation of this process [Chen, 2004] and many models
were created to describe deposition of particles [Ripperger, 2002].

I.3.3. Models of dynamic filtration
According to [Ripperger, 2002], the models created to describe the cross-flow filtration
(and dynamic filtration generally) can be of two types: macroscopic and microscopic. The
macroscopic approach considers the system of particles as a continuum, while the
microscopic models consider behaviour of a single particle during filtration. Both approaches
assume that the factors of deposit formation are hydrodynamics, diffusion of particles and
particle-deposit interaction.
I.3.3.1. Macroscopic models of dynamic filtration
Macroscopic models (e.g. [Porter, 1972]) assume that the profile of particle concentration
near the membrane surface is maintained by two opposite transport processes: convective
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transport of filtrate flow toward the membrane and diffusive movement of particles away
from the membrane surface and back into the bulk stream. In the stationary state, both
transport mechanisms are in balance. If concentration of particles c depends only on the
distance from the membrane x, then

J c  D

dc
dx

(I.79)

where J is the filtrate flux, and D is diffusion coefficient. The left term of Eq. (I.79) is the
convective transport of particles. Right term represents diffusive transport.
Next boundary conditions may be taken:
-

the concentration of particles in the deposit (or ‘gel layer’) is uniform and equal to Cg;

-

once the deposit is formed, its thickness δ remains constant;

-

the concentration of particles in bulk is supposed to be uniform and equal to C0.

Thus, the equation (I.36) gives
J

D



ln

Cg
C0

 K m ln

Cg
C0

(I.80)

where Km is the mass transfer coefficient. Equation (I.80) suggests that the rate of dynamic
filtration drops to zero as concentration of particles approaches to Cg. The effect of shear flow
is contained in Km. According to Porter [1972]:

Km ~ Q0.33/b0.66

(for laminar flow in the filter cell)

(I.81)

Km ~ Q0.8/b

(for turbulent flow in the filter cell)

(I.82)

where Q is the volumetric flow rate of suspension, b is the height of the filter cell. A review
of Eqs. I.80–I.82 shows that the flux J may be increased by increasing Q or decreasing b.
Filtration rate dependence on the fluid velocity Q is much more pronounced for the turbulent
flow. Therefore, different techniques were implemented for creation of turbulence and
acceleration of filtration: turbulence promoters [Gupta, 1995; Krstićś, 2004; Mori, 2008;

Li, 2009], pulsatile flow [Gupta, 1992; Howell, 1993; Jaffrin, 1994], helical filter cells [AlAkoum, 2002], membranes placed on rotating disks, vibrating systems (reviewed in
[Wakeman, 2002; Jaffrin, 2008]).
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I.2.3.2. Microscopic models of dynamic filtration
Microscopic models of dynamic filtration (e. g. [Altmann, 1997; Sethi, 1997; Bowen,
2001]) consider hydrodynamic, adhesive and friction forces acting on a single particle.
Balance of these forces is sketched in Fig. I.27. Lift force FL and drag force FD are caused by
shear flow, while drag force FY is caused by filtrate flow. It was shown in [Altmann, 1997]
that the main forces, which determine whether or not the streaming particle attaches to the
deposit, are the lift force FL and the drag force FY.
FY φ = 0.30
J = 100 l/(m2h)

cross-flow direction

friction force
FF

drag force
of cross-flow FD

drag force of filtrate FY
+ particle interaction
filtrate flow direction

Force, N

lift force
FL

10

-10

10

-11

10

-12

10-1

FL

FY φ = 0.01
J = 1000 l/(m2h)
FY φ = 0.01
J = 100 l/(m2h)

100

particle size a, μm

101

Fig. I.27. Forces acting on a particle in cross

Fig. I.28. Lift force FL and filtrate drag force FY

flow filtration (after [Ripperger, 2002]).

acting on a streaming particle as a function of
particle size (at different filtration conditions).
Calculated by the author.

The drag force FY can be estimated by means of Stoke’s equation:

FY = 6 π l a J f(φ)

(I.83)

where l is the viscosity of liquid, a is the particle size, J is the velocity of filtrate and f(φ) is a
correction function, which steeply increases with the increase of particle concentration
[Altmann, 1997]. Therefore, the particle deposition is much more probable in concentrated
suspension.
The lift force FL may be estimated as:

FL = 6.1 

 w1.5 a 3  0.5
l

(I.84)

where τw is the shear stress in the vicinity of the membrane, ρ is the density of liquid
[Altmann, 1997].
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Comparison of equation (I.83) with (I.84) suggests that the particle deposition depends on
the particle size a. Figure I.28 shows an estimation of the hydrodynamic forces acting on a
streaming particle at different filtration rates J = 100 and 1000 l/m2h for diluted (φ = 0.01) and
concentrated (φ = 0.3) suspensions. Other parameters: l = 10–3 Pas, ρ = 103 kgm–3,

τw = 100 Pa (typical values in cross-flow filtration). As Fig. I.28, shows, the lift force is higher
than the drag force in a wide range of particle sizes at low filtration rates and low
concentrations of particles.. It means that the particles will be transported away from the
deposit layer. At high filtration rates or at high concentration of suspension, FL > FY only for
large particles, while for small particles FL < FY. Therefore, particles with size a < 0.45 μm
will attach to the deposit layer (at J ≥ 1000 l/(m2h) in suspensions with φ = 0.01, and at

J ≥ 100 l/(m2h) in suspensions with φ = 0.3 (see Fig. I.28)). Deposition of small particles
increases specific resistance of the deposit. As a result, the filtration rate decreases.
Equations (I.83) and (I.84) consider only hydrodynamic effects. They suggest decrease of
filtration rate with increase of the particle size. However, for submicron particles,
consideration of diffusion factor is quite necessary. Consideration of a diffusion-induced
back-transport of particles away from the membrane suggests increase of filtration rate with
decrease of the particle size: in Eq I.80, J ~ 1/a, since D ~ 1/a according to Einstein-Stokes
equation. Combination of hydrodynamic effects (Eqs. (I.83–I.84)) and diffusion (Eq. (I.80))
suggests that the minimum of filtration rate exists in the particle size range between 0.05 and
0.5 μm [Ripperger, 2002], [Sethi, 1997]. If particle size a ≤ 0.1 μm, filtration is determined
mainly by the diffusion, filtration rate increases with decrease of a. If particles are larger than
1 μm, filtration is mainly controlled by hydrodynamics and filtration rate increases with
increase of a. If particle size equals to approx. 0.1 μm, the net back transport away from the
membrane attains the minimum, thus leading to the maximum cake growth [Sethi, 1997].
Once the particle is deposited, it is necessary to consider a new force FA (adhesion force)
in order to know whether this particle will leave the surface of the deposit or will remain
fixed. The estimation of the particle adhesion is complicated, since a lot of parameters are
involved, including the particle shape, the number of contact points and electrostatic
repulsion. If we assume that the particles are spherical and uncharged, FA may be estimated
according to van der Waals equation:

FA  Aa /(12 H 2 )
where A is Hamaker’s coefficient and H is the distance between the particles.

(I.85)
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Figure I.29 shows the values of FA, FY and FL calculated using Eqs. I.83–I.84, as a
function of particle size assuming H = 1 nm and A = 10–20 J. These last values stand for
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calcium carbonate in saline water (after [Kosmulski, 2003]).
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Fig. I.29 shows that the lift force exceeds the adhesive force only if the particle size is
large enough, i.e., a > 2.5 μm. It means that a small single particle is irreversibly attached to
the deposit and cannot return into the cross-flow. Only large particles or strong particle
aggregates can be swept away from the surface.
In summary, the sketch of forces acting on a particle during dynamic filtration allows to
make next conclusions:

 the probability of particle deposition is higher for small particles than for large particles;
 deposition of small particles is irreversible (in contrast to deposition of large particles).
I.3.3.3. Distribution of particle sizes in the deposit layer in cross-flow filtration
Numerous experimental studies revealed other peculiarities of particle deposition in a
cross-flow filtration.
Ripperger and Altmann [2002] have studied the growth of deposit during cross-flow
filtration of a polydisperse mineral suspension. They showed that the favored deposition of
small particles results in formation of more compacted and less permeable top layer of the
deposit. It decreases the drag force of the filtrate, which results in deposition of even smaller
particles and formation of even denser top layer. Such a ‘size classification’ of particles in the
top layer of the deposit makes its resistance rising as it is shown in Fig. I.30. It explains, why
deposit thickness in Fig. I.26 reaches a steady-state more quickly than the filtration rate.
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resistance with its thickness

during filtration of silica at constant Q and

(after [Ripperger, 2002]).

increasing p (after [Altmann, 1997]).

In addition, electron microscopic images of the deposit cross section confirmed the
asymmetrical deposit structure [Ripperger, 2002].
The size selective deposition of particles was also studied in [Foley, 1995; Chellam, 1998;

Klein, 1999]. Simulation of cross-flow filtration by Foley et al. [1995] has demonstrated that
higher suspension velocity Q results in higher specific resistance of deposited layer. The
cause is in increase of FY and preferential deposition of the smallest particles. Nevertheless,
filtration rate was not much affected by increase in specific resistance because of the decrease
in deposit thickness at higher Q. It was found that the specific resistance of deposit decreases
with the increase of transmembrane pressure (TMP) [Foley, 1995]. The cause is in increase of

FY and preferential deposition of the largest particles. [Chellam, 1998] and [Klein, 1999] have
studied experimentally the size distribution of deposit particle in cross-flow filtration. They
observed that the percentage of small particles in the deposit (and its specific resistance) was
much higher if the shear is ntense. This effect was substantial even for suspensions with
narrow particle size distribution [Chellam, 1998]. They pointed out that the specific
resistances of deposits in cross-flow filtration were 5 to 132 times higher than those of cakes
in conventional dead-end filtration. Furthermore, [Meier, 2002] have added that the size
classification of deposited particles is more pronounced under turbulent flow than under
laminar flow. They have demonstrated in pilot scale experiments that dynamic filtration may
be used for wet classification of colloidal particles (separation of small particles from large
ones).
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I.3.3.4. Irreversibility of particle deposition
Irreversible deposition of particles was evidenced in the experiments of Altmann and
Ripperger [1997]. They have carried out cross-flow filtration of monodisperse silica
suspensions . The suspensions were filtered at constant cross-flow velocity but variable TMP:
progression from 0 to 2.5 bar at the first stage and regression from 2.5 bar to 0 bar at the
second stage. They observed that at the first stage the filtrate flux was governed only by
membrane resistance until TMP of 0.5 bar. At TMP > 0.5 bar, the filtrate drag force exceeded
the lift force and the deposit started to grow (see Fig. I.31). Afterwards, during the descending
of TMP, the deposit thickness did not change significantly. Therefore, silica particles seem to
be irreversibly deposited on the membrane under these conditions of filtration.
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Dris, 2000]).

This question of irreversibility of the deposition was investigated in more details by
[Benkahla, 1995], [Ould-Dris, 2000] and [Huisman, 1998]. [Benkahla, 1995] and [Ould-

Dris, 2000] have tested diluted suspensions of calcium carbonate in demineralised water.
[Benkahla, 1995] performed several successive cycles of TMP ascending and descending at
constant suspension flow rate. They observed that the resistance and thickness of the deposit
formed during ascending of TMP remained constant during the descending step (see
Fig. I.32). At next step of TMP ascending, the deposit thickness and resistance also remained
constant until the maximum value of TMP of the previous cycle was attained. Then the
deposit grew again with ascending of TMP. Constancy of the deposit resistance during the
descending steps confirms irreversibility of deposition of CaCO3 particles. In addition, it was
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shown in some separate dead-end filtration experiments that the ascending TMP causes an
irreversible compression of the filter cake.
In order to explain experimental results presented in Fig. I.32, [Benkahla, 1995] suggested
that deposit growth is limited by the shear stress on its surface τw

τw = kf Δp + Cc

(I.86.a)

where Δp is TMP, kf and Cc are friction and cohesion, respectively. Parameters kf and Cc are
functions of the properties and concentration of surface particles. Cc is equivalent to the yield
stress of the deposit and increases with deposit’s compression. The value of shear τw is


proportional to shear rate  and, therefore, to the velocity of suspension v:


τw =  s    s

v
b 

(I.86.b)

where s is the suspension’s viscosity, b is the channel height of the filtration cell, δ is the
thickness of the deposit. Eq. (I.86.a) presents Coulomb’s criterion for particles in the top layer
of the deposit. It means that at constant velocity of suspension and constant TMP, deposit
grows until τw reaches the value of the right term of Eq. (I.86.a). Further increase of TMP
results in increase of the deposit thickness: δ reaches a new equilibrium value. Increase of
TMP also results in compression of the deposit and strong increase of Cc. That is why, TMP
decrease causes only small decrease of the deposit resistance. Due to irreversible compression
of the deposited layer, the value of the right term of Eq. (I.86.a) remains high as compared to

τw even if TMP decreases.
I.3.3.5. Erosion of the deposit in cross-flow filtration
Eqs. (I.86.a–I.86.b) also indirectly show that the deposit may be eroded at shear stress

τ > τw (τw is the shear stress at which the deposit was formed).
[Ould-Dris, 2000] have investigated conditions for erosion CaCO3 deposit. Fig. I.33
shows the deposit resistance under cyclical variation of the suspension velocity v at constant
TMP. The deposit formed at relatively low velocity of 0.3 m/s (point A) remained undisturbed
until the velocity reached 1.1 m/s (point B). Above this point, erosion of the deposit started
and its resistance dropped until 1.75 m/s (point C). In the range between point C and D the
filtration rate was determined by membrane resistance since the deposit was practically
absent. This regime maintained until 0.8 m/s (point D). Then, the deposit was reconstituting
with the decrease of speed until point A.
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According to Eq. (I.86.b), the shear stress effect on the deposit (at constant v) was higher
at higher suspension viscosity and concentration. So, it was logically found that the erosion of
deposit started at lower velocity under these conditions. However, [Ould-Dris, 2000] have
also shown that the filtration rate declined with the increase of particles concentration from 60
to 700 g/l, probably, due to an enhanced transport of particles to the membrane surface.
[Ould-Dris, 2000] have found that the erosion shear stress is a linear function of TMP. It
confirms the validity of equation I.86. This equation suggests that the deposition with lower
cohesion may get eroded at lower shear stress. Unfortunately, the effect of interaction
between particles was not studied in [Benkahla, 1995, Ould-Dris, 2000] .
I.3.3.6. Effect of interaction between particles on the deposit
A decrease of cohesion between particles (that is, an increase of particle repulsion) may
trigger off:

 formation of a denser deposit with higher specific resistance. The mechanism is explained
in section I.2. Disaggregation of particles results in lower average particle size. The lift forces
become weaker which, which means an irreversible particle deposition.

 higher sensitivity to shear stress than in deposit with aggregated particles. Increase of
repulsion between particles must decrease friction kf and cohesion Cc between the particles.
A beneficial effect of aggregation on dynamic filtration was demonstrated, for example, in
[Bacchin, 1996; Nguyen, 2002; Al-Malack, 2004; Zhao, 2005; Horčičková, 2009]. The
aggregation of particles was realized with a coagulant [Nguyen, 2002; Al-Malack, 2004]
[Ripperger, 2002; Šmidová, 2004]. In these articles, the flux improvement was attributed to
less compact and more porous deposit structure, which guarantees lower specific resistance
(see Fig. I.34).

a)

b)

Fig. I.34. Structure of deposit in cross-flow filtration of diluted monodisperse silica
suspensions: a) stabilized, b) aggregated (after [Ripperger, 2002]).
[Bacchin, 1996] have analyzed separately the effect of aggregation of clay particles on
the deposit mass and filtrate flux. A salt was used for aggregation of particles. The mass of
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deposit monotonously increased with the increase of salt concentration. Such behaviour was
explained by stronger adhesion of aggregates on the deposit. However, the filtrate flux did not
decrease monotonously. It was declining until critical concentration of coagulation (c.c.c).
Further addition of salt above the c.c.c results in increasing of the filtrate flux. This
phenomenon was explained by non-monotonous variation of the deposit specific resistance.
According to [Chang, 1995; Bacchin, 1996; Bowen, 2001] initial addition of salts results in
compression of the double electric layers of particles and decrease of interparticle distance. In
this case, the structure of deposit is similar to the structure of “repulsive gel” with narrow
pores. Further addition of salts results in destabilization of particles and triggers off their
aggregation. Under such conditions, the deposit consists of aggregated particles and has a
structure of “attractive gel” with wide pores and low specific resistance.
[Šmidová, 2004] have investigated the cross-flow filtration of kaolin suspensions at pH
around the isoelectric point of kaolin (i.e.p). They measured the filtrate flux in a steady-state
regime and observed that the curve of flux plotted versus pH was asymmetrical, with a peak
at i.e.p. The flux was significantly dropping above pHi.e.p. The kaolin particles were
aggregated at pH < pHi.e.p. and stabilized at pH > pHi.e.p. (see section I.2). So, it was assumed
that observed maximal flux can be explained by the lower resistance of the deposit of
aggregated particles. Increase of pH caused formation of an oriented structure of particles
with lower permeability. This assumption is reasonable if the deposit structure formed at
cross-flow filtration is similar to that formed at dead-end filtration. Unfortunately, specific
cake resistances of dead-end and dynamic filtrations were not compared in this article.
Importance of the shear effect on the structure of deposit composed from plate-like and
needle particles was evidenced in several studies [Mota, 2002; Perdigon-Aller, 2005;

Perdigón, 2007]. [Xu-Jiang, 1995] have reported some surprising results. For suspension of
talc, they have found lower specific resistance of deposit in cross-flow filtration compared to
that formed in dead-end filtration.
Beneficial effect of particle stabilization should be expected in dynamic filtration, since
repulsion between the particles facilitates erosion of the deposit [Huisman, 1998; Elzo, 1998].
[Elzo, 1998] have investigated the effect of particle zeta-potential on filtration of silica
suspension. At high absolute value of zeta-potential, the repulsive forces between the particles
dominate. It reduces the deposition, because repulsive forces act oppositely to the drag force
of the filtrate flow. Fig. I.35 illustrates that higher zeta potential modulus facilitates filtration.
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[Huisman, 1998] observed formation of reversible deposits during cross-flow filtration of
stabilized (at high pH) silica suspensions of. Note that deposit was thicker at higher TMP. As
shown in Fig. I.36, The thickness of deposit either decreased (reversible deposition of
particles during filtration of stable suspension), or stayed constant (irreversible deposition
during filtration of aggregated suspension) with decrease of TMP, Fig. I.37 shows that
reversibility of deposition is a function of particle charge and, therefore, mutual repulsion of
particles.
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Besides, Elzo [1998] and Huisman [1998] showed that cake deposition in dynamic
filtration may be reduced and the filtration velocity may be enhanced by stabilization of
suspension.
Vassilieff et al. [1994] showed that the deposit can be stagnant or flowing, depending on
the ratio between the shear stress and the deposit yield stress values. If the shear stress,
exerted on the deposit by the fluid, is lower than its yield stress, the deposit remains stagnant
and its thickness grows. If the shear stress exceeds the deposit yield stress, the upper layer of
the deposit starts flowing tangentially and the deposit stops growing, permitting the permeate
flux to reach a steady state.
These findings encourage the research of dynamic filtration methods for concentrating
mineral suspensions. Addition of a dispersant may substantially decrease the yield stress of
the concentrated suspension (deposit), and, therefore, reduce the cake formation and enhance
its erosion. In addition, the stabilized mineral suspensions may be processed (pumped and
stirred) even at very high concentrations of particles due to their low viscosity. Therefore,
combination of a dispersant and appropriate dynamic filtration technique represents an
interesting way for continuous preparation of concentrated and flowable mineral suspensions.

I.3.3. Dynamic filtration of concentrated and stabilized mineral suspensions
Dynamic filtration of concentrated suspensions requires very high shear rate. Mikulášek et
al. [Mikulášek, 1998; Mikulášek, 2004] carried out cross-flow filtrations of concentrated
titania suspensions (up to 48% vol.) in a tubular cross-flow filter. Suspensions were stabilised
with the help of a dispersant (sodium hexamethaphosphate). They observed the steep initial
flux decline at the beginning of filtration that was related to fast deposition of particles. So,
beginning of the cross-flow filtration was dead-end-like. After a while, the flux reached a
steady-state value. The deposit growth was terminated by the high shear exerted at its surface.
The steady-state flux is more pronounced at higher cross-flow velocity but gets reduced at
higher feed concentration (Fig. I.38). The authors proposed a simple equation relating the
total resistance of the deposited layer Rd with the concentration of suspension

Rd 

2p

l



d
 max    w




(I.87)

where Δp is TMP, l is the viscosity of dispersion medium, d is the apparent viscosity of
deposit, τw is the shear stress acting on deposit surface, φ and φmax are volume fraction of
particles in the suspension and deposit, respectively. According to Eq. (I.87), the deposit
resistance decreases with the decrease of suspension viscosity. Intense cross-flow shear stress
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may reduce the deposit resistance. However, concentration of suspension continues during
cross-flow filtration. The higher is the feed concentration, the stronger shear is needed for
reducing the deposition of particles. Eq. (I.87) shows that filtration drops to zero as φ tends to
φmax. [Mikulášek, 1998] reported that the filtrate flux tends to zero when the titania suspension
tends to φ = 0.6. This limit does not dependent on the shear rate and TMP.
Fig. I.38 shows that the filtration rate achievable in cross-flow filtration is too low even
for concentrations much lower than the limit. It seems that the shear stress value achievable in
cross-flow filtration is lower than that required for concentration of mineral suspensions.
[Wakeman, 2002] has reviewed numerous techniques for enhancing the shear flow and for
preventing cake formation. But most of them are restricted to cross-flow filtration of diluted
suspensions and clarification of fluids.
[Jaffrin, 2008] suggested that dynamic filtration with vibrating membranes or rotating
disks may be much better than cross-flow filtration (Fig. I.39). Its good performance is
determined by very high shear rates may be produced with a low inlet flow, and therefore, a
low pressure drop in the module. Consequently, very low TMP can be maintained, and
combination of high shear rates and low TMP facilitates reduction of deposit resistance (see
Eq. I.87). The very high shear rate created by shear-enhanced devices effectively reduces the
concentration polarization during ultrafiltration [He, 2007; Tu, 2009]
. Therefore, high TMP values are advantageous, as far as the permeate flux continues to
increase until higher pressure levels than in conventional cross-flow filtration. A number of
pilot-scale devices available for dynamic filtration are reviewed in [Bouzerar, 1999] and
[Tu, 2009].
Utilisation of rotating disk and rotating membrane systems was shown to be very effective
in microfiltration of moderately and highly concentrated mineral suspensions [Jönsson, 1996;
Bouzerar, 2003; Ding, 2006; He, 2007]. For instance, in [Ding, 2006; He, 2007] the CaCO3
suspension (without dispersant, mean particle size equals to 3 µm) reached concentration of
25 % wt. in a new pilot multishaft disk system (MSD) with overlapping ceramic membranes.
Filtrate flux was equal to 800 l/(m2h) at TMP = 200 kPa and disk rotation speed 1500 rpm.
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Fig. I.39. Rotating disk filtration device used in [Bouzerar, 2000], [Bouzerar, 2003]).
In [Bouzerar, 2003], a CaCO3 suspension (without dispersant, mean particle size of
50 µm) was concentrated up to 50 % wt. in a dynamic filtration module with rotating disk.
Filtrate flux was 950 l/(m2h) at TMP = 1.5 bar at disk rotation speed 1500 rpm. The filtrate
flux was large, most likely, because of large mean size of CaCO3 particles. However,
suspension of small colloidal particles (50 nm) could also be concentrated from 5 to 32% at
high filtrate flux J = 245–300 l/(m2h), TMP = 1.6 bar and disk rotation speed of 1500 rpm.
[Bouzerar, 2000] have studied dynamic filtration of colloidal CaCO3 suspension (4.7 μm)
using the same rotating disk module. They observed that the total resistance of the deposit
increased logarithmically with the increase of CaCO3 concentration. However, the filtrate flux
remained substantial (~ 200 lm-2h-1) even at 50 % wt concentration of particles (disk rotation
speed of 2000 rpm). In [Bott, 2000], CaCO3 suspension reached 70 % wt. in a DYNO rotating
disk system.

I.3.4. Attempts to maximize concentration of suspensions
It should be noted that the works referred to above were not aimed at maximisation of
suspension concentration. Only few studies were focused on this subject [Trave, 2007;
Ochirkhuyag, 2008]. For instance, [Ochirkhuyag, 2008] has prepared concentrated sericite
suspension (particle size of 10 μm) in a system of cakeless continuous filtration with rotating
disk filter. Fig. I.40 presents a schema of this system.
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Fig. I.40. Filtration system with rotating
disk filter used in [Ochirkhuyag, 2008].
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Fig. I.41. Evolution of filtrate flux. Insert:
filtrate flux for 30 % vol. suspension at
different disk speeds [Ochirkhuyag, 2008].

The sericite slurry was stabilised prior to filtration by a dispersant (sodium aluminate). As
shown in Fig. I.41, suspension was concentrated up to 35 % vol. (60 % wt.) at the disk
rotation speed of 400 rpm and TMP = 0.2 bar. The filtration flux decreased gradually as the
volume fraction of sericite particles was increasing to 20 % vol. However, it became almost
constant after the level of 20 % vol. No cake was observed on the surface of the filter at the
end of experiment. The final concentrated suspension was simply poured out from the filter
cell. It was noted that the final concentration in dynamic filtration was higher than that in
dead-end filtration carried out under the same pressure (35 and 23 % vol, respectively).
[Ochirkhuyag, 2008] note that higher was the disk rotation speed, the higher was the filtrate
flux (insert in Fig. I.41). Unfortunately, this article does not discuss the effect of dispersant on
the filtration velocity and properties of the final concentrate.
[Trave, 2007] described the effect of dispersant addition (sodium polyacrylate DV 834) on
cross-flow filtration of CaCO3 suspension (1.81 μm). The purpose was the preparation of
highly concentrated and fluid suspension using a tubular ceramic membrane at constant crossflow velocity of 1 ms–1. Fig. I.42 shows that both in the absence and in the presence of a
dispersant, the filtrate flux decreased as suspension was becoming more concentrated and
drops to zero at certain concentration.

I.3. Dynamic filtration of concentrated mineral suspensions

cdispersant = 0 %

200

100

0
26

28

30

32

34

36

limit for cake obtained
in dead-end filtration

maximal concentration of
suspension obtained, % wt

filtrate flux, l/(m2·h)

300

88

38

70

60

50

40
0

concentration of suspension , %wt.

0.5

1

1.5

2

2.5

dispersant concentration, %wt/wt

Fig. I.43. Influence of dispersant on

flow filtration of CaCO3 suspension without

maximal retentate concentration obtained

dispersant (after [Trave, 2007]).

in cross-flow filtration [Trave, 2007].

6

cdispersant =

0%
1%
2%

5

resistance of deposit Rd, 1012 m–1

filtration time/volume of filtrate
t/V, s/ml

Fig. I.42. Evolution of filtrate flux during cross-

4
3
2
1
0
0

2

4

6

8

10

1

dispersant addition
(1%)

0.8
0.6
0.4
0.2
0
0

volume of filtrate V, ml

suspension
without
dispersant

5

10

15

20

time of filtration, min

Fig. I.44. Comparison of the cross-flow

Fig. I.45. Cross-flow filtration with delayed

filtration with the Ruth-Carman’s equation

addition of the dispersant

(after [Trave, 2007]).

(after [Trave, 2007]).

Fig. I.43 shows that this limit concentration increases with the dispersant concentration.
Above 1.7 % wt. of dispersant, the final dryness of retentate is identical to the dryness of filter
cake obtained in dead-end filtration of CaCO3. Note that the final retentate remains fluid
(0.8 Pa·s at shear rate of 20 s–1).
Dispersant changes the properties of the particle surface. Though complete filtration
curves were not given in [Trave, 2007], Fig. I.44 shows that the filtration rate passed through
a maximum with the increase of cdispersant. It seems that addition of 1 % of dispersant
decreased the thickness of the deposit and enhanced filtration. However, the cause of drop in
filtration after addition of 2 % of dispersant is unclear.
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The required amount of dispersant in [Trave, 2007] was high, much higher than in dead
end filtration of CaCO3 [Soua, 2006]. The cause is in loss of unabsorbed dispersant during
cross-flow filtration. For lowering the amount of dispersant in the filtrate, addition of
dispersant was delayed. Fig. I.45 indicates that the delayed dispersant addition in cross-flow
filtration is immediately followed by a drop in deposit resistance. This phenomenon can be
explained by weakening of contacts between the deposit particles, induced by the dispersant,
and detachment of some particles (aggregates) from the deposit. However, the deposit
resistance increased again during the cross-flow filtration.
In principle, the delayed dispersant addition may allow the precoat formation. This idea is
analogous to that described in [Soua, 2006] for dead-end filtration with preliminary
precoating. The precoat should maintain the filtration speed, while the concentration of the
flocculated suspension increases. Unfortunately, data in [Trave, 2007] show that the precoat
did not maintain after dispersant addition and was replaced by impermeable deposit.

I.3.5. Summary
Preparation of concentrated mineral suspensions by means of dynamic filtration has some
advantages compared to dead-end filtration. The filtration time is reduced in dynamic
filtration [Raha, 2009], [Ochirkhuyag, 2008] and there is no step of cake grinding after its
discharge. First works showed also that dry matter of retentate and suspension fluidity are
close to those in suspensions produced by dead-end filtration [Trave, 2007].
It seems interesting to clarify the role of dispersant in the process of dynamic filtration
(deposition of particles, specific resistance and thickness of deposit) and influence of the
dispersant concentration and time of dispersant addition on the properties of final suspension
(viscosity, dryness and amount of adsorbed dispersant).
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Notation for Section I.4
Jo

filtrate flux through the clean membrane

KA

parameter of Eq. (I.89)

kb

parameter of Eq. (I.88)

n

parameter of Eq. (I.88)

t

time [s]

V

volume of filtrate [m3]
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I.4. Filtration of disrupted yeast suspensions
According to Darcy’s equation (I.23) the rate of filtration is inversely proportional to the
sum of cake and membrane resistances. In sections I.2 and I.3, the cake resistance was
discussed solely, while the resistance of membrane was not considered. Such an approach is
acceptable when the particles of filtered suspension are larger than the pores of membrane and
concentration of particles in suspension is high. However, in some cases resistance of the
membrane significantly increases during the filtration. This occurs due to, so-called, fouling
of the membrane pores by fine-sized particles. This phenomenon is especially important for
filtration of bio-suspensions that contain high concentration of fine particles. In this chapter,
the influence of different types of fouling on filtration of bio-suspensions (generally, yeast
suspensions) will be discussed.

I.4.1. Background of membrane fouling
If particles are smaller than the pores of membrane (or have same sizes), the particles may
plug the pores, enter into the pore volume and deposit on the internal surface of membrane.
This phenomenon is called membrane fouling or depth filtration [Wakeman, 1999]. The
membrane fouling significantly increases resistance of the membrane. In such a case, the
filtration rate is no longer regulated by the cake formed on the membrane surface, but rather
by resistance of the membrane itself. This is a serious problem, because the fouled membrane
considerably extends or even stops the filtration.
Therefore, it is usually required to know in advance the granulometry of particles in
suspension in order to make the right choice of membrane porosity. If so, the appropriately
selected membrane will retain most of the particles on its surface and its fouling will be
minimized. The intimate knowledge of the particle size distribution in suspensions is
important for membrane selection, since even small fraction of fine particles may cause
membrane fouling. Fine-sized particles may be an admixture, or they may appear after
vigorous shearing, mechanical or chemical disruption of suspension.
Because of this reason, membrane fouling is the main obstacle in microfiltration of biosuspensions: fermentation broths (wine, beer), cell suspensions and lysates, protein solutions
[Bailey, 2000; Czekaj, 2000; Gan, 2001]. Bio-suspensions consist of large particles (cells and
their aggregates) and small particles (cell debris, macromolecules and their aggregates)
[Saxena, 2009]. So, solid particles in bio-suspensions have wide size distribution (10 nm –
10 μm, from macromolecules to intact cells). Very small bio-particles easily plug membrane
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pores and/ or form compressible gel layer with low permeability on the membrane surface. It
is very important to study the mechanisms of membrane fouling for better optimizasion of
filtration parameters and/ or colloidal properties of the feeding suspensions [van Reis, 2001].
Four mechanisms of membrane fouling are generally distinguished [Bowen, 1995;
Wakeman, 1999, Grenier, 2008]: (a) complete, (b) standard, (c) intermediate pore blocking
and (d) cake formation (or particles bridging). They are sketched in Fig. I.46.
Complete pore blocking (or pore blocking) assumes that the particle size is larger than the
pore diameter. In this case, the deposition of particles at pore entrance seals the pore
completely. Thus, any flow through the sealed pore and further deposition of particles become
impossible.

intermediate

complete

standard

cake formation

Fig. I.46. Schema of membrane fouling mechanisms: complete blocking, standard blocking,
intermediate blocking and cake formation (after [Bowen, 1995]).
Intermediate pore blocking (or pore constriction) assumes that particles seal some pores
completely. However, deposition of particles on the blocked membrane surface remains
possible. Therefore, intermediate pore blocking assumes a probability of pore blocking by a
particle. This mechanism is sometimes regarded as a combination of complete pore blocking
and cake formation.
Standard blocking assumes accumulation of small particles mainly inside the membrane
pores. Hence, the cross-sectional area of pores decreases and the filtrate flux reduces.
Cake formation assumes that pores are not blocked by particles. The formation of cake
decreases the filtrate flow proportionally to the cake resistance. Cake formation was discussed
in previous sections.
According to Hermia [1982] and Bowen [1995], whatever is the mechanism of membrane
fouling, the filtrate flux obeys to the following characteristic equation

d 2t
 dt 
 kb 

2
dV
 dV 

n

where kb and n are constants. The exponent n characterizes the mechanism of fouling:

(I.88)
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Equation I.88 is valid only for filtration at constant pressure. Other similar exponent equations
were expressed for filtration at varying pressure and constant filtrate flux [Chellam, 2006].
Equation I.88 gives a simple and convenient method for determination of the fouling
mechanism by plotting log(d2t/dV2) versus log(dt/dV). It should yield a straight line with a
slope equal to n [Ho, 2000; Hwang, 2007; Yukseler, 2007; Mahesh Kumar, 2008]. This
equation is frequently used for characterisation of the membrane fouling during the entire
course of filtration. However, Wakeman [1999] stated that Eq. I.88 “does not describe the
physics of particle deposition beyond the initial few moments of filtration”. To clear up this
divergence, it is necessary to review the formulations of the different mechanisms of fouling
and the applicability of these equations for analysis of the flux decline.

I.4.2. Analysis of flux decline during membrane fouling
Specific equations for four classical mechanisms of membrane fouling are shown, for
example, in [Bowen, 1995]. For complete pore blocking, it is considered that the filtrate flux
decline is proportional to the fraction of blocked membrane surface per unit volume of
permeate (KA) and is proportional to the initial filtrate flux through the clean membrane (J0).
This formulation leads to:

dJ
  K A J 0 dt
J
Transformation of Eq. (I.89) into the characteristic one yields

(I.89)

n

d 2t
 dt 
(I.90)
 K AJ0

2
dV
 dV 
Hence, kb = KAJ0 is a constant (according to Eq. I.88), KA also remains constant during
filtration. Since KA depends on membrane properties, Eq. (I.90) is valid, as long as the
membrane surface remains clean from the layer of deposited particles.
Intermediate blocking also requires the constancy of surface properties. In such a case,

kb = KA. Standard blocking requires the constancy of pore sizes of the membrane and kb =
KB(J0)-1/2, where KB is a constant depending on the membrane properties.
In practice, the surface, on which the deposition of particles takes place, varies in the
course of filtration due to existence of size distribution of the pores and the particles. For
example, Bowen et al. [1995] described consecutive steps of the membrane fouling during
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filtration of BSA solutions comprising small BSA molecules and large particles (BSA
aggregates). They stated that:
‘(i) in the initial moments of the blocking process, the smallest pores are blocked by all the
particles arriving on the membrane; (ii) Then the inner surfaces of bigger pores start to be
covered; (iii) Afterwards, some particles cover other pre-existing already arrived particles
while others directly block some of the pores; (iv) Finally a cake starts to build up.’.
So, according to Bowen et al., actual mechanism of membrane fouling may correspond to
none of the theoretical ones. Actual fouling process may be a combination of simple
mechanisms and may involve several stages. It results in quite a complex shape of the
characteristic filtration curve (see, for example, Fig.I.47).
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Fig. I.47. Characteristic filtration curve for a
BSA solution (after [Bowen, 1995]).
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Fig. I.48. Predictions of characteristic
filtration curve: effect of specific cake
resistance  (after [Ho, 2000]).

Fig. I.47 shows that the value of exponent n was changing during filtration. It seems that
fouling mechanisms change successively: from complete blocking (i) to cake formation (iv).
Mahesh Kumar et al. [2008] also noted n variation during filtration. In their study of
living yeast suspension, the value of n calculated using (I.88), decreased from 2 to 0 and
finally reached negative value n = – 0.5. Iritani et al. [1995] reported even wider range of n
fluctuations during filtration of protein (BSA) solution. They have concluded that the
dominant filtration mechanisms were changing in the progress of filtration.
Hwang et al. [2007] have analysed filtration curves of suspensions with monodisperse
particles through a track-etched membrane. The particle size was 0.15 μm and membrane pore
size was 0.2 μm. It was evidenced that the initial pore blocking mechanism is always followed
by cake formation. Hence, the value of n decreases from 2 to 0. Each transition between
mechanisms depends on the rate of filtration and the concentration of particles.
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Ho and Zydney [2000] have developed a model of filtration taking into account the initial
pore blockage and subsequent growth of filter cake above the fouled surface. They derived
simple equation for filtration flux through the fouled membrane at any given filtration time.
The equation contains two parameters: pore blocking constant and specific cake resistance.
This model predicts both decrease of n from 2 to 0 and negative value of the exponent for a
certain part of filtration curve, as it is shown in Fig. I.48.
Duclos-Orsello et al. [2006] have developed filtration model accounting for three basic
mechanisms of fouling. The model is based on assumption that the initial pore constriction is
followed by pore blocking and, finally, by cake formation. The equation for filtrate flux
through the fouled membrane was derived. This equation comprises three independent
characteristic parameters, where each parameter corresponds to one of the mentioned
mechanisms of fouling. Ratio of these parameters determines the relative effects of different
fouling mechanisms on filtration. The proposed filtration model was tested on suspensions
with particles of different size (and, therefore, with different expectable mechanisms of
membrane fouling). The theory showed excellent agreement with experimental data (see, for
example, Fig. I.49). In the experiment presented in Fig. I.49, the particle size in the
monodisperse suspension was 0.25 μm and the membrane pore size was 0.20 μm. Hence,
influence of pore constriction on filtration of this suspension was negligible. Indeed,
comparison of the characteristic parameters of the solid line presented in Fig. I.49 reveals that
filtration was influenced by pore blocking and cake formation. It was also noted that in the
given case the plot d2t/dV2 versus dt/dV did not yield a straight line with the slope value n = 2.
Therefore, the conventional method of flux decline analysis, based on application of Eq. I.88,
did not yield complete information about the fouling mechanism.

d2t/dV 2, s/m6

from pore blocking to cake formation

1012

Fig. I.49. Flux decline analysis of particulate
suspension. Solid line represents the leastsquare fitting of experimental data by the
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Another method for determination of fouling mechanisms was proposed in
[Grenier, 2008]. The method is based on fitting of the experimental data by linear forms of
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characteristic equations of separate fouling mechanisms. These equations are listed in
Table I.1.
Table I.1. Fouling mechanisms and linear forms of corresponding
characteristic equations.
Fouling mechanism

Corresponding linear form*

Cake formation

dt/dV = a1V + b1

Intermediate blocking

dt/dV = a2t + b2

Standard blocking

(dV/dt)1/2 = a3V + b3

Complete blocking

dV/dt = a4V + b4

*

ai and bi are constants.

The method assumes that filtration may be divided into several successive steps with only one
prevailing fouling mechanism. Therefore, experimental curve may be divided into several
segments, which are described by one of the mentioned characteristic equations. Plotting of
the filtration curve in different coordinates corresponding to linear forms of equations yields
linear segments on filtration curve. Simultaneously, the values of n on the separate linear
segments of filtration curve can be determined from Eq. I.88. An example of data analysis is
presented in Fig. I.50.

2
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Fig. I.50. Analysis of filtration according to Grenier at al. [2008].
Left: plotting of filtration curve in coordinates corresponding to the linear form of
characteristic equation of pore blocking mechanism (dV/dt – V). Right: plotting of filtration
curve in coordinates corresponding to the linear form of characteristic equation of cake
formation (dt/dV – V). Values of n on the linear segments were determined from Eq. (I.88).
Both linearity of the segments and the values of n suggest that pore blocking is followed by
cake formation.
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Fig. I.50 shows that linearization may be useful for distinguishing the mechanisms of
fouling. Keskinler et al. [2004] used the same method for analysis of cross-flow filtration of
yeast suspension. They have concluded that the initial flux decline fits well to an intermediate
blocking mechanism, and after this stage they have identified the classical cake filtration.
Iritani et al. [1995] also showed that linearization yields information additional to that
obtained from representation of curves in coordinates of Eq. (I.88).
Zydney and Ho [2002] further examined the validity of linearization for prediction of
filtration. They studied filtration of different protein solutions and estimated duration of
filtration by two methods. The first method comprised linearization of initial segment of
filtration curve using the linearized form of the pore constriction model and it allows
extrapolation to a longer filtration time. The second method was based on fitting of the initial
segment by the two-parameter equation of Ho and Zydney (mentioned above). Contrary to
previous authors, they showed that analysis based on linearization can not predict adequately
the time of filtration. Their pore-blocking cake filtration model provides much better
description of filtration for different types of proteins.
In summary, each of the reviewed methods (use of general characteristic equation (I.88),
linearization of filtration curve or use of one of a number of combined filtration models) may
be applied efficiently for identification of the fouling mechanism and prediction of filtration.
Fitting of filtration data by the equations proposed in [Ho, 2000] and [Duclos-Orsello, 2006]
allows estimation of the relative effect of different fouling mechanisms on filtration. The
values of the characteristic parameters determined from fitting may be used for calculation of
suspension properties: pore blocking constants and specific cake resistance. Therefore, fitting
of experimental data by these equations gives the key to optimise suspension properties and
minimise fouling.
The methods available for adjustment of the particle sizes in bio-suspensions and
optimisation of filtration (flocculation, use of undisrupted cells as filer aids, reasonable
disruption of the suspension) are briefly reviewed in the following paragraphs.

I.4.3. Use of flocculation to avoid membrane fouling
Flocculation of bio-suspensions by inorganic salts in [Narong, 2006a, 2006b] or cationic
polymers [Kim, 2001; Wickramasinghe, 2002, 2004; Karim, 2008] is efficient for increasing
the average particle size and the filtration rate, and for decreasing the turbidity of suspensions.
Figs. I.51–I.52 show results of flocculation of the yeast suspensions at their cross-flow
filtration.
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Baran [1988] have screened a number of polymers for flocculation of cells in suspension.
Cationic polymers appeared to be the most effective. Increasing of the molecular weight of
the polymer also improved flocculation, probably by promotion of “bridging”. Hughes et al.
[1990] have found that suspension of washed cells required less flocculant than cells in a
complex growth medium. This suggests interference between the flocculant and the ionic
species present in the growth medium.
Selection of a suitable flocculant for real bio-suspensions is complex. Industrial practice
often relies on a trial and error method, where a number of flocculants are tested under a
variety of flocculation conditions. For example, Aspelund et al. [2008] have screened several
cationic polyelectrolytes for real bacterial cell suspension consisting of cells, cell debris and
extracted proteins. The flocculated suspensions were submitted to an unstirred or stirred deadend filtration. It was found that polyelectrolytes with longer chains are able to form larger
flocs. The increase in particle size was decreasing specific cake resistance and increasing the
permeate flux, which is reasonable to expect. But there was an optimum in flocculent
concentration, as far as it was found that the largest flocs did not provide the greatest
permeate flux enhancement. Also, it was observed that flocculation reduced rejection of
proteins during filtration.
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Shan et al. [1996] investigated the effect of different cationic polymers on the efficiency
of flocculation and solid-liquid separation of real bio-suspension. They observed that though
polymers have high efficiency for removal of inclusion bodies (cells and cell debris), they
also capture soluble proteins. Therefore, flocculation may reduce recovery of the target bioproduct. Agerkvist et al. [1990] investigated the influence of flocculation on purification of
protein solution from the cells and cell debris. They found have that flocculation of biosuspension by the optimal dose of polymeric flocculant (chitosan) removed 98% of the cell
debris. However, more than 40% of the target protein was rejected due to the flocculation.
So, though flocculation is efficient for solid-liquid purification, it may decrease
concentration of target soluble bio-products in the final filtrate. This finding encourages
seeking for ‘non-chemical’ methods for regulation of the particle size in bio-suspensions. It is
expected that ‘non-chemical’ methods will improve solid-liquid separation, but without
altering the recovery of proteins.

I.4.4. Using of precoat cell layer to avoid membrane fouling
It was noted in [Guell, 1999; Kuberkar, 2000; Hwang, 2006; Chupakhina, 2008] that
addition of undisrupted yeast cells to protein solutions improves the filtration rate. It also
reduces the membrane fouling and increases transmission of soluble protein into filtrate.
Guell et al. [1999] studied the effect of addition of the yeast cells on membrane fouling
during filtration of the mixture of proteins. Yeast cells were either added directly to protein
solution, or were used for forming pre-coat layer of undisrupted cells on the membrane
surface. It was observed that small concentration of yeast cells in suspension enhanced the
filtrate flux and maintained nearly 100% transmission of proteins, while without yeasts,
transmission of soluble proteins into the filtrate was only 40%. Formation of the pre-coat
layer of yeast cells on the surface of original membrane before filtration of the mixture of
proteins also enhanced the filtrate flux and increases transmission of proteins. A mechanism
was proposed for explanation of these results. According to [Guell, 1999], the yeast cells may
form a secondary membrane on the top of the original membrane. Though the yeast cell layer
has higher resistance than the original membrane, it screens the membrane from the fouling
fine-sized particles. Fig. I.53 shows that such secondary membrane entraps the protein
aggregates, which otherwise would be responsible for fouling of the original membrane and
decrease of transmission of the soluble proteins into filtrate.
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Fig. I.53. Schema of the retention of protein aggregates by dynamic layer or precoat layer of
undisrupted yeast cells. After [Guell, 1999].
Influence of the yeast cells on filtration of the protein suspension was modelled in
[Kuberkar, 2000]. According to the model, the mixed suspension of yeast cells and protein
was regarded as a bimodal system consisting of small particles (protein aggregates) and large
particles (yeast cells). It was assumed that small particles foul the original membrane if they
reach the membrane surface. Large particles form the cake on the membrane surface. This
cake is treated as a deep-bed filter, which captures small particles. Thus, concentration of
small foulant particles in the vicinity of membrane decreases in the presence of large particles,
and fouling decreases too. Equation describing filtration of the mixture of small and large
particles was derived. It was shown that filtration flux depends on the ratio between
concentrations of small particles and large particles. At low concentration of large particles,
screening of the original membrane from small particles is ineffective and filtration quickly
stops due to membrane fouling. At high concentration of large particles, formation of thick
impermeable cake slows filtration. However, at optimum concentration of large particles, thin
and permeable pre-coat layer efficiently screens membrane from the fouling. This theoretical
finding was confirmed experimentally in [Kuberkar, 2000] and match well with experimental
observations of [Guell, 1999].
Chupakhina and Kottke [2008] investigated the effect of yeast addition on cross-flow
filtration of a fermentation broth. Filtration was investigated at different concentrations of
yeasts and different cross-flow velocities. It was observed that the steady-state filtrate flux
increases at optimal yeast concentration. In contrary to usual observations, the filtrate flux
was increasing with decrease of the cross-flow velocity. Lower velocity enabled formation of
the yeast cell layer, which acted as a secondary membrane. Thus, it protected the filter from
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the fouling agent of the broth (proteins, polysaccharides). At higher velocity, the yeast cells
were swept away from the filter surface. As a result, the filter pores were blocked and the
filtration rate decreased.
In summary of this section, it may be concluded that it is possible to enhance filtration by
adjustment of the particle size distribution in a bio-suspension without addition of chemical
flocculants. Such optimisation of filtration requires balanced concentrations of the foulant
particles and large rigid particles (e.g., untreated cells).

I.4.5. Choice of an optimal method for disruption of yeast suspension
Filtration of bio-suspensions is widely used for purification of extracted bio-products
(usually, intracellular proteins) from cells and other insoluble particles. Preparation of the
extract involves physical or chemical treatment of cell suspension. Vigorous treatment results
in disruption of cell walls and liberation (extraction) of the target intracellular bio-products
(e.g., proteins). Cell disruption may also generate colloidal impurities (cell debris), which
block the pores of the membrane, slows filtration and decreases concentration of target
products in the filtrate. Consequently, it is necessary to find an adequate technique for
disruption of cells. Effectiveness of the disruption technique depends on the yield of target
bio-products (proteins). It depends also on the feasibility of further extract purification from
the solid phase. It is better to have moderate cell damage with lower content of cell debris.
Numerous techniques have been proposed for yeast cell disruption [Chisti, 1986; Geciova,
2002] (see Fig. I.54). The mechanical method of high-pressure homogenisation is most
appropriate for industrial-scale disruption. This method results in considerable breakage of
cells and high recovery of intracellular proteins. However, it generates a large quantity of cell
debris, which complicates the downstream purification. Other classical methods of cell
disruption are either less effective or expensive, or can not be realized in industrial scale. This
encourages seeking for a new methods of cell disruption.
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Fig. I.54. Classical methods available for cell disruption (after [Chisti, 1986; Geciova, 2002]).
Treatment of yeast suspensions by high-intensity pulsed electric field was recently
proposed as a promising way for extraction of proteins [Ganeva, 2003]. High electric fields of
microsecond duration (typically, 5–10 kV/cm) may cause electroporation of membranes,
which seems to enhance release of the intracellular bio-products. Electroporation has some
advantages compared to homogenisation. It does not generate fine cell debris and does not
produce any significant temperature elevation. Nevertheless, effectiveness of the pulsed
electric field treatment as a method for extraction of proteins from yeast cells is still under
discussion [Shynkaryk, 2009].
Another alternative electrical method of extraction is based on application of the high
voltage electrical discharges (HVED). HVED of microsecond duration create shock waves
(pulsed high pressure) and powerful light radiation. These phenomena may results in
considerable disruption and homogenisation of colloidal particles in aqueous suspensions.
HVED has found applications for inactivation of microorganisms [Zuckerman, 2002] and
extraction of soluble materials from cellular tissues (seeds) [Gros, 2003]. HVED treatment of
an aqueous bio-suspension at 40–50 kV/cm can provoke a noticeable mechanical damage of
cells and rupture of cell walls. Recently, Shynkaryk et al. [2009] reported the effect of HVED
on disruption of a yeast suspension. It was shown that application of successive HVED pulses
results in a gradual disruption of yeast cells and extraction of intracellular proteins.
The degree of cell disruption and extraction of bio-products strongly depends on the
method used for cell treatment [Shynkaryk, 2009]. Also, conditions of the treatment determine
content the of cell debris in the treated suspensions. For example, it was shown in
[Kloosterman IV, 1988] that continuous disruption of a baker’s yeast suspension in a bead
mill leads to high level of protein extraction. However, continuous treatment substantially
increases the content of cell debris. It was observed that continuously milled yeast
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suspensions are difficult to filter as compared with moderately treated suspensions
[Kloosterman IV, 1988].

I.4.6. Summary
It seems that more vigorous cell disruption may yield less of the target product than
moderate treatment. A reasonable choice of the treatment method (homogenization or
electrical treatment) and operating parameters for cell disruption will optimize all the stages
of solid-liquid purification, including extraction of target product and filtration of extract from
colloidal impurities. So, it is interesting to investigate thoroughly the effect of the novel
electrical methods of cell treatment on disruption of cells and filtration of the disrupted
suspensions and to compare them with the classical methods of cell disruption.
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I.5. Conclusions from the literature review
This Section summarises main conclusions following from the literature review.
The techniques, available for evaluation of the local compression-permeability properties
of suspensions, are presented in the Section I.1. The new technique of analytical
centrifugation may be used for determination of local properties of suspensions (solidosity,
specific filtration resistance, and compressibility coefficient) in the range of low and moderate
solids pressure. However, the appropriate method is required for analysis of the centrifugal
consolidation data. Therefore, it is necessary to develop a method for evaluation of local
filtration parameters from the data obtained using analytical centrifuge.
It follows from the Section I.2 that preparation of concentrated and flowable mineral
suspension by dead-end filtration requires optimal chemical pre-treatment of suspension and
optimal concentration of particles: the factors increasing flowability and dryness of the filter
cake also increase the time of filtration, and vice versa. The role of particle concentration in
permeability and fluidity is especially important for kaolin suspensions. Therefore, it is
necessary to study all the properties of kaolin suspensions (structural, rheological and
filtration) in a single work.
Preparation of concentrated mineral suspensions by dynamic filtration may be
advantageous as compared to dead-end filtration (Section I.3). The filtration time may be
reduced in dynamic filtration, and there is no step of cake grinding after filtration. Therefore,
it looks interesting to study the role of the dispersant in the process of dynamic filtration of
typical mineral suspension (calcium carbonate) and influence of dispersant concentration and
time of dispersant addition on the properties of final suspension (viscosity, dryness and
amount of adsorbed dispersant).
The more vigorous method of cell disruption may yield less target product than moderate
treatment (Section I.4). Reasonable choice of the treatment method (homogenization or
electrical treatment) and operating parameters for cell disruption will optimize all the stages
of solid-liquid purification, including both extraction of the target product and filtration of
extract from colloidal impurities. So, it is interesting to investigate thoroughly the effects of
novel electrical methods of cell treatment on cell disruption and filtration of the disrupted
suspension and to compare them with classical methods of cell disruption.
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II.1. Centrifugal consolidation of calcium carbonate suspensions
II.1.1. Calcium carbonate
The aqueous suspension of calcium carbonate with solid content of 19.8 % wt (particle
volume fraction φ = 0.0827) was provided by OMYA (France). The density of CaCO3
particles s was equal to 2730 kg/m3.
II.1.2. Granulometry of CaCO3 suspensions
The volume-based function of particle size distribution SDF (%) and specific surface area
of particles in suspension S were measured using an analytical photocentrifuge LUMiSizer
610.0–135 (L.U.M. Gmbh, Germany). Rectangular plastic optical cells, supplied by the
photocentrifuge manufacturer, with the optical path length of 10 mm and cross-sectional area
of 710–5 m2, were used. The measurements required considerable dilution of the suspension
(down to 10–4 % wt). SDF and S were calculated using the original software SEPView 5.1
(L.U.M. Gmbh, Germany) for granulometric analysis. The SDF of calcium carbonate versus
particle diameter d is presented in Fig.II.1. The measured values of specific surface area S and
mean diameter of particles dm are 2.2±0.2 m2/g and 1.1±0.4 m, respectively.
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Fig. II.1. Volume-based size distribution of CaCO3 particles in an aqueous suspension,
measured by LUMiSizer.
II.1.3. Analytical centrifugation
Twelve samples of aqueous suspension with initial mass of 1.81 g and volume fraction φ
of 0.0827 were subjected to consolidation in an analytical photocentrifuge LUMiSizer 610.0–
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135 (L.U.M. Gmbh, Germany). Rectangular plastic optical cells, supplied by the
photocentrifuge manufacturer, were used. The optical path length was 10 mm and crosssectional area was 710–5 m2.
The schema of centrifugal experiments is presented in Fig. II.2. The radial distance of the
centrifugal cell bottom from the axis of rotation R was equal to 0.13 m. The initial height of
the sample in the cell Hi was equal to 2.2710–2 m. Centrifugation experiments were carried
out at different rotor speeds  in the interval of 240–4000 rpm. The corresponding centrifugal
accelerations at the bottom of the cell were within (8.3–2320)·g, where g = 9.81 m/s2 is the
gravity acceleration.
Initial suspension

PreConsolidation
consolidation

Hi
Before consolidation
H0

320 rpm

4000 rpm

H

H0

After consolidation
H∞
R

H∞
t

Fig. II.2. Schema of the consolidation experiment. After the stage of pre-consolidation at low
rotation speed  = 320 rpm (  14.9g), the sediment compresses at higher rotation speed
(here  = 4000 rpm) and its height H decreases from the initial (H 0) to the final (H) value.
The experiments were done using pre-consolidated sediments directly prepared inside the
centrifugal cells from the initial suspensions. Pre-consolidation of the initial suspensions was
done at a sufficiently low rotation speed  of 320 rpm ( 14.9g) during 60 min. It resulted in
formation of non-compressed sediment with the initial height Ho  1.610–2 m and flat vertical
interface between solids and supernatant. The rotor speed variation within 240–460 rpm
((8.3–30.1)·g) had no noticeable impact on kinetics of the following consolidation. Then
rotation speed  was increased to a higher level (10004000 rpm), and consolidation
experiment was carried out at a constant value . The radial position of the sediment surface
was measured and evolution of the sediment height H (m) with time t (s) was recorded during
the consolidation experiment. Experiments were finished when the constant equilibrium
sediment height H was reached (Fig. II.2).
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II.2. Fluidity of highly concentrated kaolin suspensions
II.2.1. Kaolin
The kaolin used for this study was commercially available from “Société Minière des
Kaolins du Morbihan” (Kerbrient quarry, France). The kaolin powder was used without
purification.
II.2.2. Dispersant
The dispersant used was a sodium salt of polyacrylic acid (FLOSPERSE 1000) supplied
by SNF Floerger, France.
II.2.3. Characterisation of the kaolin particles: granulometry and electron microscopy
The size distribution of the kaolin particles was measured by a laser diffraction instrument
Mastersizer X 6618 (Malvern Instruments GmbH, UK). The particles were kept in a
suspended state during the measurement with the help of a small mixer. The particle size
distribution function (SDF) was calculated using original Malvern software. The kaolin
particles have monomodal size distribution function with maximum at 4.5 μm as represented
in Fig. II.3.
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Fig. II.3. Differential size distribution function SDF of the kerbrient kaolin versus mean
particle diameter d. The insert shows an ESEM image of the kaolin powder.
High resolution environmental scanning electron microscopy (ESEM) images of the
kaolin particles were obtained using an XL30 ESEM-FEG instrument (Phillips International,
Inc., USA), operating at voltage 15 kV and pressure 1.4-3.0 Torr, at room temperature. The
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special ‘wet’ chamber mode, allowing observation of both dry powder and moist kaolin
suspensions in their natural state, was applied. As Fig. II.3 shows, the ESEM images of the
kaolin powder in a dry state confirm results of granulometric mean size measurement and
show the plate-like morphology, typical for kaolin.
II.2.4. Preparation of aqueous kaolin suspensions
The kaolin suspensions for the viscosity measurements were prepared from dry kaolin
powder. These suspensions were continuously mixed with a stirrer RW20 DZM (Ika-Werke,
Germany) at 500-1800 rpm for 24 hours. The initial solid concentration was 55% wt and
67% wt for suspensions without and with the dispersant, respectively. More diluted
suspensions were prepared by addition of an appropriate quantity of the distilled water (or
dispersant solution). Then suspensions were mixed again for 1 hour before viscosity
measurements. The dispersant concentration Cd, which was calculated on the basis of the dry
weight of solid particles in suspension, was within 0.05-1% wt dispersant/wt kaolin.
Highly concentrated (70-75% wt) kaolin suspensions were prepared from the filter-cakes.
Samples for the textural tests were obtained by dilution of the filter-cake with the distilled
water. Then suspensions were intensively mixed for 3-5 hours in soft insulated plastic
container.
Dryness of suspensions was measured after their drying in oven at 200°C until constant
weight. The volume fraction of solid particles in the kaolin suspensions was estimated as:



1
1  (100 / C  1)  k /  w

(II.1)

where w = 1.0 g/cm3 is the water density, k = 2.60 g/cm3 is the mean density of kaolin, and
C is the weight concentration (%) of kaolin in an aqueous suspension. The natural pH values
of the concentrated suspensions were within 4.5-4.7.
II.2.5. Rheological tests

Two types of the rheological tests were performed. Viscosity  of the fluid-like
suspensions at different shear rates (   0.1  1000 s-1) was studied using rotational coaxial

viscosimeter Haake VT 550 (Haake, Germany) equipped with SV DIN and MV1 cylindrical
sensors. The shear rate was initially raised logarithmically from 0.1 s-1 to 1000 s-1 and then
decreased to 0.1 s-1. The time of each step was 20 min. In addition, tests for the time
dependence of viscosity were done between the shear rate increasing and decreasing steps.
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Viscosity measurements were limited by the maximum shear measurable stress of about
1200 Pa. The creep compliance of highly loaded and thicker kaolin suspensions was also
analyzed. The texture profile analysis was done in a Texture Analyser (model TA-XT Plus,
Stable Microsystems, England). Suspensions were loaded into plastic cells of 30 mm in
diameter and 30 mm in height and held at rest for 24 hours. The cells were sealed to avoid
water evaporation. The texturometer probe was a steel cylinder with 10 mm in diameter
(Fig.II.4).
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Fig. II.4. Explanation of texture profile analysis of concentrated kaolin suspensions.
During the ‘loading’ step of texture analysis, the probe was pressed into a sample with a
constant speed of 0.05 mm/s. Then the probe was stopped at fixed penetration depth of 10 mm
and the sample was leaved for relaxation. The force F applied to the probe was registered
continuously. The maximum deforming force Fmax needed for the probe penetration was
determined as it is shown in Fig. II.2.Then the maximum shear stress τmax was estimated from
Fmax as:
τmax = Fmax / r2

(II.2)

where r is the probe radius, r = 10 mm.
Used parameters of the probe speed and maximal penetration distance allowed reaching
of satisfactory τmax sensitivity for studied intervals of kaolin and dispersant concentrations.
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II.2.6. Dead-end filtration of kaolin suspensions

Figure II.5 presents a scheme of the filtration apparatus. It includes a laboratory dead-end
filter-cell (CHOQUENET, France), a feeding tank with kaolin suspension and a balance
PM 6000 (METTLER-TOLEDO, France) linked to a computer.

feeding tank
filtration cell
compressed
air

filter-cake
filter cloth

suspension

filtrate
m

t

data acquisition

electronic
balance

Fig. II.5. Schema of the filtration apparatus.
Suspensions were filtered at a constant pressure of 5 bars in a cylindrical polypropylene
chamber (inner diameter equals to 56 mm, width equals to 25 mm) with two grooved filter
plates made of stainless steel. Each filter plate supported a woven polypropylene filter cloth
25821AN (SEFAR FYLTIS, France) with a mean pore size of 5 μm. The total filtration area
of two filters was 50 cm2. Filter chamber was connected to a feeding tank filled with 1 liter of
liquid kaolin suspension. The initial solid concentration of suspension in the tank was 58%61% wt and 30% wt for suspensions with and without dispersant, respectively. In some
experiments without dispersant, the pH of suspension was adjusted before filtration by
addition of the concentrated hydrochloric acid.
Filtrate was collected in a beaker placed on electronic balance; the weight of filtrate m was
registered each 3 seconds with precision of 0.1 g by the software HPVEE v3.12 (created by
Service Electronic of UTC). The density of the filtrate was equal to 1.0 g/ml.
The software permits on-line observation of filtration curves in t/V versus V coordinates,
where t is the time of filtration, V is the volume of filtrate (Fig. II.6, left).
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Fig. II.6. Dead-end filtration curves of a kaoline suspension (at 30% wt of solids) plotted in
Ruth-Carman’s coordinates. Experimental data (left) and calculation of K1 and K2 (right).
At the end of filtration, the filter-cake was discharged and its dryness and viscous
properties were analyzed as described above. Specific resistance of the filter α cake was
calculated using the Ruth-Carman’s equation:
t  t0
 K 1 (V  V0 )  K 2
V  V0

(II.3)

where t0 is the time required for pressure stabilization, V0 is the volume of filtrate processed
during t0 (values of t0 and V0 where estimated as it is shown in Fig. II.4, left). K1 and K2 are
the constants defined as
K1 
K2 

  f l

C
2S p 1  C / Ccake

(II.4)

Rml
Sp

(II.5)

2



where α is the specific resistance, ρf and ηl are the density and viscosity of filtrate,
respectively, S is the filter surface, Δp is the filtration pressure and Rm is the hydraulic
resistance of the filter, C and Ccake are weight fractions of solid in the initial suspension and
filter cake, respectively. In our analysis, Ccake was assumed to be constant during the filtration.
For cake filtration, (t – t0)/ (V – V0) versus (V + V0) is a straight line, as shown in Fig. II.6
(right). The line slope and line intercept with the axis of ordinates are used for calculation of
the cake and filter medium resistances.
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II.3. Dead-end dynamic filtration of highly concentrated CaCO3
suspensions in the presence of a dispersant
II.3.1. Calcium carbonate

The aqueous suspension of calcium carbonate with solid content of 20.0% wt was
provided by OMYA (France). The conductivity of suspension was equal to 250 μS/cm and pH
was equal to 7.6.
II.3.2. Dispersant

The dispersant used was a 31% wt. aqueous solution of sodium polyacrylate DV 834
produced by COATEX (France). The suspension and the dispersant were the same as those
used in the previous studies for preparation of concentrated CaCO3 suspensions*.
II.3.3. Granulometry of CaCO3 suspensions

The size distributions of aggregates and particles in CaCO3 suspension were recorded
using a laser diffraction instrument Mastersizer X 6618 equipped with the lens allowing
detection of particle sized within 0.1-80 μm. During the measurement, the particles were
suspended in equilibrium dispersant solution. In the deflocculated suspensions with addition
of a dispersant, the particles of calcium carbonate exhibited narrow monomodal size
distribution function with the maximum at 1.1±0.1 μm.
II.3.4. Filtration with rotating disk

A schema of the filtration apparatus is presented in Fig. II.7. The apparatus comprises
filtration cell with suspension, rotating disk connected to a mixer, evacuated flask for filtrate
and a vacuum pump. Filtration cell was a plastic cylinder with the total volume of 200 cm3
and internal radius equal to 27.5 mm. PA 6 (Nylon) membrane with 0.2 µm pore size
(Biodyne A, Pall Corp., USA) was fixed on the bottom of the cell and a polypropylene filter
mesh with a pore size of 300 µm was used as a filter support. Turbidity measurements showed
that the membrane was able to retain all the particles of the suspension. Filtration surface S
was equal to 2.410-3 m2. Resistance of the membranes Rm was equal to 1.5±0.2·1011 m-1; the
*

E. Vorobiev, Th. Mouroko-Mitoulou, Z. Soua, Precoat filtration of a deflocculated mineral suspension in

the presence of a dispersant Colloids and Surfaces A: Physicochemical and Engineering Aspects, 251 (2004) 5–
17; J. G.-C. Trave, E. Vorobiev, A. O. Dris, Production of a highly concentrated CaCO3 suspension by crossflow microfiltration in the presence of a dispersant, Separation Science and Technology 42 (2007) 319–331.
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membranes were washed in diluted hydrochloric acid after each filtration. Filtration was
driven by vacuum in the flask generated by the vacuum pump. The transmembrane pressure p
value was adjusted between 0.2 and 0.95 bar. Filtrate was collected in the evacuated flask
placed on the electronic balance PM 6100 (Mettler-Toledo, France), and the filtrate weight
was registered each 3 seconds with precision of 0.01 g using HP VEE software created by
Service Electronic of UTC. The flask was connected to the filtration cell and the vacuum
pump by flexible plastic tubes.
to the stirrer
cover
suspension
ho=2 mm

r0=25 mm

filtration cell
rotating disk
 = 5 mm

membrane

filter cake
manometer
to the pump

filtrate
balance

Fig. II.7. Schema of the filtration apparatus used for CaCO3 filtration.
A stainless steel perforated disk (Fig. II.7) with radius r0 = 25 mm was placed inside the
filtration cell close to the membrane surface. Disk perforations were necessary for the
downward drainage of suspension to the membrane. They allowed intensify the shear for
better erosion of the filter cake. The disk was fixed on a metal shaft. It was connected to a
stirrer RW20 DZM (Ika-Werke, Germany) rotating with the speed adjustable up to
ω = 2000 rpm. An initial gap between the disk and the membrane surface was fixed at
h0 = 2 mm. The shear rate was dependent on the distance to the axis of rotation r and was

evaluated as  =  r/h, where h is a gap between the rotating disk and the cake surface and 
is the angular speed (Fig.II.7). The shear rate was maximum at disk periphery at r = r0. At
h = h0 = 2 mm, the shear rate could be estimated as  = 2 r0/ (60h) s-1  400 s-1 for

 = 300 rpm and   2700 s-1 for  = 2000 rpm.
The same initial quantity of suspension ( 190 g that is  85 mm of suspension height in
the cylinder) was taken for each experiment. Two modes of filtration were used: with initial
dispersant addition (that was designated as i-filtration) and with delayed addition of a
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dispersant (d-filtration). In experiments with the first type of filtration, suspensions were
mixed with the dispersant 10 min before filtration at 100 rpm. In experiments with the second
type of filtration, the aggregated suspension was filtered until reaching Vd = 100 cm3 of the
filtrate, then a dispersant was added to the pre-concentrated suspension. The dispersant
concentration cd was varied between 0.1 and 2% wt dispersant/ wt dry CaCO3.
The total time of filtration experiments was within 10-40 min depending on the dispersant
concentration. Each experiment finished at the final stage of filtration, when increasing
friction between the cake and the disk was restricting rotation of the disk.
Suspension was filtered at initial ambient temperature  20°C. Owing to the friction
energy dissipation in the sheared volume between the rotating disk and the cake surface, the
temperature of suspension T was the growing function of time t. The rate of the temperature
increase at the final stage of filtration was noticeable due to increase of the shear rate in the
gap between the rotating disk and the filter cake surface. However, due to restrictions of disk
rotation, the experiments were stopped at this stage of filtration and the final temperature T of
suspension never exceeded 50°C.
For more convenience, filtration data were described by Darcy’s law:
dt  f
( Rc  R m )

(II.6)
dV Sp
where t is the filtration time, V is the filtrate volume, f is the filtrate viscosity, S is the

membrane surface, p is the transmembrane pressure, Rc and Rm are hydraulic resistances of
the filter cake and membrane, respectively. The term Rc = Rc (V) accounts for filter cake
formation on the membrane surface during filtration; Rc = α ω V/S, where α is specific cake
resistance, ω is the mass of deposited solid per volume of the filtrate. Note that for a dead-end
filtration α and ω are constants and filter-cake resistance Rc is directly proportional to the
filtrate volume V.
II.3.5. Filter cakes and concentrated suspensions

In some experiments, hydraulic resistance of the filer cake deposited on the membrane
surface Rc was directly measured. After certain volume of filtrate was processed, filtration
was terminated and suspension was poured out from the cake’s surface. Filtration cell was
accurately filled with filtrate; than it was filtered through the cake at the same pressure as the
pressure used for cake formation. As far as in these experiments the filtrate volume was
directly proportional to filtration time, resistance of the filter cake was calculated as

Rc  ΔtSp / V f  Rm

(II.7)
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Viscosity of the concentrated suspensions was measured using rotational coaxial
viscosimeter Haake VT 550 (Haake, Germany), equipped with cylinder SV-DIN rotor. The
shear rate was raised logarithmically from 10 s−1 to 1000 s−1. The temperature was fixed at
25°C.
The final dryness of suspension Ds and cake Dc were measured after their drying at 130ºC.
The average dryness was also estimated from material balance equation
D  mCaCO3 /(m susp   f V )
where mCaCO3 is the total mass of calcium carbonate, msusp

(II.8)
is the mass of suspension used for

filtration and ρf is the filtrate density.
II.3.6. Characterisation of filtrate

UV absorption spectra of filtrate samples were measured in order to estimate the
dispersant losses during filtration. UV spectrophotometer Libra S32 (Biochrom, UK) and
10 mm quartz optic cells Suprasil QS (Hellma, Germany) were used. A typical UV absorption
spectrum of DV 834 dispersant solution is show in Fig. II.8.a. The spectrums were found to
be monotonous and proportional to the dispersant concentration Cd. Hence, calibration curve
was built for the wavelength of 205 ± 0.1 nm (Fig. II.8.b), and it was used for calculation of
the dispersant concentration in the filtrate. For the dispersant concentration range Cd = 0.02 –
0.08%, it equals to Cd (% wt) = 0.0449  Absorbance + 0.0025, with correlation coefficient
r2 = 0.99.
1.6
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Fig. II.8. (a) typical UV absorption spectrum of DV 834 dispersant solution, dispersant
concentration Cd = 0.056% wt. (b) calibration curve for estimation of the dispersant
concentration, wavelength λ = 205 nm.
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II.4. Dead-end filtration of Saccharomyces cerevisiae yeast suspensions:
effects of high-pressure disruption, high-voltage electrical discharges and
flocculation
II.4.1. Yeast

Wine yeast S. cerevisiae (bayanus) cells were used throughout this study. The original
yeast was a dry granulated powder (commercial name: Vitilevure DV10, provided by Station
Oenotechnique de Champagne, Epernay, France) with a particle size approx. 0.5–1 mm
(Fig. II.9.a).

100 m

0.5 mm

(a)

(b)

Fig. II.9. Optical microscopy images of (a) the original yeast powder Vitilevure DV10,
(b) swelled 1% wt yeast suspension
Yeast suspensions of 1% wt. were prepared by mixing the dry yeast cells and distilled
water by magnetic stirrer. The yeast cells were swelling in an aqueous medium at room
temperature. The swelling process was monitored by conductivity measurements. After,
approx., 30 min of mixing, the conductivity reached a stable value of 13010 S/cm, and the
swelling was considered to be completed (optical microscopy image of the swelled
suspension is shown in Fig. II.9.b).
II.4.2. High pressure homogenisation of the yeast suspensions (HPH disruption)

The yeast suspensions were homogenised in a two-stage high-pressure homogenizer
NS1001L–PANDA 2K (Niro Soavi S.p.A., Italy) using NHPH successive passes of the
suspension through the homogeniser at fixed homogenising pressure of 500 or 1000 bar. The
flow rate was 10.0 l/h, and 350 ml of suspension in total was processed. Only the first HPH
valve with ceramic ball (code 190015, Niro Soavi S.p.A., Italy) and stainless steal seat (code
0126311, Niro Soavi S.p.A., Italy) were used in this study (Fig. II.10).
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Fig. II.10. Schema of high pressure homogenisation of yeast suspension.
The initial temperature of suspension was 25°C and the temperature elevation resulting
from HPH treatment was about 10°C. After each pass, suspensions were cooled to room
temperature for their further characterization or next pass through homogenizer.
II.4.3. Treatment of yeast suspensions with high voltage electric discharges (HVED
disruption)

Experimental HVED apparatus (Tomsk Polytechnic University, Russia) consisted of a
pulsed high voltage power supply and a laboratory treatment chamber with an electrode of a
needle-plate geometry (Fig.II.11). A stainless steel needle of 10 mm in diameter was used.
The grounded plate electrode was a stainless disk of 25 mm in diameter. A positive pulse
voltage was applied to the needle electrode. The high voltage pulse generator provided 40kV–
10kA discharges in a one-litre chamber. The distance between the electrodes was 10 mm, and
the peak pulse voltage was 40 kV. It corresponds to the mean electric field strength of
E = 40 kV/cm.
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The electrical discharges were generated by electrical breakdown in an aqueous yeast
suspension. Energy was stored in a set of low-inductance capacitors, which were charged by a
high-voltage power supply. Damped oscillations with the total duration of ≈ 20 μs were thus
obtained, though the effective pulse duration corresponded to few microseconds, ti ≈ 1-2 μs
[Gros 2005]. The treatment chamber was initially filled with 350 ml of the swelled yeast
suspension (1% wt). HVED treatment lied in application of the NHVED successive pulses
(NHVED = 1–450). Electrical discharges were applied with the pulse repetition rate of 0.5 Hz
(Δtt = 2 s, Fig. II.11). Suspension characteristics were measured between successive
applications of the HVED pulses. The initial temperature was 25°C and the temperature
elevation resulting from HVED treatment was less than 5°C.
II.4.4. Flocculation

In some experiments, the aggregation of yeasts was regulated by addition of cationic
flocculant poly (diallyldimethylammonium chloride) (20% wt aqueous solution, ALDRICH,
average Mw = 400 000 – 500 000):

Appropriate amount of 0.4% wt flocculant solution was added to a beaker with 250 ml of
1% wt undisrupted or disrupted yeast suspension. The amount of added flocculant solution
depended on the desired final polymer concentration C = 0 – 0.04% wt polymer/wt dry yeast.
Then beaker with yeast suspension was 10 times turned upside-down and leaved in rest for
2 min for careful mixing of suspension and flocculant.
II.4.5. Filtration

Dead-end filtration experiments were carried out using equipment showed in Fig. II.12.
Filtration cell was a vertical stainless steel cylinder (inner diameter 5.5 cm and total volume
of 300 ml) connected with pressurized air source through pressurized air tank.
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Fig. II.12. Schema of filtration equipment.
Filtration membrane was made from Fisherbrand qualitative filter paper (nominal pore
size was 2.5 μm) and polypropylene filter cloth 25302 AN (pore size 25 μm, SEFAR
FYLTIS, France) was used as filter support. The membrane surface area was 2.410-3 m2. All
filtrations were carried out at room temperature and at constant pressure of 1 bar. New
membrane was used for each filtration. Filtration was started immediately after filter-cell was
poured with 200 ml of freshly treated yeast suspension. Permeate was collected in a vessel
placed on an electronic balances PM 6000 (METTLER-TOLEDO, France) and permeate
weight was recorded each 3 seconds with accuracy of 0.1 g using computer software
HP VEE (Service Electronic of UTC).
II.4.6. Analysis of suspensions and filtrates

The electrical conductivity of suspensions was measured at 25°C using a conductivity
meter InoLab pH/cond Level 1 (WTW, Germany) with conductivity probe WTW Tetra
Con 325. The size distributions of aggregates in suspensions were recorded using a laser
diffraction instrument (Mastersizer X 6618, Malvern Instruments GmbH, UK). During the
measurement, the particles were kept in suspension by means of a small mixer. The optical
system allowed detection of particles sized within 1–600 μm. The particle size distribution
was calculated by the original Malvern software.
High-resolution environmental scanning electron microscopy (ESEM) images were
obtained using a XL30 ESEM-FEG instrument (Phillips International, Inc., USA) operating at
15 kV voltage and 3.6 Torr pressure, at room temperature. The special “wet” chamber mode,
allowing observation of moist suspensions in their natural state, was applied.

134

II.4. Filtration of disrupted yeast suspensions

Turbidity and UV absorption spectra of the treated suspensions and filtrate samples where
measured in order to estimate the content of cell debris and concentration of soluble bioproducts. Following the HVED treatment, a 10 ml sample of suspension was centrifuged
10 min at 4000 g, and the supernatant was collected. Turbidity of the supernatant was
measured by Ratio/XR Turbidimeter (Hach, USA). Turbidity of filtrate samples were
measured without centrifugation. Prior to UV absorption measurements, both suspensions and
filtrate samples were separated from insoluble colloidal particles by long-continued
centrifugation (40 min at 4000 g). UV absorption spectrum of the tenfold diluted supernatant
was measured by UV-spectrophotometer Biochrom Libra S32. The wavelength range was
within 200-350 nm (with the precision of ±1 nm). The path length of the SUPRASIL quartz
optic cell was 10 mm (Hellma, Germany).

II.5. Statistical analysis of experimental data
All the experiments were replicated, at least, three times. The mean values and the
standard deviations were calculated. The error bars in figures correspond to the standard
deviations.
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Paper I: “Fluidity of highly concentrated kaolin suspensions: influence of
particle concentration and presence of a dispersant”
Introduction
Production of mineral powders often involves the steps resulting in formation of diluted
aqueous suspensions with solid contents below 20 % wt (e.g., sol-gel process, elutriation of
impurities, centrifugal purification). Therefore, there arises a need in removal of the excess
water from the suspensions and their concentration, so that they could respond to
requirements of their further applications in paper industry, ceramic industry, etc. Thermal
processes for evaporation of excess water are quite energy consuming. Also, production of
mineral powders usually comprises two subsequent operations: (1) concentration of diluted
suspension from 20 to 30–70 % wt1 by dead-end filtration in filter-presses and (2) evaporation
of residual water from the concentrated suspension by spray drying. The step of spraying
requires high fluidity of the concentrated suspension, while efficiency of drying increases
with increase of suspension concentration (filter-cake). Therefore, optimal dewatering of a
mineral suspension implies:
• fast filtration,
• high dryness of the filter-cake,
• high fluidity of the filter-cake.
Filtration rate, dryness and fluidity of the filter-cake depend on colloidal properties of
mineral particles. Chemical additives (called dispersants) are usually added to suspension in
order to modify its properties and to increase its dryness and fluidity. However, use of the
dispersants and decrease of solid contents in a filter-cake may decrease filterability of the
mineral suspension and reduce the total efficiency of mineral powder preparation. Therefore,
optimization of the total dewatering process requires information about colloidal properties of
the mineral particles, as well as rheological (viscosity) and barrier (filterability) properties of
the mineral suspension. It also requires information about the influence of various factors
(concentration of particles, dispersant concentration) on these properties.
Due to high aspect ratio of particles and complex distribution of the particle surface
charge, the rheological behaviour of kaolin suspensions has many peculiarities, such as low
flowability, shear-thickening and even shear-hardening at high shear-rates. Ordering of kaolin

1

final concentration of filter-cake depends on mineral properties
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particles may decrease the filter cake permeability; this phenomenon is also related to specific
features of geometry of the kaolin particles and their colloidal properties. So, preparation of
concentrated and flowable suspensions of kaolin by dead-end filtration is more complex that
preparation of concentrated suspensions of other mineral particles.

Summary
The aims of this paper are: (1) to provide better understanding of the properties
(structural, rheological and filtration) of highly concentrated kaolin suspensions; (2) to
explain correlations between these properties; and (3) to define the limiting effects, which
prevent such suspensions from dewatering by dead-end filtration.
Rheological properties of aqueous kaolin suspensions with various concentrations of
kaolin (12–75 % wt) and dispersant (sodium polyacrylate, 0–1 % wt/wt) were studied. Two
types of rheological tests were carried out:
• using classical coaxial viscosimeter for measuring viscosity of suspensions when they
were fluid-like; and
• using texture analyzer for rheological analysis of thicker kaolin suspensions.
Structure of kaolin suspensions with different dispersant concentrations was monitored by
means of electronic microscopy.
In addition, dead-end filtration of kaolin suspensions with different concentrations of the
dispersant was carried out and specific filtration resistance and dryness of the filter-cake, as
well as texture properties of the filter-cake, were determined.
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a b s t r a c t
This work discusses ﬂuidity of highly concentrated kaolin suspensions prepared by ﬁltration technique
in the presence of a dispersant (sodium salt of polyacrylic acid). Two types of rheological tests were
carried out on the kaolin aqueous suspensions at different concentrations of kaolin C (12–75 wt.%) and
dispersant Cd (0–1 wt.% of dispersant/wt. of solid). A classical coaxial viscosimeter was used to measure
viscosity of suspension when it was ﬂuid-like. A texture analyser was used for rheological analysis of the
thicker kaolin suspensions. A sol–gel (percolation) transition, starting from the kaolin volume fraction
ϕc = 0.05, was observed in the absence of a dispersant. The addition of a dispersant shifted this percolation
transition to higher volume fractions. The rheological data showed that the platelet particles can align in a
hydrodynamic ﬂow. A dispersant or kaolin load suppresses the interaction forces between basal and edge
faces of the kaolin particles, which bear different charges. As a result, a face-to-face arrangement arises,
which is supported by the electron microscopy images. Hence, the loosely packed card-house structure,
which is typical for the aqueous kaolin suspensions, undergoes a gradual conversion into an oriented
structure under the load of solid particles or dispersant. A maximum of the percolation threshold was
reached for a certain optimum dosage of the dispersant (Cd ≈ 0.5 wt.%). The higher ﬁltration efﬁciency was
observed for a loosely packed card-house structure in dispersant-free suspensions at low pH. A dispersant
improves ﬂuidity and dryness of the ﬁlter cakes, however, produces an oriented face-to-face structure of
particles, which causes a rise in resistance to liquid ﬂow during ﬁltration.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
The regulation of ﬂuidity of the concentrated aqueous kaolin
suspensions is very important in many applications including those
related to industrial slurries, mixtures for production of ceramics,
paper industry paints, pigments, cosmetics, etc. [1–3]. The kaolin
contains kaolinite as a basic mineral component. Its structural formula is Al2 O3 ·2SiO2 ·2H2 O. The kaolin particles are plate-like in
shape. Their edges contain tetrahedral silica and octahedral alumina groups and bear a positive charge at low pH. The basal
surfaces, which have exchangeable cations, are negatively charged
within a wide range of pH values [4].
On the one hand, the aqueous suspensions of kaolin are usually
referred to as the simplest clayey systems, as far as hydration is
practically absent in kaolin and its particles are stacked into strong
structural units [5]. However, the rheological behaviour of concentrated kaolin suspensions is very complex and multivariable [6].

∗ Corresponding author. Fax: +33 3 44231980.
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(E. Vorobiev).
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The rheological response of concentrated suspensions depends
on the degree of shear perturbations, the ﬂow history and time
of measurements t [7,8]. It may be characterized by effective
viscosity , deﬁned as a ratio of the shear stress  and the
shear rate .
˙ The concentrated kaolin suspensions can display a
non-Newtonian thixotropic (shear thinning) or rheopectic (shear
thickening) behaviour [5,9,10]. Typically, a transient time dependence of viscosity behaviour is observed for the kaolin suspensions.
Viscosity may relax to an equilibrium state and may display periodical changes or ﬂuctuations with time, or other behaviour after any
change of the shear history [11–14]. Different models for description of the (ϕ, )
˙ dependence accounting for the shear-induced
agglomeration and deglomeration processes are intensively discussed in literature [15,16]. The particles in a concentrated system
are in close contact and form continuous networks. Strong shear
perturbations may provoke disaggregation of the kaolin ﬂocs [17]
and shift an equilibrium between creation and damage of the interparticle bonds [8].
For kaolin suspensions, the ﬂow characteristics are complex
functions of pH [18–21]. At low pH value (pH 4.5), the positively
charged edges of agglomerated kaolin particles and their negatively charged basal faces form a so-called a card-house structure
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[22], which has enhanced viscosity [23]. However, at higher pH values, when both basal and edge faces are negatively charged, the
inter-particle attractions become weaker. Particles arrange face-toface, forming electrostatically stabilized band-like structures with
reduced viscosity [24]. Existence of a pronounced ﬂuidifying effect
was reported for kaolin dispersions in the presence of multivalent
anions [25]. Kaolin delamination in the swing mills may be a possible way of viscosity reduction in kaolin suspensions with ultra-high
concentration (≈70 wt.%) [26].
Efﬁcient regulation of suspension ﬂuidity is also possible
through introduction of additives, such as polymers or surfactants.
Adsorption of the negatively charged polymeric substances and
anionic surfactants on kaolin particles allows to reach electrostatic
stabilization leading to an efﬁcient decrease of dispersion viscosity
[27–32].
Different ways of preparation of the highly concentrated suspensions in presence of a dispersant are possible. The usual
technique is to dilute the powder by a dispersant solution with
appropriate stirring. Another possible way is to ﬁlter the diluted
suspension containing a proper dose of the dispersant. An optimum dosage of the dispersant may ﬂuidify the kaolin slurries
even with ultra-high content of solid (≈70 wt.%) [33]. However, the
rheological behaviour of suspensions with ultra-high concentration near the liquid–solid transition was not investigated in details
before. The main issue is to ﬁnd relationships between the threshold concentration and the width of transition zone in presence of a
dispersant additive.
The present work is aimed at the study of rheological properties
of an ultra-concentrated aqueous suspension of kaolin as a function
of the content of solid particles (12–75%) and dispersant (sodium
salt of polyacrylic acid).
2. Experimental
2.1. Materials
The kaolin used for this study was commercially available from
“Société Minière des Kaolins du Moribihan’s” (Kerbrient quarry,
France), and used without puriﬁcation. The dispersant used was a
sodium salt of polyacrylic acid (FLOSPERSE 1000) supplied by SNF
Floerger France.
2.2. Instrumentation
The size distribution of the kaolin particles was measured
by a laser diffraction instrument Mastersizer × 6618 (Malvern
Instruments GmbH, Worcs., UK). The particles were kept in a
suspended state during the measurement with the help of a
small magnetic mixer. The particle size distribution was calculated using original Malvern software. Granulometric distribution
curves show one mode with maximum at 4.5 m as represented in Fig. 1. High-resolution environmental scanning electron
microscopy (ESEM) images were obtained using an XL30 ESEMFEG instrument (Phillips International, Inc., WA, USA), operating at
voltage 15 kV and pressure 1.4–3.0 Torr, at room temperature. The
special “WET” chamber mode, allowing observation of moist kaoline suspensions in their natural state, was applied. As Fig. 1 shows,
the ESEM images of the kaolin powder in a dry state conﬁrm results
of granulometric mean size measurement and show the plate-like
morphology, typical for kaolin. Moisture content of the samples
was measured after their drying in oven at 200 ◦ C until constant
weight.
Two types of the rheological tests were performed. Viscosity  of the ﬂuid-like suspensions at different shear rates (˙ =
0.1–1000 s−1 ) was studied using rotational coaxial viscosimeter
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Fig. 1. Differential volume F versus mean particle diameter d for the Kerbrient
kaolin. The insert shows an ESEM image of the powdered kaolin.

Haake VT 550 (Haake, Karlsruhe, Germany). The shear rate was initially raised logarithmically from 0.1 s−1 (minimum) to 1000 s−1
and then decreased to 0.1 s−1 . The time of each step was 20 min.
In addition, tests for the time dependence of viscosity were done
between the shear rate increasing and decreasing steps.
Viscosity measurements were limited by the maximum shear
measurable stress of about 1200 Pa. The stiffness of highly loaded
and thicker kaolin suspensions was also analyzed. The textural
measurements were done in a Texture Analyser (model TA-XT Plus,
Stable Microsystems, England). Suspensions were loaded into plastic cells of 30 mm in diameter and 30 mm in height and held at rest
for 24 h. The cells were sealed to avoid water evaporation. The texturometer probe was a steel cylinder with 10 mm in diameter. In
the penetration test the speed of probe displacement, 0.05 mm/s,
was constant, and the maximal distance of probe penetration was
10 mm. The maximum stress  m was determined as it is shown
in Fig. 2. The said parameters allowed reaching satisfactory  m
sensitivity for studied intervals of kaolin and dispersant concentrations.

Fig. 2. To explanation of the penetration textural test.
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Fig. 3. Scheme of the ﬁltration apparatus.

2.3. Preparation of aqueous kaolin suspensions
The kaolin suspensions for the viscosity measurements were
prepared from dry kaolin powder. These suspensions were continuously mixed with a stirrer RW20 DZM (Ika-Werke, Germany) at
500–1800 rpm for 24 h. The initial solid concentration was 55 and
67 wt.% for suspensions without and with the dispersant, respectively. The diluted suspensions were prepared by addition of an
appropriate quantity of the distilled water (or dispersant solution).
Then suspensions were mixed again for 1 h before viscosity measurements. The dispersant concentration Cd , which was calculated
on the basis of the dry weight of solid particles in suspension, was
within 0.05–1%. The volume fraction of solid particles in a kaolin
suspension can be estimated as:


ϕ=

1+

(100/C − 1)k
w

−1
(1)

where w = 1000 kg/m3 is the water density, k = 2600 kg/m3 is the
mean density of kaolin [34], and C is the weight concentration (%)
of kaolin in an aqueous suspension. The natural pH values of the
concentrated suspensions were within of 4.5–4.7.
The kaolin concentrations used for texture measurements were
larger than for viscosity measurements. Thus, ﬁlter cakes with
70–75 wt.% were obtained from diluted suspensions with and without a dispersant. Fig. 3 presents a scheme of the ﬁltration apparatus.
It includes a laboratory ﬁlter-press cell (CHOQUENET, France), a
tank with suspension and a balance PM 6000 (METTLER-TOLEDO,
France) linked to a computer. Suspensions were pressure ﬁltrated
(at 5 bar) in a cylindrical chamber with two ﬁlter plates comprising liquid collectors and an outlet pipe. The total ﬁltration area
of the ﬁlter plates was 50 cm2 . Each ﬁlter plate was equipped
with a polypropylene ﬁlter cloth 25821AN (SEFAR FYLTIS, France).
In some experiments, the pH of suspensions without dispersant
was adjusted before ﬁltration by addition of the concentrated
hydrochloric acid. Each experiment was repeated three times in
average to calculate the mean value of the experimental data. The
temperature in all the experiments was ﬁxed at 25 ◦ C. The initial
solid concentration in suspension tank was 30 and 58–61 wt.%,
respectively, for suspensions with and without a dispersant. Samples for the textural tests were obtained by dilution of the ﬁlter cake
by the distilled water. Then suspensions were intensively mixed for
3–5 h in soft insulated container.

Fig. 4. Viscosity of the kaolin suspension  versus its shear rate ˙ at different solid
content C. The insert shows the time dependence of  at shear rate ˙ of 200 s−1 and
solid content C of 54.4 wt.%.

3. Results and discussion
3.1. Shear thinning–shear thickening behaviour
Viscosity of the kaolin suspensions is greatly inﬂuenced by
the shear rate ˙ and the content of solid particles C. Viscosity
of the dispersant-free kaolin suspension  displays an evident
shear thinning behaviour in the wide interval of concentrations
C ≈ 12–55 wt.% (Fig. 4). The concentration of 55 wt.% was the highest
that could be loaded into viscosimetric cup without any dispersant
[30]. A small hysteretic loop was observed between the regimes
of increasing and decreasing shear rate .
˙ A time-dependent
behaviour was also noticed at constant shear rate. The insert in
Fig. 4 shows typical time dependencies for C ≈ 40–55 wt.% at the
shear rate of 200 s−1 . The time-dependent behaviour evidences that
the structural transformation in suspensions is caused by the shear
perturbations. For kaolin, such transformation can be noticeably
important because of the loose packing, which is typical for the
card-house structures. The hydrodynamic perturbations can damage and reconﬁgure the card-house structures, which results in the
observed behaviour.The viscosity curves within the concentration
range of C = 20–55% (without dispersant) well represented by the
classical shear thinning power law (Ostwald de Waele model) [35]
 ∝ ˙ −n

(2)

with n = 0.8 ± 0.1 for least square ﬁtting of the experimental data
within ˙ = 20–1000 s−1 .
Origination of evident non-Newtonian ﬂow in wide interval of
shear rates (˙ = 20–1000 s−1 ) was observed for high concentration
of kaolin (>20 wt.% in Fig. 4), and these data are in correspondence
with data of other authors [5,9,10].
Fig. 5 shows the typical shear stress  versus shear rate ˙ dependencies at different solid content C. Bingham yield stress  B and
plastic viscosity * were calculated as explained in Fig. 5. Both
Bingham yield stress  B and plastic viscosity * display the sharp
transition from Newtonian ( B ≈ 0) to non-Newtonian ( B > 0) ﬂow
behaviour in a close vicinity of 12 wt.% (see insert in Fig. 5). The
observed behaviour may evidence proximity to the percolation
threshold at Cc ≈ 12 wt.% (ϕc ≈ 0.05) of kaolin. The percolation-
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Fig. 5. Shear stress  versus shear rate ˙ at different solid content C. Here, yield
˙ relationship to
stress (or Bingham stress)  B is determined by extrapolating of ()
˙
zero shear rate and the plastic viscosity * is determined by the slope of the ()
curve at high shear rate. The insert shows the concentration dependence of yield
*
stress  B and plastic viscosity  .

like behaviour should imply the presence of viscosity jump in the
vicinity of percolation volume fraction ϕ ≈ ϕc and rather moderate
changes in viscosity in both below (ϕ < ϕc ) and above (ϕ > ϕc ) this
volume fraction. Increase of the volume fraction of solid ϕ actually results in transition from a ﬂuid-like (sol) to a solid-like (gel)
behaviour at some threshold point ϕc . Above this threshold concentration ϕc , construction of a continuous percolative 3D network
takes place owing to the strong interactions between particles and
clusters.
In principle, the estimated value of ϕc is close to the value, predicted by the percolation theory for randomly distributed structural
elements of spherical shape, ϕc ≈ 0.15–0.2 [36]. The experimentally
estimated value was somewhat smaller than it was theoretically
predicted. However, precise estimation of the percolation transition
is a rather complex task. The value of ϕc can depend on the particle aspect ratio r (r (>1) is diameter-to-width ratio for a plate-like
kaolin particle), details of the local microstructure, inter-particle
interactions and presence of a card-house structure in the kaolin
suspensions. The theory predicts decrease of the percolation concentration with increase of the particle aspect ratio [37,38] and
with decrease of the alignment of particles [39–41]. Moreover, the
threshold concentration, corresponding to the network connectivity, can be smaller than that corresponding to the network rigidity
[42]. For example, this value estimation for platelet clay particles
gives [39]
ϕc ≈

2.15
r(2S + 1)

(3)

where S is the order parameter, which is equal to S = −1/2 for a
perfect alignment of the platelet particles and S = 0 for their random
spatial distribution.
The estimated from ESEM images aspect ratios r of kaolin
particles falling within 10–20. With these values of r, Eq. (3)
gives ϕc ≈ 0.1–0.2 subject to random spatial distribution, which
reasonably approximates the experimental value for the kaolin suspensions, ϕc = 0.05. For better correspondence it is necessary to
account for the distribution of particle sizes, aspect ratios, etc.
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Fig. 6. Shear thinning–shear thickening for 62.2 wt.% suspension of kaolin in the
presence of 0.5 wt.% of dispersant. Arrows show directions of the shear rate evolution. Insert shows the time dependence of  at the shear rate ˙ of 200 s−1 .

The transition between the non-Newtonian and Newtonian
ﬂows can be characterised by the hydrodynamic Peclet number,
which is deﬁned as the ratio of hydrodynamic and Brownian energies [43]:
Peh =

d3 s ˙
kT

(4)

where d is the particle diameter, s is the solvent viscosity and kT is
the thermal energy. At room temperature (T = 298 K), this equation
gives Peh ≈ 1 at ˙ = 0.03 s−1 for the kaolin particles (d ≈ 5.0 m)
in water ( = 10−3 Pa s). The hydrodynamic Peclet number is rather
large in available range of the shear rates (˙ = 0.1–1000 s−1 ), so,
Newtonian behaviour prevails, as a rule, for diluted kaolin systems
(C < Cc ).
At high concentrations of particles C (C > 20 wt.%) the more
evident non-Newtonian shear thinning behaviour prevails, which
reﬂects the presence of direct contacts between the particles. In
such a case, the rheological behaviour can be characterized by the
ratio of the hydrodynamic energy to the energy of inter-particle
interaction E [43]:
Pee ≈

d3

=
E
c

(5)

where  is the shear stress and  c = E/d3 . So, in highly concentrated
suspensions, the shear thinning behaviour is directly related to the
energy of inter-particle interaction E.
Shear shinning behaviour can also reﬂect the effects of particles
organization related with their binding in a secondary potential
minimum, or progressive alignment in shear ﬂows.
The addition of a dispersant promotes ﬂuidity of the system
and affects noticeably its rheological behaviour. The kaolin suspensions with ultra-high concentration (C ≈ 55–75%, in presence
of dispersant) displays a typical shear thinning at moderate shear
rates (˙ < 10–20 s−1 ) and shear thickening at higher hydrodynamic
perturbation (Fig. 6). Note that very similar transition from the
shear thinning to the shear thickening was already observed in
dispersant-free kaolin suspensions [44] but at larger shear rate
˙ (≈10000 s−1 ). Typical time dependencies of viscosity were also
observed at constant shear rate (insert in Fig. 6). The shear thinning
possibly reﬂects the structure weakening the resulting from hydro-
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Fig. 8. Maximum stress  m versus solid content C (wt.%) at different concentrations
of the dispersant Cd .
Fig. 7. Viscosity of the kaolin suspension  versus solid content C (wt.%) at different
concentrations of the dispersant Cd . The shear rate ˙ was ﬁxed at 100 s−1 . The insert
shows scaling of viscosity near the percolation threshold, which corresponds to Eq.
(7). Here Cc ≈ 12% is the percolation concentration.

dynamic perturbations. The shear thickening may be associated to
enhancement of interaction between the differently charged edges
and basal surfaces in the highly perturbed suspensions.
3.2. Effects of kaolin and dispersant concentrations
In order to characterise and to compare the rheological
behaviour of suspensions with and without a dispersant at different solid content, we have analyzed viscosity at the same shear
rate ˙ = 100 s−1 . In this case, the shear thinning or shear thickening behaviour was always present in the studied suspensions, and
their viscosity was rather sensitive to changes in the solid content
C and dispersant concentration Cd .
Viscosity  was a growing function of the solid content C. Viscosity of the dispersant-free suspensions  increased approximately by
two orders of magnitude with increase of C within the studied range
of solid content (20–55 wt.%) at the shear rate ˙ of 100 s−1 (Fig. 7).
The increase of  with concentration of suspension in a wide range
of concentrations from 0.11 (25 wt.%.) to 0.33 (55 wt.%.), was fairly
approximated by the following exponential equation:
 = o exp ˛C

(6)

= (2.3 ± 0.3) × 10−3

where o
Pa s and ˛ = 0.140 ± 0.003.
The sol–gel transition was rather sharp and close to the percolation threshold ϕc ≈ 0.05 (Cc ≈ 12%), so, the viscosity is expected to
follow a power law [36].
 ∝ (C − Cc )

(7)

where  depends on dimensionality of the system.
Insert in Fig. 7 clearly demonstrates good applicability of Eq.
(7) to description of viscosity data in the vicinity of the percolation threshold, and the straight line obtained by the least square
ﬁtting corresponds to the slope of  = 1.3 ± 0.2. A noticeable viscosity growth of the dispersant-free kaolin suspensions above the
percolation threshold ϕ > ϕc ≈ 0.05, possibly reﬂects continuous
structure changes and transition from a loosely packed card-house
structure at low concentrations to more compacted ordered struc-

tures at high concentrations. An ordering at high volume fraction of
the plate-like particles may have an entropic nature [45–47]. The
theory predicts nematic ordering with strong orientation for the
disk-like particles at [48]:
ϕ = ϕn ≈

3
.
r

(8)

For kaolin particles with the aspect ratios r lying within 10–20,
this equation gives ϕn = 0.15–0.3. So, it may be concluded, that orientation effects of entropic origin can noticeably inﬂuence viscosity
behaviour in the concentration range C = 31–53 wt.% (ϕ = 0.15–0.3).
The textural measurement of the dispersant-free kaolin suspensions with concentration C between 59 and 69 wt.% (ϕ ≈ 0.37–0.47)
displays continuous increase of suspension stiffness up to concentration corresponding to the ﬁlter cake, C ≈ 70 wt.% (Fig. 8). So, it
is highly probable, that a smooth transition of viscosity behaviour
for the dispersant-free suspensions may be also extended up to the
ﬁlter-cake concentration, C ≈ 70 wt.% (dashed line in Fig. 7).
Introduction of a dispersant dramatically affects the observed
viscosity (Fig. 7) and stiffness (Fig. 8) behaviours. In presence of
a dispersant, the ﬂuidity transition follows to a classical percolation behaviour with a sharp change in viscosity at ϕ > ϕc . The
threshold concentration ϕc as determined from origination of
the non-Newtonian ﬂow, was shifted to the high concentrations
and was observed from ϕc,d ≈ 0.33–0.38 (55–60 wt.%) (Fig. 7). The
threshold range ϕ, corresponding to the high rate of viscosity
growth, was rather narrow, ϕ ≈ 0.05. Therefore, the concentration dependences of viscosity and stiffness of the dispersant-loaded
suspensions supports the percolation nature of ﬂuidity transitions in the studied systems. A difference between percolation
thresholds for dispersant-free (ϕc ≈ 0.05) and dispersant-loaded
(ϕc,d ≈ 0.33–0.38) suspensions can be explained by the presence of
orientational ordering in a dispersant-loaded suspension. Assuming the random spatial distribution of aligned platelet particles in a
dispersant-free suspension (S = 0), the orientation order parameter
S in suspension with dispersant can be approximately estimated
from Eq. (3) as S ≈ (ϕc /ϕc,d − 1)/2 ≈ −(0.42–0.43).
The difference between structures of the dispersant-free and
dispersant-loaded suspensions is evidently demonstrated by the
ESEM images (Fig. 9). In the absence of a dispersant, the ESEM
image reveals a card-house structure with loose-packed arrange-

M. Loginov et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 325 (2008) 64–71

69

Fig. 10. Viscosity of the kaolin suspension  versus dispersant concentration Cd at
C = 62 wt.% and ˙ = 100 s−1 . The insert shows the representative rheological curves
of viscosity  versus the shear rate ˙ at different concentrations of dispersant.

particles. The excess dispersant concentration in a kaolin suspension is not desirable and may exert a negative effect, causing
destabilization and ﬂocculation of the system [30].
3.4. Filtration behaviour
The porous structure of a ﬁlter cake may partially reﬂect the
packing of the particles in the highly concentrated suspensions.
The ﬁltration efﬁciency was analyzed in ﬁltration–pressure experiments using the Ruth–Carman expression [49]:
Fig. 9. ESEM images of the aqueous kaolin suspensions, C = 30 wt.%, without (a) and
with a dispersant, Cd = 0.5% (b).

ment of particles and the absence of their orientation. However,
orientational ordering is evidently present in the dispersant-loaded
suspensions with the same solid content (30 wt.%), where particles
have face-to-face orientation.

t − to
= ak1 (V + Vo ) + k2
V − Vo

(9)

where t and V are the time of ﬁltration and ﬁltrate volume, to and
Vo the initial ﬁltration time and initial volume of ﬁltrate required
to reach the stabilised regime of ﬁltration at constant pressure; a
is the speciﬁc cake resistance; and k1 , k2 are ﬁltration parameters.

3.3. Presence of optimality in dispersant concentration
The maximum percolation threshold was observed at a certain
optimum concentration of the dispersant (Cd ≈ 0.5%). The presence
of an optimal value of the dispersant concentration can be easily
demonstrated from dependence of viscosity versus dispersant concentration (Fig. 10). The viscosity was noticeably reduced at optimal
concentration of the dispersant. Moreover, the dispersant concentration inﬂuenced the shape of the rheological curves of viscosity
versus the shear rate (insert in Fig. 10). The optimal concentration
of the dispersant (Cd ≈ 0.5%) reﬂects the weakest shear thickening
ﬂow, though the dispersant overloading at Cd ≈ 1.0% initiated both
the shear thinning and shear thickening ﬂows.
The observed complexity of ﬂuidity response to the shear rate
induced perturbation evidently reﬂects the complex structure of
a highly concentrated suspension, packing characteristics of the
particles with a plate-like geometry, different charges of the edge
and basal planes, inter-particle interactions and many other factors.
It is expected that the optimum dose of the dispersant corresponds to the limit adsorption capacity of the edges of kaolin

Fig. 11. Presentation of ﬁltration data in Ruth–Carman coordinates for different
dispersant concentrations Cd , and for Cd = 0% and different pH.
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If we want to prepare the highly concentrated suspensions
by ﬁltration, it is obvious that initial addition of a dispersant is
undesirable. Filtration may become considerably longer in this
case due to increase of the speciﬁc resistance of the cake. The
other ﬁltration technique for drastic decrease of speciﬁc cake resistance in presence of a dispersant was recently proposed [50,51].
A dispersant-free suspension was ﬁrst ﬁltered to form a precoat.
At the second step of ﬁltration, the precoat served to trap the dispersant from the dispersant loaded-suspension. Such a technique
allows to ﬁlter suspensions loaded with a dispersant with the same
speed as for dispersant-free suspensions.
The pH change in absence of a dispersant is also related to
modiﬁcation of the cake built-up. The decrease of pH causes a measurable increase of ﬁltration velocity and decrease of Cm , which
is accounted for reinforcement of the loosely packed card-house
structure at low pH (Fig. 12).

4. Summary and conclusions

Fig. 12. Speciﬁc cake resistance a (a) and dryness of the ﬁlter cake Cm (b) versus
dispersant concentration of Cd or pH.

The ﬁltration efﬁciency decreases with increase of the speciﬁc cake
resistance a.
Fig. 11 demonstrates a good applicability of Eq. (9) for description of experimental data for both dispersant free and dispersant
loaded kaolin suspensions. Introduction of a dispersant resulted in
noticeable increase of a and ﬁltration efﬁciency decrease (Fig. 12a).
This corresponds to the previous results on ﬁltration of calcium
carbonate suspensions in presence of dispersant [50,51].
There exists a correlation between speciﬁc cake resistance a
(Fig. 12a) and the cake dryness after ﬁltration Cm (Fig. 12b). Apparently, the cake dryness reﬂects compactness of the packing of the
kaolin particles. In the absence of a dispersant, the kaolin particles
arrange in loosely packed structure, which is less resistant to the
liquid ﬂow during ﬁltration. With a dispersant, the kaolin particles
get orientated, as it is demonstrated by Fig. 9. Such orientation and
subsequent change of the structural packing increases resistance
to the liquid ﬂow inside the cake structure, but also increases the
cake dryness.

This study shows that ﬂuidity of the kaolin suspensions is a complex function of concentrations of the dispersant and solid particles.
Fluidity depends on arrangement of the particles, their orientation
and hydrodynamic perturbations in the rheological measurements.
A loosely packed card-house structure, which is typical for aqueous kaolin suspensions, can gradually transfer into an oriented state
under the load of solid particles or dispersant (Fig. 13). However,
in both cases, the nature of this orientation may be quite different.
This orientation may reﬂect entropic effects, caused by increase of
the content of kaolin platelets, or effects of electrostatic stabilization, related to neutralization of the edge charges in presence of
a dispersant. The presence of the ordered structure corresponding
to regions of aligned kaolin plates in very concentrated suspensions was recently shown by cryomicroscopy and it was used for
explanation of nonlinear behaviour in shear ﬂows [52].
The shear thinning–shear thickening transformation at a certain threshold shear rate ˙ c is typical for the kaolin suspension and
reﬂects the ﬂow-stimulated orientational ordering at ˙ < ˙ c and
enhancement of the face-edge interactions, related to turbulent
distortions at ˙ > ˙ c (Fig. 12). The value of ˙ c ≈ 104 s−1 , characteristic to a dispersant-free suspension [44], dramatically decreased
to ˙ c ≈ 101 –102 s−1 in suspensions with a dispersant. The percolation transition was evidently present in viscosity behaviour for
the kaolin dispersions. The introduction of a dispersant shifted the
percolation transition to higher volume fractions. The increase of
the percolation threshold is desirable for production of the ﬂow-

Fig. 13. Schematical presentation of ﬂuidity model for highly concentrated kaolin suspensions. See the text for the details.
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ing suspensions an their maximum loading by the solid particles.
The shift in percolation was explained by enhancement of orientation alignment of the platelet particles in the presence of a
dispersant. The results demonstrate existence of a maximum for
the percolation threshold, which was observed at a certain optimum dosage of the dispersant. Filtration efﬁciency data, obtained
from ﬁltration–compression tests, allow to suggest an enhanced
compactness of the packing of kaolin particles in presence of a
dispersant.
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Conclusions
The percolation transition was observed both in the dispersant-free and dispersant-loaded
suspensions. Percolation (or structure formation) was accompanied by abrupt jump of
suspension viscosity. In the absence of a dispersant, the percolation started at kaolin
concentrations above 12 % wt. It resulted in formation of a “card house” structure that was
observed by means of electronic microscopy. Such a low concentration for transition in the
structured state was explained in the framework of percolation theory for plate-like particles.
Addition of a dispersant suppressed the interaction forces between basal and edge faces of
the kaolin particles. As a result, “card house” structure was disappearing and “face-to-face”
arrangement of particles was arising after addition of a dispersant, which was supported by
the electron microscopy images. The addition of a dispersant shifted percolation to higher
particles concentration (55–60 % wt). According to the percolation theory, high value of the
percolation concentration was explained by “face-to-face” arrangement of particles.
Maximum of the percolation concentration (and lowest suspension viscosity) was reached
for certain optimum dosage of the dispersant (≈ 0.5 % wt/wt).
Hence, the loosely packed “card-house” structure, which is typical for the aqueous kaolin
suspensions, undergoes gradual conversion into an oriented structure under the load of solid
particles or under addition of dispersant. Higher filtration efficiency was observed for loosely
packed “card-house” structure in dispersant-free suspensions. Dispersant improves fluidity
and dryness of the filter-cakes, however, produces an oriented “face-to-face” structure of
particles, which causes a rise in resistance to liquid flow during filtration.
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Paper II: “Dead-end dynamic filtration of highly concentrated CaCO3
suspensions in the presence of a dispersant”
Introduction
It was shown in Paper I that preparation of a concentrated and flowable mineral
suspension by means of dead-end filtration technique is limited by formation of the filter-cake
with high specific resistance. Several variants of this technique were proposed in order to
decrease the filter-cake resistance and enhance filtration: filtration of naturally flocculated
suspension with mixing of the filter-cake with appropriate amount of a dispersant
(Wiekmann, 1980; Bleakley, 1997; Willis, 1998), combined treatment of feed suspension by
mixture of a dispersant and a flocculant (Parker, 1997), use of two-stage dead-end filtration
(Soua, 2004; Vorobiev, 2004; Mouroko-Mitoulou, 2002; Husson, 2003). However, these
techniques have two disadvantages:
• their implementation results in formation of a filter-cake that reduces filtration rate;
• filter-cake fluidization (crushing or homogenization) is required for obtaining of a liquid
suspension with high fluidity;
• batch dead-end filtration techniques do not allow continuous production of the
suspension.
Use of dynamic filtration technique may be proposed in order to avoid these
disadvantages. Dynamic filtration together with cross-flow microfiltration became a usual
technique for processing of diluted suspensions and purification of liquids. However, only
several studies were devoted to dynamic filtration of concentrated mineral suspensions
(Mikulášek, 1998; Bouzerar, 2000, 2003; Ding, 2006; He, 2007) or preparation of highly
concentrated mineral suspensions (Trave, 2007; Ochirkhuyag, 2008). Despite of negative
conclusions of Mikulášek (1998) and Bouzerar (2000) regarding low filtration rate of
concentrated suspensions, Trave (2007) and Ochirkhuyag (2008) have demonstrated the
possibility of preparation of a highly concentrated mineral suspension by cross-flow and
dynamic filtration. In these studies diluted mineral suspensions were mixed with a dispersant
prior to filtration. It is known that addition of a dispersant weakens interaction between
particles in the filter-cake and should the enhance cake erosion during dynamic filtration.
However, dispersant also decreases permeability of the filter-cake and results in chemical
contamination of the filtrate.
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In dead-end filtration, contamination of the filtrate and formation of low permeable filtercake may be avoided by using of two-stage filtration technique (Soua, 2004; Vorobiev, 2004;
Mouroko-Mitoulou, 2002; Husson, 2003). According to this technique, the dead-end filtration
is divided in two stages and dispersant is added to suspension only at the second stage of
filtration:
• the first stage of the process is an ordinary filtration of suspension without dispersant,
with formation of “precoat layer” of the filter-cake;
• at the second stage, the excess quantity of the dispersant is added to the suspension; then
deflocculated suspension is filtered on the precoat. The filtrate from deflocculated suspension
(enriched by the dispersant) displaces the dispersant-free interstitial liquid remaining in the
pores of precoat. Precoat absorbs and retains the dispersant molecules coming from the
deflocculated suspension and, thus, prevents the filtrate from contamination.
In dynamic filtration, the moment of dispersant addition must also play an important role.
However, the influence of this factor on the kinetics of dynamic filtration and quality of the
filtrate and final suspension was not studied before.

Summary
The aims of this paper are:
(1) to study a possibility of preparation of a concentrated and flowable calcium carbonate
suspension by means of dynamic filtration technique;
(2) to analyze the influence of operational parameters (transmembrane pressure, disk
rotation speed, concentration of dispersant and time of dispersant addition to
suspension) on efficiency of filtration and quality of final products (dryness and
viscosity of final suspension and dispersant losses in the filtrate);
(3) to compare efficiency of novel dynamic filtration technique with those of dead-end
and cross-flow filtrations.
Diluted (20 % wt) suspensions of calcium carbonate were filtered in a specially designed
dead-end filtration cell equipped by rotating disk. Kinetics of filtration was measured at
various transmembrane pressures (0.2–0.95 bar) and disk rotation speeds (0–2000 rpm). The
dispersant (sodium polyacrylate) concentration varied from 0 to 2 % wt/wt.
Two types of filtration were carried out: with initial and with delayed addition of a
dispersant. In experiments with initial dispersant addition, the suspension and dispersant were
mixed before dewatering. In experiments with delayed dispersant addition, the dispersant-free
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suspension was filtered until reaching ~ 55 % of total filtrate quantity, then a dispersant was
added to the pre-concentrated suspension in the course of filtration.
Dryness and rheological properties of final concentrated suspensions were measured. In
addition, the dispersant concentration was measured and adsorption of dispersant molecules
on calcium carbonate was determined.
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1

Introduction

Mineral suspensions with a high concentration of particles and
low viscosity are required for many practical applications, such
as ceramic processing and preparation of paints, or paper coatings [1, 2]. However, viscosity is generally high with concentrated mineral suspensions due to their aggregation and formation of spatial networks [3, 4]. One effective way of fluidity
regulation is based on the addition of suitable dispersants [5].
The highly concentrated (72–75 wt %) and low-viscosity
suspensions of calcium carbonate (CaCO3) are required for
improvement of paper whiteness, gloss, and printability. The
sodium and ammonium salts of polyacrylic acid were found to
be effective dispersants for CaCO3 suspensions [6, 7].
Different methods for preparation of highly loaded CaCO3
suspensions, based on powder rehydration in the presence of a
dispersant [8], excess water evaporation by spray drying [9],
dead-end filtration [10–14], and precoat dead-end filtration
[15] were recently proposed. The latter technique allowed
preparation of CaCO3 suspensions with low viscosity, g1) ≈
0.3 Pa s, for low shear rates about 20 s–1, containing up to
74 wt % CaCO3 in the presence of 0.5 wt % sodium polyacrylate [16, 17]. However, a supplementary stage of mechanical

cake homogenization is required for cake fluidization and high
dryness can be achieved after CaCO3 cake compression at
10–15 bars. The dead-end filtration technique always results in
growth of the filter cake in low filtration efficiency and it requires supplementary mechanical agitation for filter cake fluidization. To avoid these limitations, different continuous
microfiltration techniques with shear flow were tested [18, 19,
20–24].
The filtration flux in a rotating disk system is governed by
different operational parameters, such as filtration pressure,
rotation speed, concentration of feed suspension, as well as the
design of the filtration module. The moment of dispersant addition in the course of filtration may also be an important factor influencing the dryness and fluidity of the final suspension
and filtrate contamination by the dispersant. Then, it requires
further investigation.
This work is devoted to the study of dewatering of CaCO3
suspensions using a lab-scale dynamic filtration module. The
cylindrical filter cell comprised a rotating disk with adjustable
speed and filtration was carried out on a fixed microfiltration
membrane. The time of dispersant (sodium polyacrylate) addition and operational parameters (disk rotation speed, filtration pressure) were analyzed.

–

2

Materials and Methods

Correspondence: Prof. N. I. Lebovka (lebovka@gmail.com), F. D.
Ovcharenko Institute of Biocolloidal Chemistry, NAS of Ukraine, 42,
blvr. Vernadskogo, Kyiv 03142, Ukraine.

2.1

Materials

–

The aqueous suspension of calcium carbonate with an initial
solid content of 20.0 wt % was provided by OMYA (France).
The average particle diameter was 1.1 ± 0.1 lm. The dispersant

1)

List of symbols at the end of the paper.
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used was a 31-wt % solution of sodium polyacrylate DV 834,
produced by COATEX (France).

2.2

Dewatering

A schematic of the dewatering apparatus is presented in Fig. 1.
The apparatus comprises a filtration cell with suspension, a rotating disk connected to a mixer, an evacuated flask for the filtrate, and a vacuum pump. The filtration cell is a plastic cylinder with a total volume of 200 cm3 and an internal radius of
27.5 mm. PA 6 (Nylone) membrane with a pore size of 0.2 lm
(Biodyne A, Pall Co.) was fixed at the bottom of the cell.
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persant addition (i-dewatering) and with delayed addition of a
dispersant (d-dewatering). In experiments with the first type
of dewatering, the suspension and dispersant were mixed for
10 min at 100 rpm before dewatering. In experiments with the
second type of dewatering, the aggregated suspension was filtered until reaching Vd = 100 cm3 of filtrate, then a dispersant
was added to the pre-concentrated suspension in the course of
filtration. The dispersant concentration, cd, was varied between
0.1 and 2 wt % dispersant/wt CaCO3. The total time of the experiment was within 10–40 min depending on the dispersant
concentration. Suspensions were filtered at initial ambient
temperature ≈ 20 °C. Owing to the frictional energy dissipation
in the sheared volume between the rotating disk and the cake
surface, the temperature of the suspension, T, was a growing
function of time, t. The
rate of frictional energy dissipation per
:
:
:
unit volume is s c  g c 2 / x2 [26], where s is the shear
stress. So, the rate of temperature increase, dT/dt, can theoretically be calculated as:
Zr0
:
dT=dt  2ph g c 2rdr= Cm
(1)
0

Figure 1. Scheme of the filtration apparatus.

Turbidity measurements showed that the membrane was
able to retain all the particles of the suspension. The membrane filtration area, S, was equal to 2.4 · 10–3 m2. Membranes
with the resistance of Rm = 1.5 ± 0.2 · 1011 m–1 were used in each
experiment. Filtration was driven by the negative pressure generated by the vacuum pump. The transmembrane pressure value, p, was adjusted between 0.2 and 0.95 bar.
Filtrate was collected in the evacuated flask placed on the
electronic balance and the filtrate mass was registered. The
flask was connected to the filtration cell and the vacuum pump
by flexible plastic tubes. A stainless steel perforated disk (Fig. 1)
with 25 mm in radius r0 was placed inside the filtration cell. It
was fixed on a metal shaft and was connected to a mixer rotating with adjustable speed, x, up to 2000 rpm.
An initial gap between the disk and the membrane surface
:
was ho = 2 mm. The shear rate, c, was dependent on the dis:
tance to the axis of rotation, r, and was evaluated as c = h r/h,
where h is the gap between the rotating disk and the cake surface, and h is the angular speed (Fig. 1). The maximum shear
rate was at the disk periphery at r = r0. At h = ho = 2 mm, the
:
shear rate can be estimated as c = 2p x r0/(60h) s–1 ≈ 400 s–1 for
:
–1
x = 300 rpm and c ≈ 2700 s for x = 2000 rpm.
The same initial quantity of suspension (≈ 190 g; ∼ 85 mm in
suspension height in the cylinder) was taken in each experiment. Two modes of dewatering were applied: with initial dis-
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where C is the specific thermal capacity and m is the mass of
suspension.
For estimation purposes, we let g ≈ 1 Pa·s and C = 4.18 J/(g K).
At m = 190 g and h = 2 mm, this equation gives dT=dt  p r04 g
x2 = 2hCm ≈ 4 · 10–4 K/s for x = 300 rpm and dT=dt ≈ 0.02 K/s
for x = 2000 rpm. Hence, the rate of temperature increase was
inessential at the initial stage of dewatering. However, it could
become noticeable at the final stage of dewatering. Letting
h = 0.1 mm and m = 50 g, we get dT=dt ≈ 0.03 K/s for
x = 300 rpm and dT=dt ≈ 1.2 K/s for x = 2000 rpm. Still, due to
the disk rotation restrictions, the experiments were stopped at
this stage of dewatering and the final temperature, T, never exceeded 50 °C. The sharp increase of temperature, T (> 3 °C),
was observed only at the final stages of filtration when the volume of filtrate exceeded 130–135 cm3. This temperature increase reflected reaching of the state when the cake fills the total
space between filter medium and rotation disk. After that, filtration was immediately stopped. Note that filtrate viscosity, gf,
increased with an increase in T (e.g., gf ≈ 1.0 mPa s at 20 °C and
gf ≈ 0.55 mPa s at 50 °C). However, at the final stages of filtration, the decrease of filtration rate with T increase was always
observed. So, the effect of temperature viscosity change on filtration rate was less significant.
According to [27, 28], filtration is typical for diluted suspensions, while consolidation takes place in a concentrated suspension. The solidosity (maximal particle concentration of uncompressed filter cake) of the naturally-aggregated CaCO3
suspensions is equal to u = 0.2–0.3 (45–55 wt %) and higher
solidosity (u > 0.3) requires supplementary compression [29].
In our study, much more concentrated suspensions were prepared by means of the dynamic filtration technique. It suggests
that consolidation of the cake occurred during the dynamic filtration.
Ruth-Carman’s filtration equation [30] fails to explain the
experimental curves in the case of cake consolidation, especially in the late stage of dewatering. Application of the filtration-consolidation equation (for example, [27]) is more ap-

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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propriate for the description of the consolidation period of dewatering. Another known approach is solution of the filtration-consolidation equation with a moving boundary condition due to deposition of the particles and increase in the cake
thickness. This approach is more complicated and implies a
known relation between the cake volume and the volume of
filtrate [31].
Unfortunately, the material balance seems to be more complicated in our experiments. The concentration of feed suspension is not constant during dewatering with a rotating disk
[21]. The total weight of solid particles in the cake is not constant during the consolidation period [32]. Additionally, the
value of the shear stress on the cake surface and viscosity of
suspension varies in the direction from the axis of rotation to
the external edge of the rotating disk [33]. Accounting for
these difficulties, a simplified approach based on Darcy’s law
[30]:

The final dryness of suspension, Ds, and cake, Dc, was measured after their drying at 130 °C. The average dryness was estimated from the material balance equation:
D  mCaCO3 = msusp

qf V

(4)

where mCaCO3 is the total mass of calcium carbonate, msusp is
the mass of suspension used for dewatering, and qf is the density of filtrate.
All the experiments were repeated at least three times. The
mean values and standard deviations were calculated.

3

Results and Discussion

3.1

Dewatering Behavior

3.1.1 Influence of Rotation Speed and Pressure
dt=dV  gf Rc  Rm =Sp

(2)

was used in the present work for dewatering data presentation
and fitting.
Here, t is the dewatering time, V is the filtrate volume, gf is
the filtrate viscosity, S is the membrane filtration area, p is the
transmembrane pressure, and Rc and Rm are resistances of the
filter-cake and membrane, respectively.
Note that for dead-end filtration:
Rc = awV/S

(3)

where a is the specific cake resistance and w is the mass of deposited solid per filtrate volume. In the dead-end filtration, a
and w are generally constants and the filter cake resistance, Rc, is directly proportional to the filtrate volume, V.
The value of the specific cake resistance, a, is more
conventionally used but, in this study, erosion of the
cake means that the mass of solids deposited, w, can
vary with time. So, the value of Rc was estimated from
Eq. (2) using S = 2.4 · 10–3 m2, Rm = 1.5 ± 0.2 · 1011 m–1,
and gf = 1.0 mPa s at ambient temperature ≈ 20 °C.

2.3

Fig. 2 presents dewatering data in terms of dt/dV vs. V coordinates at different (a) disk rotation speeds, x, and (b) pressure
drops, p. Here, dispersant was added before dewatering (i-dewatering) and its concentration, cd, was fixed at 0.5 wt %. Dewatering at x = 0 rpm and p = 0.95 bar (Fig. 2a)) does not yield
a straight line in dt/dV vs. V as it should normally be expected
for the dead-end filtration. The presence of the disk accounts
for the deviation from a straight line. When the disk was removed (not presented here), a straight line was observed in the
dt/dV vs. V coordinates for x = 0 rpm.
For more convenience, dynamic dewatering results (with
x > 0) are also presented in Fig. 2. According to Eq. (2), the
curve in Fig. 2b) reflects evolution of the filter-cake resistance,

Analysis Instruments

The size distribution function (SDF) of aggregates inside
suspensions was recorded using a laser diffraction instrument (Mastersizer X 6618, Malvern Instruments
GmbH, UK). This function corresponds the volume
fraction of particles with a certain size (in %). For all
samples, the measurements were made in diluted CaCO3
suspensions with concentration, c ≈ 5 · 10–5 wt %.
UV absorption spectra of filtrate samples were measured using the UV spectrophotometer Biochrom Libra S32 for estimation of the dispersant losses in the
filtrate. Viscosity at 25 °C was measured using the rotational coaxial viscosimeter, Haake VT 550 (Haake,
Karlsruhe, Germany).

www.cet-journal.com

Figure 2. Dynamic dewatering behavior of CaCO3 suspension: (a) rotation
speed, x, variation at constant pressure, p = 0.95 bar; (b) filtration pressure,
p, variation at constant rotation speed, x = 300 rpm. Initial concentration of
the dispersant, cd, was 0.5 wt %.
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Rc, at the given pressure. A linear curve with the constant slope
value > 0 would indicate that the term a·w is constant. In such
a case, the filtrate flux should decrease proportionally to the
filtrate volume. The steeper slope in dt/dV vs. V indicates an
increase in the a·w term and a decrease of the filtrate flux.
The first parts of the curves in the dt/dV vs. V coordinates
are nearly linear at different disk rotation speeds (Fig. 2a)) and
at different values of the pressure (Fig. 2b)). Therefore, a·w remains constant for the given conditions of dynamic dewatering (x and p). It means that at the initial stage of dynamic
dewatering of the studied suspension (V < 60 cm3), the filter
cake grows despite of the disk rotation. However, such cake
growth is slower than for dewatering without disk rotation
(x = 0 rpm), which explains the lower slope of dt/dV vs. V
curves (Fig. 2a)) for x > 0.
At the late stages of dynamic dewatering, the dV/dt vs.
curves deviate from linear behavior. That means that a·w is
not constant at those stages. Suspension behavior in the gap
between the cake and rotating disk surface is not elucidated
enough. It is reasonable to suppose that both a and w can be
variable. Based on the mass balance analysis, w can be presented as:
w

1=c

1
1= qs e

qs 
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drag force. When the shear force exceeds the drag force, the
particle losses contact with the cake.
At the beginning of dynamic dewatering, we observed fast
growth of the filter cake. For instance, at chosen operation parameters (x = 300 rpm, p = 0.95 bar) and different dispersant
concentrations (cd = 0–2 wt %), the filter cake nearly filled the
gap between the filter membrane and the disk after only
20 cm3 of filtrate recovered. With narrowing of the gap between the cake surface and the disk, the shear rate was increas:
ing since c = hr/h and particles could no longer deposit on the
cake surface. If the velocity of the disk motion is high, the intense shear rate at the periphery erodes the filter cake (Fig. 3).
Fig. 4a) shows a drop in the filter-cake resistance with faster
rotation of the disk. More intense cake erosion (Fig. 3) may explain such a drop in the cake resistance. However, surprisingly,
a rotation speed of 300 rpm gives higher final cake dryness

(5)

where c is the mass concentration of CaCO3 in suspension, e is
the cake porosity, and qs is the density of CaCO3.
The concentration of suspension, c, increases during dewatering with disk rotation. At the final stage of dynamic dewatering, the velocity of disk rotation may be insufficient for
maintaining the layer of suspended particles over the cake. It
can accelerate deposition of the CaCO3 particles and growing
of the cake may become accelerated. On the other hand, specific cake resistance, a, may also increase due to disk rotation
[34].
Fig. 3 presents photos of the filter cake for dynamic dewatering at V ≈ 100 cm3 after removal of the retentate at different
disk rotation speeds. The dispersant concentration was
cd = 0.5 wt %. Visually, the structure and compactness of
the cake are different at x = 300 rpm (Fig. 3a)) and at
x = 2000 rpm (Fig. 3b)). According to [33], a particle at the
cake surface is subjected to two main forces: the shear stress
(depending on the shear rate applied to the particle) and the

Figure 3. Filter cake photos obtained at V ≈ 100 cm3 and different
disk rotation speeds, (a) x = 300 rpm and (b) x = 2000 rpm. The
filtration pressure, p, was 0.95 bar; the dispersant concentration,
cd, was 0.5 wt %.

Chem. Eng. Technol. 2010, 33, No. 8, 1260–1268

Figure 4. Resistance of the filter-cake, Rc, calculated using Eq.
(2) for V = 50 cm3, versus (a) rotation speed, x, and (b) filtration
pressure, p. The dispersant concentration, cd, was 0.5 wt %. Error
bars correspond to the mean standard deviations.
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(that is a larger volume of filtrate extracted) compared to
2000 rpm. More compact internal structure of the cake (thus,
higher a) at higher rotation speeds may account for this behavior. Note that resistance, Rc (= awV/S), can decrease even with
an increase in a at higher rotation speed if the decrease in w at
higher rotation speed is more significant. The total water removed from 0 to 2000 rpm (Fig. 2a)) allows one to suggest that
the peak of suspension dryness at a given pressure may be obtained for a certain optimal rotating speed (x = 300 rpm).
The effect of pressure at any disk speed is shown in Fig. 4b),
presenting Rc versus p, where Rc is calculated from the linear
portions of curves in Fig. 2b) for V = 50 cm3. Fig. 4b) shows
that higher-pressure results in an increase in resistance, Rc, for
all the disk rotation speeds tested. The higher pressure increases the drag force and facilitates the particle deposition.
The pressure increase also results in faster draining of the filter
cake and pressure variation (from 0.2 to 0.95 bar) does not influence water extraction (Fig. 2b)). In order to ensure fast dewatering and high final dryness of the suspension, 300-rpm rotation speed (x) and 0.95 bar of pressure (p) were used in
further experiments.

The cake resistance increased with the concentration of the
initially added dispersant, cd (Fig. 5). Dispersant introduction
into CaCO3 suspension may result in deflocculation of the
loose flocks followed by stabilization and formation of a more
compact structure with higher resistance to flow [16, 20].
Existence of deflocculation support the size distribution
functions (SDF) of the CaCO3 particles (Fig. 6). The dispersant-free suspensions displayed rather broad SDF with the
mean diameter of a particle, dm, of 5.3 ± 0.5 lm. Addition of
the dispersant resulted in a noticeable deflocculation, narrowing of SDF, and a decrease in dm (= 1.1 ± 0.1 lm). Fig. 6 shows
that the SDF of the filter cake is nearly the same as for retentate. At 0.5 wt % of the dispersant, a supplementary narrowing
of SDF and decrease in dm in the concentrated retentate as
compared with initial suspension was observed. It may reflect
the intense additional disaggregation of CaCO3 particles in dynamic dewatering.

3.1.2 Influence of Dispersant on the Cake Resistance
The experimentally-measured cake resistance, Rc, is plotted in
Fig. 5 against filtrate volume, V, for different dispersant concentrations. It is worth noting that profiles of dt/dV vs V and
Rc vs V curves were similar (Fig. 2 and Fig. 5). The cake resistance, Rc, was increasing quickly during the first 20 cm3 of filtrate extraction. As far as the a·w term in Eqs. (2) and (3) is
approximately constant, the dynamic dewatering was progressing with cake resistance proportional to V.

Figure 6. Influence of the dispersant on particle size distribution
function (SDF) in the initial suspension, in the filter cake, and in
the concentrated retentate. Here, d is the particle diameter. The
concentrated suspensions and cakes were prepared by i-dewatering; x = 300 rpm, p = 0.95 bar, and cd = 0.5 wt %. Error bars
correspond to the mean standard deviations.

3.1.3 Time of Dispersant Addition

Figure 5. Cake resistance, Rc, versus filtrate volume, V, at different dispersant concentrations, cd, for i-dewatering, and
x = 300 rpm and p = 0.95 bar. Symbols are experimental points,
solid lines are obtained from Eq. (2) using dt/dV data at filtration
area, S = 2.4 · 10–3 m2, membrane resistance, Rm = 1.5 ±
0.2 · 1011 m–1, and filtrate viscosity, gf = 1.0 mPa s, at ambient
temperature ≈ 20 °C.

www.cet-journal.com

Dewatering curves for suspensions with different concentration of the dispersant, cd (0–2 wt %), are presented in Fig. 7.
The arrows show the time of dispersant addition for i-dewatering and d-dewatering modes. At cd = 0.1 wt %, polyacrylate acts
rather as a flocculant accelerating the dynamic dewatering.
However, a higher content of the dispersant results in lower filterability at i-dewatering. The initial section of the d-dewatering curve in Fig. 7 at V < Vd corresponds to dewatering of the
dispersant-free suspension. For cd > 0.1 wt % and delayed dispersant addition (that is, for V > Vd; dashed lines in Fig. 7), an
abrupt drop in the dewatering rate is observed. The insert in
Fig. 7 shows an abrupt change in the dt/dV derivative upon
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3.2.2 Dispersant Losses
The residual dispersant concentration in the retentate, cd , can
be significantly lower than its initial concentration, cd, immediately after dispersant addition [20]. Such dispersant losses in
the filtrate may be explained by incomplete adsorption of the
dispersant molecules on the surface of CaCO3 and possible
drainage of the unabsorbed dispersant with the filtrate outside
the filter cake [35]. The remaining residual dispersant concentration in suspension, cd , can be estimated from the dispersant
concentration in the filtrate, cf:
cd  cd 1

Figure 7. Influence of the dispersant concentration on calcium
carbonate suspension dewatering for i-dewatering (solid lines)
and d-dewatering (dashed lines) modes; x = 300 rpm,
p = 0.95 bar. Insert shows an abrupt change in the dt/dV derivative upon dispersant addition for d-filtration.

dispersant addition for d-filtration. This drop depends on the
quantity of introduced dispersant. In this case, dynamic dewatering is similar to re-dispersion of the deposited filter cake.

3.2

Properties of Suspension, Filter Cake,
and Filtrate

cf mf =md 

(6)

where md is the mass of the dispersant added to the suspension
and mf is the mass of the filtrate.
Dependencies of cd versus cd for the i-dewatering and d-dewatering modes are presented in Fig. 9a). At low dispersant
concentrations, cd (below 0.1 wt %), the cd and cd values approximately coincide, which evidences complete dispersant
binding with CaCO3 particles. At higher dispersant concentrations, the value of cd is lower than cd. This difference between
the values of cd and cd reflects dispersant losses in the filtrate,
which were much lower for d-dewatering as compared to i-dewatering experiments (Fig. 9a)).
In d-dewatering experiments, the dispersant was added to a
more concentrated suspension (≈ 40 wt % of CaCO3) containing less water than the initial one. In this case, adsorption of
polyacrylate molecules on the surface, A, of CaCO3 particles
can be estimated as:
A  cd

cf m=mCaCO3

1

(7)

3.2.1 Dryness
Fig. 8 presents the dryness of (a) the final suspension, Ds,
and (b) the cake, Dc, versus dispersant concentration, cd.
It is worth noting that at dispersant concentrations,
cd ≥ 0.5 wt %, the measured suspension dryness, Ds, was
1–2 wt % higher than the average dryness, D, calculated
from the material balance equation, Eq. (4).
This difference in dryness may be explained by water
evaporation from the filter cell during the last step of dewatering, when the temperature is increasing from the ambient to ∼ 50 °C. However, the measured dryness of the
cake, Dc, is close to D. The dryness of the suspension, Ds,
and the cake, Dc, were noticeably increasing with the increase of dispersant concentration, cd, from 0 to 0.5 wt %.
The upper dryness limit was reached at cd = 0.5 wt %.
Further dispersant additions above this limit did not improve the dryness (Fig. 8). The optimal doses of the dispersant were also found earlier for the dead-end and crossflow filtrations of the same CaCO3 suspension [16, 20].
Note that d-dewatering resulted in higher values of Ds and
Dc than i-dewatering. Moreover, the maximum dryness
values reached at d-dewatering were Ds = 79.6 ± 1.0 wt %
and Dc = 77.1 ± 0.7 wt %. These final dryness values are
higher than previously reported in [20] for the cross-flow
filtration (Ds = 70 %) and dead-end filtration (Ds = 74 %)
of the same CaCO3 suspension with the same dispersant.

Chem. Eng. Technol. 2010, 33, No. 8, 1260–1268

Figure 8. Dryness of the final suspension Ds (a) and cake Dc (b) versus
dispersant concentration cd for i-dewatering and d-dewatering. The filtration pressure p was 0.95 bar; rotation speed x was 300 rpm. Error bars
correspond to the mean standard deviations.
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Tab. 1 compares viscosity and dryness of the final suspension and efficiency of dewatering for dynamic filtration
(this work), crossflow filtration [20], and dead-end filtration [16] techniques using CaCO3 of the same quality and
the same dispersant. According to [20], the process efficiency was estimated as the final mass of the concentrated
suspension obtained from the unit membrane surface during the unit time of dehydration (kg m–2s–1):
E = m/(S·t)

(8)

For all the mentioned filtration techniques, the retentate
viscosity was below 1 Pa s for the low shear rate of 20 s–1,
which is required in industrial applications [1, 2]. However, the proposed method of dynamic dewatering results
in the highest dryness of suspension, Ds ≈ 79.6 wt %. Note
that for the highly concentrated suspensions, obtained
in d-dewatering experiments, the dispersant level of
cd ≈ 0.5 wt % can be accepted as optimal for purposes of
high dryness (Fig. 8a)) and small viscosity (Insert in
Fig. 10) at moderate dispersant losses in the filtrate
(Fig. 9a)).
Figure 9. (a) Residual dispersant concentration in suspension, cd , and
(b) the value of dispersant adsorption on calcium carbonate, A, versus
initial dispersant concentration, cd, for the i-dewatering and d-dewatering
modes. The filtration pressure, p, was 0.95 bar; rotation speed, x, was
300 rpm. Error bars correspond to the mean standard deviations.

For i-dewatering, the dispersant adsorption value, A,
reached a maximum at cd = 0.3 wt % and then remained practically constant (Fig. 9b)). For d-dewatering, dispersant addition
to concentrated dispersions resulted in a higher adsorption
value, A. The differences in adsorption behavior observed in
i-dewatering and d-dewatering experiments possibly reflect the
effect of suspension concentration on the mechanism of adsorption of the macromolecules on CaCO3 surface [35] and
extra retention of the dispersant molecules by the filter cake in
d-dewatering experiments [17].

4

Conclusions

The technique of rotation disk dynamic filtration was used
for dewatering and preparation of the highly concentrated
(> 75 wt %) CaCO3 suspensions in the presence of a dispersant (sodium polyacrylate). The time of dispersant
addition was an important factor influencing efficiency of
dewatering, final dryness, and fluidity of the suspensions. De-

3.2.3 Viscosity of the Final Suspensions
:

Fig. 10 presents viscosity, g, versus shear rate, c, for suspensions obtained in i-dewatering and d-dewatering experiments
(cd = 0.5 wt %), respectively. Such shear-thinning dependencies
were typical to those previously observed for concentrated
CaCO3 suspensions in the presence of a dispersant [36]. An interesting fact is that d-dewatering allows preparation of a more
concentrated suspension with a smaller viscosity (Insert in
Fig. 10). This behavior can be explained by higher residual dispersant concentration, cd , in suspensions obtained in d-dewatering experiments (Fig. 9a)). In the d-dewatering experiments, the viscosity of the suspension passed through a
minimum at the dispersant concentration, cd = 0.5 wt % (Insert
in Fig. 10) even if suspension dryness was higher at the point
of minimum.

www.cet-journal.com

:

Figure 10. Viscosity, g, versus shear rate, c, for a final suspension obtained in i-dewatering (Ds = 77.1 %) and d-dewatering
(Ds = 79.6 %) experiments (cd = 0.5 wt %). Insert shows the effect
of the dispersant concentration, cd, on viscosity, g, of a CaCO3
suspension in d-dewatering experiments. The dryness of the suspension is shown near the symbols. The filtration pressure, p,
was 0.95 bar; rotation speed, x, was 300 rpm, and temperature,
T, was 20 °C. Error bars correspond to the mean standard deviations.
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Table 1. Viscosity and dryness of the final suspension, and filtration efficiency at dynamic filtration (this work), crossflow filtration [20], and dead end filtration [16].
Type of filtration

Viscosity of suspension, g Dryness of suspension, Ds Efficiency of filtration, E
:
[wt %]
[kg m–2s–1]
[Pa s–1], at c = 20 s–1

Dynamic

< 0.8

79.6

11.0 · 10–3 (p = 0.95 bar)

Crossflow [20]

< 0.8

70

5.83 · 10–3 (p = 1 bar)

Dead-end [16]

< 0.3

74

13.3 · 10–3 (p = 5 bar)

watering with delayed dispersant addition (d-dewatering) gave
better results than dewatering with initial dispersant addition
(i-dewatering). The d-dewatering resulted in a higher final
dryness and smaller fluidity of suspension. The largest dryness
values, obtained for d-dewatering, were Ds = 79.6 ± 1.0 wt %
and Dc = 77.1 ± 0.7 wt %. The optimal dispersant concentration, allowing attainment of the high dispersion dryness and
fluidity levels at moderate dispersant losses in the filtrate, was
estimated as cd ≈ 0.5 wt %.
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Symbols use
A

C
c
cd
cd
cf
d
dm
D

Dc
Ds
E
h
ho

[wt % dispersant/wt CaCO3] adsorption of
polyacrylate molecules onto the
surface of CaCO3 particles
[J g–1 K–1]
specific thermal capacity
[wt %]
mass concentration of CaCO3 in
suspension
[wt % dispersant/ wt CaCO3] dispersant
concentration
[wt % dispersant/ wt CaCO3] residual
dispersant concentration in the
retentate
[g g–1]
dispersant concentration in the
filtrate
[lm]
particle diameter
[lm]
mean diameter of a particles
[wt %]
average dryness corresponding
to the dryness of the suspension
and cake
[wt %]
maximal dryness of the final
cake
[wt %]
maximal dryness of the final
suspension
[kg m–2s–1] efficiency of dewatering
[mm]
gap between the disk and the
membrane surface
[mm]
initial gap between the disk and
the membrane surface
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hc
m
md

[mm]
[g]
[g]

mCaCO3

[g]

mf
msusp

[g]
[g]

p
r
r0
Rc

[bar]
[mm]
[mm]
[m–1]

Rm
S
T
t
Vd

[m–1]
[m2]
[K]
[s]
[m3]

V
w

[m3]
[kg m–3]

thickness of the cake, ho – h
mass of suspension
mass of dispersant added to
suspension
total mass of calcium carbonate
in the suspension
mass of filtrate
mass of suspension used for
dewatering
filtration pressure
distance to the axis of rotation
radius of the rotating disk
resistance of the deposited cake
layer
resistance of the membrane
membrane filtration area
temperature of the suspension
time of dewatering
volume of filtrate processed in
d-dewatering before addition of
the dispersant
volume of filtrate
mass of deposited solid per
volume of filtrate

Greek letters
a
:
c
e
gf
g
qf
qs
h
s
x

[m kg–1]
[s–1]
[–]
[Pa s]
[Pa s]
[g cm–3]
[g cm–3]
[s–1]
[Pa]
[rpm]

specific cake resistance
shear rate
porosity of filter cake
viscosity of filtrate
viscosity of suspension
density of filtrate
density of CaCO3
angular speed
shear stress
rotation speed of the disk

Abbreviations
i-dewatering
d-dewatering
SDF

dewatering with initial addition of the
dispersant
dewatering with delayed addition of the
dispersant
particle size distribution function
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Conclusions
It was shown that highly concentrated (> 75 % wt) and flowable suspension of calcium
carbonate may be prepared by means of dynamic filtration with addition of sodium
polyacrylate. The time of dispersant addition was an important factor influencing efficiency
of filtration, final dryness, and fluidity of the suspension. Filtration with delayed addition of a
dispersant gave better results than filtration with initial dispersant addition: it resulted in
higher final dryness and better fluidity of suspension. The highest dryness of suspension,
obtained by dynamic filtration with delayed addition of dispersant, was 79.6±1.0 % wt, while
viscosity of such suspension was below 0.8 Pas (at shear rate 20 s–1). The maximal dryness
of suspension obtained by filtration with initial addition of a dispersant was 77.1 % wt. The
values of suspension dryness obtained in dynamic filtration were higher by 5–9 % than for
cross-flow filtration (70 % wt) and dead-end filtration (74 % wt) of the same calcium
carbonate suspension.
The optimal dispersant concentration in suspension, allowing attainment of the high
dryness and fluidity levels at moderate dispersant losses in the filtrate, was estimated as
≈ 0.5 % wt/wt.
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Paper III: “Effect of high voltage electrical discharges on filtration
properties of Saccharomyces cerevisiae yeast suspensions”
and
Paper IV: “Dead-end filtration of Saccharomyces cerevisiae yeast
suspensions: effects of high-pressure disruption, high-voltage electrical
discharges and flocculation”
Introduction
Separation of soluble proteins from bio-suspensions is an important technological
problem. Many valuable proteins are intracellular constituents of yeast cells and bacteria.
Therefore, extraction of these proteins requires damaging of the membrane and cell wall of
the host cell. The damage of cells involves physical or chemical treatment of cell suspension.
Efficiency of extraction depends on intensity of treatment of the cell suspension. Vigorous
treatment results in disruption of cell walls and complete liberation (extraction) of the target
proteins. However, vigorous treatment of cell suspension may also generate colloidal
impurities (cell debris). Since difference in the density of cell debris and solution of extracted
proteins is low and the size of the cell debris is below one micron, purification of the
extracted soluble proteins from the cell debris by conventional method of centrifugation may
be quite difficult. In this case, filtration of the disrupted cell suspension may be more efficient
tool for the purification.
However, filtration of biological suspensions may be limited by membrane fouling.
During filtration, cell debris may interact with the membrane surface, plug the pores and thus
decrease filtration rate and cause rejection of the target proteins. These processes must depend
on the colloidal properties of cell debris and its concentration in the treated suspension.
Consequently, it is necessary to find an adequate technique for disruption of cells, which will
yield minimum of cell debris and maximum of extracted proteins.
Numerous techniques have been proposed for yeast cell disruption. The mechanical
method of high-pressure homogenisation is most appropriate for industrial-scale disruption.
Application of this method results in considerable breakage of yeast cells and high recovery
of intracellular proteins. However, it generates a large quantity of cell debris, which
complicates the downstream purification. Other classical methods of cell disruption are either
less effective, or expensive, or can not be realized in an industrial scale. This encourages
seeking for new methods of yeast cell disruption that will result in lower concentration of cell
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debris and better filtration of the disrupted suspension. The method of high voltage electric
discharges seems to be a promising solution of this problem.

Summary
The aims of the Paper III are:
(1) to study the influence of high voltage electric discharge (HVED) treatment of
Saccharomyces cerevisiae yeast suspension on disruption of yeast cells and extraction
of intracellular components;
(2) to study the influence of the intensity of HVED treatment on filtration of disrupted
suspensions and separation of cell debris;
(3) to find the mechanism of filtration (type of the membrane fouling) of the disrupted
suspensions; and
(4) to study the possibility of acceleration of the filtration of extracted bio-products by
means of flocculation of the disrupted suspension.
The aim of the Paper IV is to compare the efficiency of HVED with classical method of
cell disruption (high pressure homogenization, HPH).
With this aim, the diluted (1 % wt/wt) aqueous suspension of yeast cells was treated by
HVED with mean electric field strength of 40 kV/cm. Various number (N = 1 – 450) of
successive discharges was applied to the suspension in order to vary the intensity of the
treatment. Homogenisation was carried out at the pressure of 1000 bar with different number
of successive passes of suspension through the homogenizer (up to 20). The efficiency of the
treatment and cell disruption was characterised using conductivity disintegration index Z
(Z increases from 0 to 1 during the treatment).
Efficiency of the cell disruption and extraction of bio-products was characterised by
measurements of turbidity of disrupted suspensions, UV-spectroscopy of supernatants,
electronic microscopy and granulometry analysis; the results obtained for HPH and HVED
treated suspensions were compared.
Dead-end filtration of HPH and HVED-disrupted suspensions was carried out and the
influence of disintegration degree Z and disruption method on filtration kinetics was analysed.
Since the disrupted yeast particles bear the negative charge, flocculation of the disrupted
suspension was carried out using cationic polymer poly(diallyldimethylammonium chloride)
as a flocculating agent and the influence of flocculant concentration on filtration rate and
filtrate quality was analysed.
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a b s t r a c t
In the present work the dead-end ﬁltration of Saccharomyces cerevisiae yeast suspensions disrupted by
high voltage electrical discharges (HVED treatment) was investigated. The efﬁciency of disruption was
evaluated using conductivity disintegration index of suspension Z (Z = 0–1) and absorbance spectra of
supernatant solutions. The electronic microscopy study, particle sizing and measuring of -potential and
turbidity were used to characterize variation of the colloidal properties of a yeast suspension during
disruption. The HVED treatment was found to cause an effective disruption of yeast cells and extraction
of intracellular proteins and other bio-products. The study of ﬁltration revealed suspension ﬁlterability
deterioration after disruption. It was shown that ﬁltration behaviour of the HVED-processed suspensions was governed by cake formation, the ﬁltrate volume decreased and the cake resistance increased
with increase of Z. For high levels of disruption (Z > 0.99), ﬁltration was governed by membrane fouling. The optimal dosage of polycationic ﬂocculant promoted the formation of ﬂocks and accelerated
ﬁltration. However, selected ﬂocculant (poly(diallyldimethylammonium chloride)) provoked binding of
bio-product and was inappropriate for using as an agent enhancing extraction from disrupted yeast cells.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
The interior of the yeast cells (Saccharomyces cerevisiae) is
a rich source of bio-products (proteins, cytoplasmic enzymes,
polysaccharides, etc.), which are valuable for different applications
in biotechnology, brewing and food industry. Extraction of bioproducts from cells usually involves disruption of the cell walls
(liberation of bio-products) and separation of extract from the
cells, cell debris and from other insoluble colloidal particles. Effectiveness of disruption technique depends on the yield of desired
bio-products in the disrupted yeast suspension and possibility of
further extract puriﬁcation from the solid phase.
Numerous techniques have been proposed for cell disruption
[1,2]. The mechanical method of high-pressure homogenisation
is most appropriate for industrial-scale disruption. This method
is non-speciﬁc and results in considerable breakage of cells and
high recovery of bio-products. However, its ﬁnal product contains
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large quantity of cell debris, which complicates the downstream
processes of puriﬁcation.
Treatment of a yeast suspension with high-intensity pulsed
electric ﬁeld was proposed as promising for the extraction of
proteins [3]. The high electric ﬁelds of microsecond duration
(typically, 5–10 kV/cm) can cause electroporation of membranes,
which seems to enhance release of the intracellular bio-products.
Electroporation has some advantages as compared with the
homogenisation: it does not require formation of ﬁne cell debris
and any signiﬁcant temperature elevation. Nevertheless, effectiveness of pulsed electric ﬁeld method for the extraction of proteins is
still under discussion [4,5].
Alterative electrical method allowing to enhance extraction of
bio-products from cells is based on the utilization of high voltage
electrical discharges (HVED). Underwater HVED of microsecond
duration was shown to create shock waves (pulsed high pressure)
and powerful light radiation [6]. These phenomena may result in
considerable disruption and homogenisation of colloidal particles
in water suspensions [7]. HVED treatment has found application
for inactivation of microorganisms [8] and extraction of soluble
materials from the cellular tissues [9–11]. HVED seems to have no
effect on the quality of proteins extracted by this method [10,12].
It was shown recently [6] that HVED treatment of ˇ-lactoglobulin
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solutions provokes secondary and tertiary changes of the protein
structure, however, protein aggregation was not observed. Thus,
HVED treatment of an aqueous bio-suspension at 40–50 kV/cm can
provoke a noticeable mechanical damage of cells, disintegration
of cell walls and membrane rupture; it can induce homogenisation of cells or, on the contrary, their aggregation. Recently,
application of the combined HVED-mechanical homogenisation for
disruption of yeast suspension was reported [5]. It was shown that
even small disintegration initially induced by HVED pre-treatment
results in a noticeable acceleration of homogenisation disruption
kinetics and high yield of extracted proteins, and HVED application seems to have no undesirable effect on the quality of protein
extracts.
The extract can be puriﬁed by ﬁltration, which is widely used in
food industry and biotechnology. For instance, the dead-end ﬁltration is implemented for beer and wine clariﬁcation by removal of
yeast cells and colloid particles. Cross-ﬂow microﬁltration, ﬁltration with rotating disks, rotating and vibrating membranes, were
proposed for bio-separation processes and in dairy industry for
puriﬁcation of fermented beverages [13–19]. Application of ﬁltration for the treatment of bio-suspensions is hindered by membrane
fouling and formation of a cake layer with high compressibility
[16,18,20–22]. Usually, it is assumed that the ﬁne-sized colloidal
fraction of ﬁltered suspension is responsible for membrane fouling
of bio-suspensions (e.g., cell debris or lysates of dead cells, protein aggregates, polyphenoles). Colloidal particles get entrapped
into the membrane pore volume and plug the pores, thus increasing hydraulic resistance of the membrane. Fouling substantially
decreases ﬁltration ﬂux rate and transmission of bio-molecules
through the membrane. Various mechanisms of ﬁltration, including
cake formation and models of standard, complete and intermediate pore blocking, were proposed for description of the membrane
fouling [23,24].
Conventional way to enhance ﬁltration and to reduce the membrane fouling is to increase the average particle size by ﬂocculation.
Cationic polymers had been proposed as ﬂocculants for undisrupted yeast suspensions [25–28]. It was shown that ﬂocculation of
yeast cells prior to microﬁltration leads to increase in the permeate
ﬂux, and the fouling rate declines with increase of the average ﬂocs
size [26]. Flocculation of the yeast cells by aluminium salts instead
of cationic polymers was found to increase the ﬂux rate during
the cross-ﬂow ﬁltration through zirconia and alumina membranes
[29]. Important role of electrostatic interactions between particles and ﬁltration membranes and importance of the membrane
material choice were demonstrated in this work. Karim et al. [30]
showed that polymeric ﬂocculants could also enhance microﬁltration of disrupted cells (homogenised lysate of Escherichia coli). Glatz
and co-workers [31] recently showed that cationic polyelectrolytes
improve permeate ﬂux and protein transmission in a cross-ﬂow
and dead-end microﬁltration of an industrial suspension of Bacillus
subtilis cells.
Though numerous works were published in the ﬁeld of bioseparation, most of them describe ﬁltration of suspensions of the
washed yeast cells or ﬁltration of model two-component suspensions (undisrupted yeast cells in a protein solution) [32–34]. Only
few authors have paid their attention to ﬁltration of complex biological suspensions containing yeast cells, cell debris, salts and
bio-molecules extracted from the cell interior [30,31,35].
In present work the effect of HVED disruption on the deadend ﬁltration of S. cerevisiae yeast suspensions was investigated.
The HVED-treated suspensions contain disrupted and undisrupted
cells, cell debris, salts and extracted bio-molecules. Inﬂuence of
the disruption index of yeasts Z on extraction of proteins, colloidal
properties and ﬁlterability of the yeast cell suspension was investigated. A polycationic ﬂocculant (poly(diallyldimethylammonium
chloride)) was used for ﬂocculation of disrupted yeast suspensions,
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Fig. 1. Scheme of the HVED treatment of yeast suspension.

and possibility of using ﬂocculation for facilitation of recovery of the
proteins was discussed.
2. Materials and methods
2.1. Yeast suspension
Wine yeast S. cerevisiae (bayanus) cells (Vitilevure DV10, Station Oenotechnique de Champagne, Epernay, France) were used
throughout this study. Suspensions of 1% (w/w) were prepared by
mixing the dry yeast cells and distilled water by magnetic stirrer. The yeast cells were swelling in an aqueous medium at room
temperature. The swelling process was monitored by means of
conductivity measurement. After, approx., 30 min of mixing the
conductivity reached a stable value of 130 ± 10 S/cm, and the
swelling was considered to be completed. Suspensions were gently
mixed before HVED treatment.
2.2. HVED treatment
Experimental HVED apparatus (Tomsk Polytechnic University,
Tomsk, Russia) consisted of a pulsed high voltage power supply and
a laboratory treatment chamber with an electrode of a needle-plate
geometry (Fig. 1). A stainless steel needle of 10 mm in diameter
was used. The grounded plate electrode was a stainless disk of
25 mm in diameter. A positive pulse voltage was applied to the
needle electrode. The high voltage pulse generator provided 40 kV
to 10 kA discharges in a one-liter chamber. The distance between
the electrodes was 10 mm, and the peak pulse voltage was 40 kV. It
corresponds to the mean electric ﬁeld strength of 40 kV/cm. The
electrical discharges were generated by electrical breakdown in
an aqueous yeast suspension. Energy was stored in a set of lowinductance capacitors, which were charged by a high voltage power
supply. Damped oscillations with the total duration of ≈20 s were
thus obtained, though the effective pulse duration corresponded
to few microseconds, ti ≈ 1–2 s [12]. The treatment chamber
was initially ﬁlled with 350 ml of yeast suspension (1%, w/w).
HVED treatment lied in application of the NHVED successive pulses
(NHVED = 1–450). Electrical discharges were applied with the pulse
repetition rate of 0.5 Hz (tt = 2 s, Fig. 1). Suspension characteristics were measured between successive applications of the HVED
pulses. The initial temperature was 25 ◦ C and the temperature elevation resulting from the HVED treatment was less than 5 ◦ C.
2.3. Flocculation
In some experiments, the aggregation of yeasts was regulated by
the addition of cationic ﬂocculant poly(diallyldimethylammonium
chloride) (ALDRICH, typical Mw = 400 000–500 000).
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Appropriate amount of 0.4% (w/w) ﬂocculant solution was
added to a beaker with 250 ml of 1% (w/w) undisrupted or
HVED-treated yeast suspension. The amount of added ﬂocculant
solution depended on the desired ﬁnal polymer concentration
C = 0–0.04 wt.% polymer/wt.% yeast. Then beaker with yeast suspension was 10 times turned upside-down and leaved in rest for
2 min for careful mixing of suspension and ﬂocculant.
2.4. Filtration
The unstirred dead-end ﬁltration cell was a vertical stainless
steel cylinder (inner diameter 5.5 cm and total volume 300 ml) connected with the pressurized air source by means of pressurized air
tank. Filtration membrane was made from Fisherbrand qualitative
ﬁlter paper (which is a depth ﬁlter with a particle retention level
2.5 m) and polypropylene ﬁlter cloth 25302 AN (pore size 25 m,
SEFAR FYLTIS, France) was used as a ﬁlter support. Though ﬁlters
with smaller pore size are typically used for puriﬁcation of proteins,
the pore size of material used in this study was small enough for
yeast cell suspension and could be utilized, e.g., at the ﬁrst step of
the membrane separation process [36]. The membrane surface was
2.4 × 10−3 m2 . All ﬁltrations were carried out at room temperature
and at constant pressure 1 bar. A new membrane was used for each
ﬁltration. Filtration was started immediately after the ﬁlter-cell
was poured with 200 ml of freshly treated yeast suspension.
The permeate was collected in a vessel placed on electronic
balances and the permeate weight m was recorded every 1 s by
computer software. The permeate weight m was recalculated into
permeate (ﬁltrate) volume V as V = m/, where  is the ﬁltrate density. The ﬁltrate ﬂux J was calculated by means of mathematical
software Table Curve 2D (Jandel Scientiﬁc) as follows
J=

dV
dt · S

(1)

where t is the ﬁltration time, V is the ﬁltrate volume, S is the membrane surface area.
2.5. Analysis instruments
The electrical conductivity of suspensions was measured at
using a conductivity meter InoLab pH/cond Level 1 (WTW,
Weilheim, Germany) with conductivity probe WTW Tetra Con
325. The size distributions of aggregates in suspensions were
recorded using a laser diffraction instrument (Mastersizer X 6618,
Malvern Instruments GmbH, UK). During the measurement, the
particles were kept in suspension by means of a small mixer.
The optical system allowed the detection of particles sized within
1–600 m. The particle size distribution was calculated by the original Malvern software. High-resolution environmental scanning
electron microscopy (ESEM) images were obtained using a XL30
ESEM-FEG instrument (Phillips International, Inc., WA, USA) operating at 15 kV voltage and 3.6 Torr pressure, at room temperature.
The special “WET” chamber mode, allowing observation of moist
suspensions in their natural state, was applied.
Turbidity and UV absorption spectra of the treated suspensions
and ﬁltrate samples where measured in order to estimate content
of cell debris and concentration of soluble bio-products. Following
the HVED treatment, a 10 ml sample of suspension was centrifuged
10 min at 4000 g, and the supernatant was collected. Turbidity
of the supernatant  was measured by Ratio/XR Turbidimeter
(Hach, Loveland, USA). Filtrate samples were taken each 100 s of
ﬁltration. Turbidity of ﬁltrate samples  f were measured without
centrifugation. Prior to UV absorption measurements both suspensions and ﬁltrate samples were separated from insoluble colloidal
particles by means of long-continued centrifugation (40 min at
4000 g). UV absorption spectrum of the tenfold diluted supernatant

25 ◦ C

Fig. 2. Conductivity disintegration index of yeasts Z versus number of HVED pulses
at E = 40 kV/cm.

was measured by UV-spectrophotometer Biochrom Libra S32. The
wavelength range was within 200–350 nm (with the precision of
±1 nm). The path length of the SUPRASIL quartz cuvette was 10 mm
(Hellma, Müllheim, Germany).
All the experiments were repeated, at least, three times. The
mean values and standard deviations were calculated.
3. Results and discussion
3.1. Disruption of yeasts by HVED treatment
In order to estimate efﬁciency of cell disruption, electrical
conductivity of suspension was measured, and the conductivity disintegration index of yeasts Z was determined from the following
expression [37,38]:
Z=

 − i
max − i

(2)

where  is the electrical conductivity of suspension after treatment,
 i is the initial electrical conductivity of suspension before treatment and  max is the electrical conductivity of suspension with
maximum of disrupted cells. The value of  max was estimated by
means of extrapolation as a value of conductivity for suspension
after 450–500 successive pulses. Eq. (2) gives Z = 0 for an intact
system and Z = 1 for a maximally disintegrated suspension.
Evolution of Z during the HVED treatment of a yeast suspension
is presented in Fig. 2.
Increase of Z during the treatment is related to release of ionic
intracellular components from the damaged cells. It is proportional
to degree of disruption [38]. For HVED method of treatment, Z
increases gradually with the number of pulses and attains maximal
level after 400–450 pulses (Fig. 2). As in case of yeast homogenisation [1], continuous HVED treatment is required for complete
disintegration of cells and extraction of their content. However, the
incremental disintegration by additional passes may be economically unreasonable.
Various experiments were carried out to characterize alteration
of yeasts during disruption of their cells. Evolution of particle size
distribution is shown in Fig. 3. The particle size distribution function
of the untreated yeast suspension has one broad peak with maximum at 4.3 ± 0.2 m. The content of ﬁne particles with d < 2.5 m
is less than 10%. Disruption of cells in a yeast suspension results in
decrease of the average particle size (up to 3.7 ± 0.2 m for Z = 0.99);
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Fig. 3. Particle size distribution function and ESEM images of untreated (Z = 0) and
completely disrupted (Z = 0.99) yeast suspensions. Error bars correspond to standard
deviations.
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Fig. 4. UV absorbance of supernatant solutions A as a function of Z. On insert: typical
absorbance spectrum of extracted bio-products (supernatant for suspension with
Z = 0.99). Error bars correspond to standard deviations.

with Z = 0.7 by linear equation
this evidences disaggregation and damage of cells. Triple increase
in the content of ﬁne particles (∼28% of particles with d < 2.5 m)
is associated with formation of cell debris. Broadening of the size
distribution function after HVED suggests that aggregation, as well
as homogenisation, of particles occurs during the treatment. HVED
also results in a noticeable broadening of -potential distribution
function, though an average value of -potential remains constant:
 = −18 ± 1 mV for untreated (Z = 0) and −18 ± 4 mV for disrupted
(Z = 0.99) yeast. The pH of suspensions changes from 4.9 ± 0.1 to
5.4 ± 0.2 during the disruption.
Insert in Fig. 3 shows the ESEM images of yeast cells before
and after the treatment. Prior to disruption the yeast cells are
spheroids with a smooth surface. HVED strongly damage their surface; disrupted cells are covered with a demi-translucent layer of
intracellular components.
In order to estimate efﬁciency of extraction of the high molecular weight compounds, absorbance spectra of the supernatant
solutions of treated yeast suspensions were measured. In accordance with the literature data, the peak observed at the wavelength
max, 1 ≈ 210–220 nm corresponds to absorption by bonds of peptides and proteins, which are the main intracellular constituents of
the S. cerevisiae, and peak at max, 2 ≈ 260–270 nm corresponds to
nucleic acids [39] (Fig. 4). Absorbance gradually increased with Z
during the HVED treatment. It reﬂected extraction of bio-products.
The absorbance level maximum was observed in suspension supernatants with Z = 0.99.
Increase in turbidity of supernatant solution  with Z (Fig. 5)
conﬁrms both gradual formation of ﬁne-sized nonsetting cell debris
and release of high molecular weight proteins during the HVED
disruption of yeast cells in suspensions.

t
= k1 V + k2
V

(3)

where k1 and k2 are the slope and intercept, respectively. According
to Ruth–Carman’s classical cake formation model, k1 is directly proportional to speciﬁc cake resistance [40]. Hence, gradual increase
of the slope with Z is related to increase of speciﬁc cake resistance
after treatment. Increase of the cake’s resistance is associated with
aforementioned disaggregation and damage of cells and formation
of cell debris. It results in more dense cake structure with narrow
pores and high compressibility.
Since disrupted yeast suspension with Z = 0.99 contains maximum of extracted bio-products (Fig. 4), its ﬁltration behaviour
arouses a largest interest. Unlike the other suspensions, its ﬁltration
curve cannot be ﬁtted by equation of cake formation (3). For this
suspension, fast initial decrease of the ﬁltrate ﬂux is followed by the
region of a relatively stationary ﬁltration (Fig. 6a). Such dependence
is typical when ﬁltration is complicated by membrane fouling. It

3.2. Filtration of disrupted yeast suspensions
Filtrate ﬂux was calculated by means of Eq. (1). Evolution of the
ﬁltration during the HVED treatment of yeast suspensions is shown
in Fig. 6. Filtrate ﬂux gradually decreases with increase of Z from
0 to 0.99. In Fig. 6b, ﬁltration data are presented in conventional
ﬁltration coordinates t/V versus V [40]. This coordinates allow to ﬁt
the experimental ﬁltration curves for suspensions with low disintegration indexes and initial segment of the curve for suspension

Fig. 5. Turbidity of supernatant solution  as a function of Z. Error bars correspond
to standard deviations.
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Fig. 7. Filtrate ﬂux analysis for suspensions with different disintegration indices Z.

Fig. 6. Experimental ﬁltration curves of the HVED-treated yeast suspensions as a
function of Z: (a) ﬁltrate ﬂux J versus time; (b) ratio of ﬁltration time and ﬁltrate volume t/V versus ﬁltrate volume V. Concentration of yeast suspension was 1% (w/w).
Error bars correspond to standard deviations.

is generally accepted that the mechanism of ﬁltration depends on
diameter of particles and size of membrane pores. Filtration of a
suspension consisting of only large particles is governed by cake
formation. Appearance of relatively small particles in the suspension may switch its ﬁltration mechanism to the fouling. Appearance
of fouling can be evidenced by analysis of initial regions of ﬁltration
curves using equation [23,24,40]



d2 t
dt
=k
dV
dV 2

models of fouling [24]. However, this result is consistent with the
previous studies [41,42], which indicates inequality of the experimentally observed values of n to 1, 1.5 or 2. Usually, combination
of models is required for adequate description of ﬁltration curves
for a complex suspension and a membrane with non-ideal pore
geometry [43]. As it is shown in [44], the membrane pore geometry
(circular pores, slotted pores) may be an important factor inﬂuencing the yeast cell fouling and the value of the exponent n during
microﬁltration. For the yeast suspension with Z = 0.99, increase
in content of the cell debris and decrease in the average particle
diameter after HVED disruption results in complication of ﬁltration
behaviour. This behaviour corresponds to transition between cake
formation (n = 0) and internal fouling (n = 1) mechanisms. Uncommon value for the exponent (n = 0.71 ± 0.01) may be related with
complex pore geometry of the ﬁbre ﬁlter used in this work.
To examine effect of fouling on separation performance turbidity  f and bio-products transmission T in ﬁltrate were measured
(Fig. 8). Transmission of extracted bio-products in ﬁltrate was calculated by equation
T (%) =

Afilt
A

× 100

(5)

where Aﬁlt and A are UV absorbance (at the wavelength  = 210 nm)
of centrifugated ﬁltrate and feed suspension, respectively. It is seen
from Fig. 8 that turbidity of ﬁltrate  f steeply decreased during
the ﬁltration for any disintegration index of suspension. Therefore,
regardless of the reason (either internal fouling or cake forma-

n
(4)

where k and n are constants. The exponent n characterizes ﬁltration mechanism: n = 0 for cake formation, n = 1, 1.5 and 2 for
intermediate, standard and complete pore blocking mechanisms
of fouling, respectively. As suggested by Eq. (4), plotting of a ﬁltration curve as log(d2 t/dV 2 ) versus log(dt/dV ) must yield a linear
relationship with a slope equal to n. Re-plotted ﬁltration curves of
HVED-disrupted yeast suspensions are presented in Fig. 7. One can
see that plots are linear at small dt/dV, which correspond to short
ﬁltration times. For suspensions with low disintegration indexes,
calculated values of the slope are close to zero: n = 0.07 ± 0.01 for
Z = 0, n = 0.17 ± 0.01 for Z = 0.2 and n = 0.03 ± 0.01 for Z = 0.7. It once
more suggests cake formation as the main ﬁltration mechanism
for the moderately treated yeast suspensions. For completely disrupted suspension with Z = 0.99, linear ﬁtting gives a larger value
n = 0.71 ± 0.01. This value does not refer exactly to one of the classic

Fig. 8. Variation of bio-products transmission T and ﬁltrate turbidity  f with time
of ﬁltration.
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tion) membrane fouling enhanced puriﬁcation of extract from cell
debris. However, fouled membranes rejected only insoluble colloidal impurities, transmission of soluble bio-products in ﬁltrate
was close to 100%.
It is important that HVED treatment appreciably impairs ﬁltration of yeast suspensions. It is seen from Fig. 6a that complete
disruption of yeast cells 15 times decreases the ﬁltrate ﬂux (for
t = 600 s when ﬂux is relatively stationary). Therefore, objective of
our further study deals with improvement of ﬁlterability of the
disrupted suspensions.
3.3. Inﬂuence of ﬂocculation on ﬁltration of disrupted yeast
suspensions
It was found that decrease of the particle size and appearance
of a ﬁne-sized cell debris during disruption of a yeast suspension negatively affects its ﬁltration. So, experiments with disrupted
yeast suspensions ﬂocculated prior to ﬁltration were carried out. A
cationic polymer (poly(diallyldimethylammonium chloride)) was
used for ﬂocculation of HVED-treated suspensions, since it was
found to be effective for ﬂocculation of cell debris and puriﬁcation
of bio-products [30,31]. Inﬂuence of the polymer concentration on
the content of colloidal fraction in a ﬂocculated yeast suspension
was assessed by measuring of supernatant turbidity  after ﬂocculation. The chosen polymer was an effective ﬂocculant for disrupted
yeasts and addition of this polymer resulted in a tenfold decrease of
turbidity . The positively charged polymer molecules easily adsorb
on the negatively charged cells and cell debris and aggregation of
ﬁne particles into ﬂocks due to polymer bridging is observed. There
exists an optimal dose of polymer, which minimizes turbidity after
centrifugation Copt = 0.012 wt.% polymer/wt.% yeast. It implies an
optimal coverage of the cell surface with polymer, high concentration of polymer tails and maximum probability of interparticle
bridging. The surface coverage decreases with increase of the speciﬁc surface and the number of particles (content of cell debris)
at a given adsorbate concentration. Therefore, the optimal dose of
polymer observed in this study for suspensions with Z = 0.99 was
higher than Copt = 0.003–0.004%, which was previously reported in
[25,27] for cationic polymers and undisrupted yeast suspension.
The supernatant turbidity  increases when the level of added ﬂocculant exceeds the optimal dose. In this case, the yeast particles
adsorb an excess of polymer and become re-stabilized due to charge
reversing or steric effect.
The optimal ﬁltration of a ﬂocculated or disrupted yeast suspension requires low content of the ﬁne particles, high average
particle size and narrow particle size distribution function (SDF)
[45,46]. The shapes of SDF for disrupted yeast suspensions in the
presence of ﬂocculant additions are presented in Fig. 9. Addition of
polymer increases the average particle size and decreases the content of cell debris with d < 2.5 m. The optimal polymer dose leads
to formation of ﬂocks with maximum average diameter of 57 m
for HVED-disrupted suspensions. The SDF in a ﬂocculated disrupted yeast suspension containing the optimal polymer dose are
much broader than in suspensions before ﬂocculation. Flocculant
over-dosage results in considerable broadening of the particle size
distribution function and increase of the fraction of re-stabilized
ﬁne particles.
Filtrate ﬂux dependence on the time and dose of polymer used
for ﬂocculation of disrupted yeast suspension is presented in Fig. 10.
The enhanced ﬂocculation resulted in increase of the yeasts ﬁltration efﬁciency. The ﬂux rate was maximal at the optimal polymer
dose C = 0.012%, while over-dosage of polymer impaired the ﬂux
(Fig. 10a). This accentuates important role of the particle size distribution in ﬁlterabilty of a yeast suspension.
Filtration curves re-plotted in the Ruth–Carman’s coordinates
are presented in Fig. 10b. Deviation of the curves from linearity

Fig. 9. Particle size distribution function versus ﬂocculant concentration C in HVEDdisrupted yeast suspensions (Z = 0.99). Error bars correspond to standard deviations.

Fig. 10. Inﬂuence of ﬂocculation on ﬁltration curves of HVED-disrupted yeast suspensions (Z = 0.99): (a) ﬁltrate ﬂux J versus time; (b) ratio of ﬁltration time and ﬁltrate
volume t/V versus ﬁltrate volume V. Experimental curves. Error bars correspond to
standard deviations.
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be suggested for separation of the extract from cell debris. In
[22,32–34], utilization of undisrupted yeast cells instead of polymeric ﬂocculant was proposed in order to reduce the membrane
fouling during ﬁltration of protein solutions. Formation of a yeast
cake on the membrane surface either during, or before, the protein
ﬁltration resulted in signiﬁcant reduction of microﬁltration membrane fouling by proteins. The protein transmission was nearly
100% and the ﬁltrate ﬂux rate was signiﬁcantly higher in the presence of the yeast cells. In order to maximise the permeate ﬂux, the
amount of undisrupted cells in the preﬁlter is to be optimised. A
calculation accounting for the presence of large (yeast cells) and
small (protein aggregates) particles in suspension may be used for
this optimisation [33].
4. Conclusions

Fig. 11. Variation of ﬁltrate ﬂux Js (at 600 s of ﬁltration) with ﬂocculant concentration C in disrupted yeast suspensions (Z = 0.99). Experimental curves. Error bars
correspond to standard deviations.

reﬂects settling of the ﬂocculated particles on the membrane surface. Linear sections of curves correspond to ﬁltration governed by
cake formation.
Comparison of ﬁltrate ﬂuxes at different polymer concentrations shows that optimal ﬂocculation accelerates extract separation
from HVED-treated cells and cell debris, approximately, by 15 times
(Fig. 11). This result is consistent with the recently reported data
on ﬁltration of microbial suspensions ﬂocculated with cationic
polymers [30,31]. However, it was found that ﬂocculation of a
HVED-disrupted yeast suspension also reduced the quality of
extract. Fig. 12 presents the absorbance spectra of supernatant
solutions for disrupted yeast suspensions (Z = 0.99) without, and
in the presence of, ﬂocculant. The optimal polymer dose addition
results in substantial decrease of absorbance of the extract solution.
It reﬂects decrease in concentration of proteins and other bioproducts. It can be assumed that selected polycationic ﬂocculant
(poly(diallyldimethylammonium chloride)) enhances ﬂocculation
of bio-molecules or provokes their bridging to the surface of cells
and cell debris. It is an undesirable phenomenon, because bioproducts remained bound in a sediment or in a ﬁlter-cake.
Since cationic polymer addition can decrease concentration of
extracted bio-products, addition of undisrupted yeast cells could

Fig. 12. Inﬂuence of optimal ﬂocculant dose on absorbance spectra of supernatant
solution for HVED-disrupted yeast suspensions (Z = 0.99). Experimental curves. Error
bars correspond to standard deviations.

The HVED treatment of S. cerevisiae yeast suspensions was
found to cause an effective disruption of yeast cells and extraction of intracellular proteins and other bio-products. Disruption
process was accompanied by disintegration of cells and formation of a ﬁne-sized cell debris, which causes membrane fouling
and impairs ﬁlterability of disrupted suspensions. Flocculation of
a disrupted suspension with optimal dose of cationic polymer
(poly(diallyldimethylammonium chloride)) promoted formation of
ﬂocks and accelerated ﬁltration, but reduced concentration of bioproducts in the ﬁltrate.
In this case, utilization of undisrupted yeast cells can be effective for enhancement of the protein solution ﬁltration [33]. Further
work is required in future for selection of suitable ﬂocculants with
small binding and high ﬁltration efﬁciency, and appropriate composition of the bio-suspension and degree of its destruction Z.
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Abstract. Filtration is commonly used for purification of extracted intracellular bio-products
from cells and cell debris after disruption. Disruption enhances recovery of bio-products but
provokes cells reorganisation and generates cell debris which impedes the filtration. Thus it
needs to be investigated in order to reduce the time of filtration and to control the quality of
filtrate. This paper compares two techniques for disruption of Saccharomyces cerevisiae yeast
suspensions, a classical one: the High Pressure Homogenization (HPH), and an alternative way:
the High Voltage Electrical Discharges (HVED). The disruption was evaluated by means of
conductivity disintegration index Z (0 ≤ Z ≤ 1) and absorbance spectra of supernatant solutions.
Optical and electronic microscopy, particle sizing, ζ -potential and turbidity measures were
performed to characterize colloidal properties of disrupted yeast suspension. Filtration was
analysed through the Hermans-Bredée equation. The filtration behaviour changes with Z: from
filter cake filtration for low Z values to standard pore blocking for high Z values. For a same
value of Z, HPH allows a higher extraction of proteins and other bio-products and better
filtration than after HVED. Best extraction performances were observed for intense breakage
(Z = 0.99). Flocculation of disrupted cells was also tested with cationic polymer. The aggregation
of particles with the flocculant promotes the filtration rate as expected but entraps bio-products
in filter cake, hindering the recovery of bio-products in extract.
Key-words. yeast, disruption, high-pressure homogenization, high voltage electrical discharges,
bio-products recovery, filtration.

The interior of the yeast cells (Saccharomyces cerevisiae) is a rich source of bio-products
(proteins, enzymes, polysaccharides etc.) used for many applications in biotechnology, brewing and food
industry. Extraction of bio-products from cells usually involves release of cell interior by disruption of
cell walls and separation of extract from cells, cell debris and other insoluble particles. The effectiveness
of solid-liquid separation greatly depends on the peculiarities of chosen disruption technique.
Among various techniques proposed in the literature the mechanical method of High Pressure
Homogenization (HPH) is most appropriate for industrial-scale disruption. HPH results in considerable
breakage of cells and high recovery of bio-products. However, the final product contains large quantity
of cell debris, which complicates the downstream separation. Other restrictions of HPH method are
undesirable temperature elevation and necessity of multiple passes or application of higher pressure for
complete proteins recovery.
Recently, treatment of yeast suspension with high voltage electrical discharges (HVED) was
proposed as an alternative way for production of proteins1. HVED of an aqueous bio-suspension of
40 kV provokes a noticeable mechanical damage of cells and rupture of cell walls. Shock waves and
electrical charge redistribution generated by HVED may induce the homogenisation of yeasts cells in
suspension or, on the contrary, their aggregation.
The separation step can be performed by filtration which is widely used in food industry and
bio-technology. For instance, the dead-end filtration is implemented for beer and wine clarification from

dead yeast cells and other colloids. However these fine particles quickly foul the filter membrane,
increase its hydraulic resistance and decrease the filtration flux. Dead-end filtration can be substituted by
crossflow filtration or filtration with rotating and vibrating membranes2. However, such techniques
cannot entirely prevent the membrane fouling which inevitably occurs. The apparition of fouling can be
evidenced by analysing the filtration rate through Hermans-Bredée’s equation3.
Survey of the literature shows that numerous works have described the filtration of washed
yeasts suspensions or model suspensions with two components (undisrupted cells and proteins solution).
However, only few authors have paid their attention to filtration of complex microbial suspensions
containing disrupted cells, cell debris, salts and bio-molecules extracted from the cell interior4, 5.
In this work the dead-end filtration of disrupted S. cerevisiae yeast suspensions was investigated.
Two methods were used for yeast cells disruption and bio-molecules recovery: HPH and HVED. These
methods enable to obtain complex suspensions with different content of disrupted and undisrupted cells,
cell debris, salts and extracted bio-molecules. Influence of the disruption index of yeast Z on proteins
extraction, colloidal properties and filterability of the yeast cell suspension was investigated. A
polycationic flocculant (poly(diallyldimethylammonium chloride)) was used for flocculation of disrupted
yeast suspensions and possibility of using flocculation for facilitation of recovery of the proteins was
discussed.
DISRUPTION OF YEAST SUSPENSION
Suspensions of 1% w/w were prepared from dry yeast cells and distilled water. The yeasts were
swelled in an aqueous suspension at room temperature and gently mixed for 30 min before HPH or
HVED. The swelling process was monitored by means of conductivity measurement.
HPH was performed in a two-stage high-pressure homogenizer NS1001L-PANDA 2K kindly
supplied by GEA Niro Soavi France. NHPH successive passes at fixed homogenizing pressure P = 500 or
1000 bar were used. The initial temperature of suspension was 25°C and the temperature elevation
resulting from HPH was about 10°C. After each pass suspension was cooled to room temperature for its
further characterization or next pass through homogenizer.
HVED apparatus (Tomsk Polytechnic University, Tomsk, Russia) with a batch-treatment
chamber and stainless steel electrodes with neelde-plate geometry was used. The distance between the
electrodes was 10 mm, the 40 kV peak pulse voltage was used, which resulted in the mean electric field
strength of 40 kV/cm. Effective pulse duration was 1-2 microseconds. HVED lay in application of the
NHVED successive pulses with the repetition rate of 0.5 Hz. Suspension characteristics were measured
between successive applications of HVED pulses. The temperature elevation resulting from HVED was
less than 5°C.
Efficiency of HPH and HVED methods was estimated by means of conductivity disintegration
index of yeasts Z, which was determined from the following expression1:
(1)
Z = (σ – σi)/( σmax – σi)
were σ is the electrical conductivity of suspension after treatment, σi is the initial electrical conductivity
of suspension before treatment and σmax is the conductivity of suspension with maximum of disrupted
cells. Eq. (1) gives Z = 0 for an intact system and Z = 1 for a maximally disintegrated suspension.
Evolutions of Z during both HPH and HVED treatments of suspension are presented in Fig. 1.
Increase of Z during the treatment is related to extraction of ionic intracellular components from damaged
cells and it is proportional to the degree of disruption. Z increases gradually with the number of treatment
cycles both for HPH and HVED methods. Disintegration and extraction attain maximal level after longterm treatment. But incomplete disintegration is typically performed because the long time treatment may
be economically unreasonable. Using the data of Fig. 1 required parameters of disruption (P, NHPH or
NHVED) can be chosen.
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Fig. 1. Conductivity disintegration index of yeasts Z vs. number of HVED pulses at E = 40 kV (a), Z
vs. number of successive HPH passes at pressure values 500 and 1000 bar (b).
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and disrupted (Z = 0.99) yeast suspensions.
SDF of the untreated yeast suspension has one
broad peak with maximum at 4.3±0.2 µm. The
content of fine particles with d < 2 µm is rather low. Disruption of a yeast suspension results in decrease
of the average particle size to 3.7±0.2 µm (both for HPH and HVED). Increased content of fine particles
(d < 2 µm) is associated with formation of cell debris. Narrowing of SDF peak after HPH evidences that
probability of HPH-disruption is directly proportional to initial particles diameter. While broadening of
SDF after HVED suggests that both homogenisation and aggregation occur during the treatment. Last
assumption is confirmed with ζ-potential values of disrupted particles. The ζ-potential for yeast particles
is equal to -18±1mV (Z = 0), -18±5 mV (Z = 0.99, HVED) and -10±5 mV (Z = 0.99, HPH). In all this
cases the modules of ζ are lower than 30 mV, which is the lower limit for stable non-aggregating
particles.
The optical microscopy reveals the presence of both aggregates and fine particles in all the
studied yeast suspensions. In an untreated suspension, aggregates are formed as a result of incomplete
disaggregation of yeast cells agglutinated during suspension preparation. The HPH destructs these
aggregates; instead, ramified aggregates of 50-100 µm average size appear. Dense opaque flocks are
presented in a HVED treated suspension together with individual fine particles.
Electronic microscopy of yeast suspensions clearly reveals cells damage during the treatment.
Prior to disruption the yeast cells are spheroids with a smooth surface. HPH and HVED strongly damage
the surface of cells; disrupted cells are covered with a translucent layer of released intracellular
components.
Absorbance spectra of supernatant solutions were measured for HPH and HVED treated
suspensions in order to estimate extraction efficiency during treatment. In accordance with literature data,
the peak observed at the wavelength λmax, 1 ≈ 210-220 nm corresponds to absorption by bonds of peptides
and proteins, which are the main intracellular constituents of the S. cerevisiae, and peak at λmax, 2 ≈ 260270 nm corresponds to nucleic acids6. Absorbance gradually increased with increase of Z during HPH or
HVED. Data show that absorbance of supernatant is much higher for suspensions after HPH-treatment
than for HVED-treated suspensions at the same disintegration level Z (Fig. 3a). Hence, disruption of
yeast cells by HPH method seems to be more effective than HVED-treatment and results in higher release
of proteins. This conclusion agrees with data on turbidity of supernatants of the treated suspensions
(Fig. 3b).
Increase of turbidity with Z increase reflects release of proteins and fine cell debris during the
treatment. However, turbidity is much higher after homogenization of a yeast suspension than after its
HVED treatment at the same level of Z.
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Fig. 3. (a) Absorbance spectra of supernatant solutions for HPH and HVED disrupted yeast
suspensions; (b) turbidity of supernatant vs. Z for yeast suspensions after HPH or HVED treatment.

FILTRATION BEHAVIOUR OF DISRUPTED YEAST SUSPENSIONS
The dead-end filtration experiments were carried out at constant pressure of 1 bar. Filtration
membrane was made from Fisherbrand qualitative filter paper (nominal pore size was 2.5 μm). Though
filters with smaller pore size are typically used for purification of proteins, the pore size of material used
in this study was small enough for yeast cell suspension and could be utilized, e.g., at the first step of the
membrane separation process. Filtration was started immediately after the filter-cell was poured with
200 ml of freshly treated yeast suspension. The dimensionless filtrate volume was calculated V* = V/Vsusp
(here V is the volume of filtrate, ml, Vsusp is the volume of suspension before filtration (Vsusp = 200 ml)).
Evolution of the filtration curves after HVED treatments of yeast suspensions is shown in
Fig. 4a. During HVED the filtrate flux gradually decreases with increase of Z from 0 to 0.99. Filtration
data for HVED-treated suspensions are presented in Fig. 4b in conventional filtration coordinates t/V*
versus V*. This coordinates allow to fit experimental filtration curves for suspensions with low
disintegration indexes and initial segments of curves for suspensions with Z ≤ 0.7 by linear equation3:
(2)
t/V* = k1V* + k2
where k1 and k2 are the slope and intercept, respectively. According to Ruth–Carman’s classical cake
filtration model, k1 is directly proportional to specific cake resistance3. Hence, gradual increase of the
slope is related to increase of specific cake resistance after treatment. Increase of the cake’s resistance is
associated with disaggregation and damage of cells and formation of cell debris. It results in more dense
cake structure with narrow pores and high compressibility.
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Fig. 4. Filtration curves of HVED-treated yeast suspensions as a function of Z: (a) filtrate flux J vs.
time; (b) filtration curves in coordinates of Ruth-Carman’s cake formation model.
In HPH-treated suspensions, increase of Z from Z = 0 to 0.7 also results in decrease of the flux,
same as for those treated by HVED. However, at Z = 0.9 or higher, filtration behaviour becomes different
than for HVED-treated suspensions. Fast initial decrease of the filtrate flux (initial stage of filtration) in
Fig. 5a is followed by the region of a relatively stationary flux (final stage of filtration). At the initial
stage of filtration, the flux is maximal for completely disrupted suspension (Z = 0.99). At the final stage
of filtration, the flux decreases with increase of Z and is minimal for Z = 0.99. Nevertheless, at Z = 0.99
more than half of suspension volume gets filtered quickly during the initial stage of filtration.
Observed non-monotonous dependence of filterability on Z for HPH-treated suspensions can be
explained if we assume that various mechanisms of filtration dominate in suspensions with different
disintegration degree. The pore blocking mechanism is expected in the case of filtration of a relatively
small particles that get entrapped inside the pores and cause internal fouling of a membrane. In the case
of the pore blocking model, filtration curves are described by linear Hermans-Bredée’s equation:
t/V* = kb t + k3,
(3)
where kb and k3 are constants3.
Fig. 5b presents filtration curves of homogenized yeast suspensions in coordinates of Eqs. (2)
and (3).
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It is obvious that initial segments of filtration curves for HPH suspensions with Z ≤ 0.7 are linear when
presented in coordinates t/V* versus V* (dashed lines). Accordingly to Eq. 2, it evidences that the cake
formation prevails when disintegration index of suspension is low. Slopes of the segments increase with
increase of Z. Hence disaggregated and disrupted particles build up a cake with higher specific resistance
(Eq. 2). Increase of specific cake resistance may be explained by both decrease of the particle diameter
and over-clogging effect lying in fouling of the deposited cake layer with fine-sized cell debris.
Unlike the moderately homogenized suspensions, filtration curves of HPH-treated suspensions
with Z ≥ 0.9, which are described by Eq. (3), are linear in coordinates t/V* versus t (solid lines on
Fig. 5b). The filtration process in such suspension is governed by internal membrane fouling. It may be
characterized by the pore blocking constant kb (slopes of the solid lines). The pore blocking constant is
lower for suspension with Z = 0.99. Filterability of this suspension is better and shorter time of filtration
is required to process higher filtrate volumes. However, fouling of a membrane significantly increases its
resistance during filtration and filtration flux declines rapidly to a very low value (Fig. 5a).
Hence, long-term homogenization of yeast suspensions changes filtration mechanism from cake
filtration to pore blocking. The filtrate volume passes through minimum with Z increase from 0 to 0.99.
These data may be explained on the basis of filtration model developed by Davis and Kuberkar7. These
authors have analysed filtration of bidisperse suspensions with various concentrations of small and large
particles. It was shown that internal fouling of a membrane dominates at high concentrations of small
particles and filtration was faster when disperse particles are small. The filtrate volume rapidly
approaches certain maximal value and filtrate flux becomes zero. In a system with large dispersed
particles the volume of filtrate continuously grows.
Fig. 6 compares the filtrate flux Js at 600 s
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Fig. 6. Variation of the filtrate flux at 600 s of
filtration Js with Z for HPH and HVED treated
suspensions.

It was found that decrease of particle size and appearance of a fine-sized cell debris during HPH
and HVED disruption negatively affects filtration. A conventional way to enhance the filtration and to
reduce the membrane fouling is the particles flocculation. Recently, cationic polymers had been proposed
as flocculants for undisrupted yeast suspensions8 and homogenised microbial lysate4, 5.
So, experiments with disrupted yeast suspensions flocculated prior to filtration were carried out.
The flocculant used was cationic polymer poly(diallyldimethylammonium chloride) (Mw = 400.000500.000). The concentration of flocculant was varied within the range C = 0-0.04% wt.polymer/wt.yeast.
Influence of the polymer concentration on the content of colloidal fraction in a flocculated yeast
suspension was assessed by measuring turbidity of a supernatant after flocculation.
The chosen polymer was an effective flocculant for disrupted yeasts and addition of this polymer
results in a tenfold decrease of turbidity. The positively charged polymer molecules easily adsorb on the
negatively charged cells and cell debris and aggregation of fine particles into flocks due to polymer
bridging was observed. There exists an optimal dose of polymer, which minimizes turbidity after
centrifugation (Copt = 0.012 % for HVED and 0.02 % for HPH disrupted suspensions). It implies an
optimal coverage of the cell surface with polymer, high concentration of polymer tails and maximum
probability of interparticle bridging. The surface coverage decreases with increase of the specific surface
and number of particles (content of cell debris) at a given adsorbate concentration. The higher dose of
polymer is required for flocculation of a more turbid HPH-disrupted suspension.
The optimal filtration of a flocculated or disrupted yeast suspension requires low content of the
fine particles, high average particle size and narrow particle size distribution function. It was found that
addition of polymer increases the average particle size and decreases the content of cell debris with
d < 2.5 µm. The optimal polymer dose leads to formation of flocks with maximum average diameter of
27 µm and 57 µm for HPH and HVED disrupted suspensions, respectively. The SDF in a flocculated
disrupted yeast suspension containing the optimal polymer dose are broader than in suspensions before
flocculation. Flocculant over-dosage results in considerable broadening of the particle size distribution
function and increase of the content of re-stabilized fine particles.

Fig. 9 presents the absorbance spectra of
supernatant solutions for HPH and HVED disrupted
yeast suspensions (Z = 0.9) without and in presence
of flocculant. The polymer dosage was optimal and
equal to 0.02% and 0.012% for HPH and HVED
treated suspensions, respectively. The addition of
polymer results in decreases of absorbance of
extract solution. It reflects decreasing of proteins
and other bio-products concentration. It can be
assumed that selected polycationic flocculant (poly(diallyldimethylammonium chloride)) enhances the
flocculation of bio-molecules or provokes their
bridging to the surface of cells and cell debris. It is
undesirable phenomenon because the bio-products
are bounded in sediment or in a filter-cake.
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Flux dependence on time and dose of
polymer used for flocculation of disrupted yeast
suspensions were studied. The enhanced
flocculation resulted in increasing of yeasts
filtration. Fluxes were maximal at the optimal
polymer doses Copt = 0.012 % for HPH-disrupted
and 0.02 % for HVED-disrupted suspensions,
respectively. However, the effect of flocculation
was dependent on the mode of yeast disruption and
the most pronounced increase of the filtrate flux Js
was observed for HVED treated suspensions
(Fig. 8). Presumably it reflects the different flock
structures and filtration mechanisms in HPH and
HVED treated suspension.
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Fig. 9. Influence of optimal flocculant dose on
absorbance spectra of supernatant solution for
HPH and HVED disrupted yeast suspensions
(Z = 0.9); HPH: solid line C = 0%, dashed line
C = Copt = 0.02%; HVED: solid line C = 0%,
dashed line C = Copt = 0.012%.

CONCLUSIONS
HPH-treatment was found to be more effective disruption method than HVED, since it results in
higher extraction of proteins and other bio-products at the same value of disintegration index of yeast Z.
Filtration behaviour of HVED-processed suspensions and homogenized suspensions with Z ≤ 0.7 was
governed by cake formation. For HPH-treated suspensions high level of damage (Z > 0.9) filtration was
governed by membrane fouling. Addition of optimal dose of polycationic flocculant promoted flocks
formation and accelerated filtration but reduced the concentration of bio-products in filtrate.
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Conclusions
It was shown in the Paper III that continuous treatment of yeast suspension by HVED
results in disruption of the yeast cell walls and extraction of intracellular bio-products.
However, it also results in formation of cell debris and decrease of filtration rate. Filtration of
the intact (Z = 0) and moderately HVED-treated (Z ≤ 0.7) yeast suspensions is governed by
cake-formation and increase of the treatment intensity results in the decrease of the filter-cake
permeability. Filtration of the maximally disrupted suspension (Z = 0.99) is governed by
internal membrane fouling that may be explained by high concentration of small cell debris in
the treated suspensions. The membrane fouling results in the steep decrease of filtration rate;
therefore, maximal HVED disruption of yeast is undesirable.
Comparison of the HVED-treatment with HPH-treatment (carried out in the Paper IV)
shows that HPH-treatment is more effective disruption method than HVED, since it results in
higher extraction of proteins and other bio-products at the same value of disintegration index
of yeast cells Z. However, if the value of disintegration index Z is above 0.9, filtration of
HPH-disrupted yeast suspension is governed by pore blocking mechanism. It results in very
low rates of filtration of the maximally HPH-treated suspensions.
Addition of an optimal dose of polycationic flocculant promoted formation of flocks and
accelerated filtration, but reduced concentration of bio-products in the filtrate.
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Paper V: “Compression-permeability characteristics of mineral sediments
evaluated using analytical photocentrifuge”
Introduction
Paper V is focused on determination of compression-permeability characteristics of
mineral suspensions.
The main characteristics determining compression and permeability of mineral
suspensions are:
• volume fraction of particles φ;
• specific filtration resistance ; and
• coefficient of consolidation C.
Knowing of these characteristics is important for modeling of filtration and compression
of mineral suspensions, as well as for prediction of filtration and compression time and final
dryness of the filter-cakes.
All these characteristics are pressure-dependent. The dependencies may be presented in
the form, so-called, constitutive equations:
• φ = φo(1 + ps/pa)β,
•  = o(1 + ps/pn)n,
• C = Co(1 + ps/po)γ,
where ps is the local solid pressure in the filter-cake or consolidate, (φo, pa, β), (o, pn, n), and
(Co, po, γ) are the sets of parameters characterising the particles volume fraction, specific
filtration resistance and consolidation coefficient, respectively. Determination of these
parameters makes the prime interest of the Paper V.
Many methods were proposed for determination of these parameters (analysis of dead-end
filtration, analysis of compression-permeability process, and analysis of the gravity
consolidation of mineral suspensions). These methods are based on the experimental
techniques available for measurement of filtration or compression of the mineral suspensions.
The most developed techniques are: dead-end filtration in the dead-end filtration cell
equipped with pressure probes, mechanical consolidation of the sediment in the, so-called,
compression-permeability cells, and gravity sedimentation at various initial heights of the
sediments. However, limitations of these methods (e.g., limited pressure range available for
the measurement, necessity of long and numerous experiments) encourage seeking of new
methods for determination of the compression-permeability parameters from the experimental
data.

III.4. Determination of compression-permeability using analytical centrifugation

177

Summary
The Paper V deals with new experimental technique available for measurements of
compression of mineral suspensions: analytical centrifugation. This technique is based on
experiments carried out in the, so-called, analytical photocentrifuge. This device allows
studying of sedimentation or consolidation of mineral suspensions at various centrifugal
rotation speeds, while the height of the sediment may be registered continuously during the
centrifugation.
Two types of important dependencies may be measured using this device:
• dependencies of sediment height on centrifugation time; and
• dependencies of ultimate sediment height on centrifugal rotation speed.
The Paper V is devoted to analysis of these dependencies and determination of parameters
of the constitutive equations for volume fraction of particles, specific filtration resistance and
consolidation coefficient from data on centrifugal consolidation. The centrifugal experiments
were carried out for aqueous suspension of calcium carbonate.
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This work discusses applications of analytical photocentrifuge LUMiSizer for estimation of the lowpressure compression–permeability characteristics of aqueous calcium carbonate sediments. Two
approaches for estimation of compressibility–permeability parameters were tested. These approaches
are based on (1) analysis of equilibrium height of sediment HN versus centrifugal rotation speed O and
(2) analysis of kinetic curves of the consolidation ratio U(t) at different rotation speeds O. The approach
(1) allowed fair ﬁtting of experimental HN (O) data with parameters pa ¼ 70.9 70.9 Pa and
b ¼0.1777 7 0.0005 in Tiller’s equation relating the volume fraction j and solid pressure ps. The two
independent approaches (1) and (2) evidenced the presence of the scaling law relating consolidation
coefﬁcient C and solid pressure ps, Cppgs with the similar exponents g E 0.85 7 0.03 (for the studied
solid pressure region 5 kPa r ps r 75 kPa).
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1. Introduction
Compression–permeability (CP) characteristics of a particulate
layer are essential for prediction of solid–liquid separations by
gravity sedimentation, ﬁltration, expression and centrifugation.
The basic ﬁltration equations introduce the notion of average
speciﬁc cake resistance aav by analogy with electrical resistance
(Sperry, 1916). This characteristic depends on the overall ﬁltration
properties of the ﬁlter cake and is very useful for the equipment
scaling (Rushton et al., 1996; Wakeman and Tarleton, 1999).
However, the average speciﬁc cake resistance aav is insufﬁcient for
characterization of the local liquid ﬂow within the compressible
particulate layer. Grace (1953), Tiller (1953) and Okamura and
Shirato (1955) developed methods for experimental determination
of local porosity e, local permeability k and local speciﬁc cake
resistance a, as functions of the local compressive pressure ps
representing the stress developed by frictional loss inside the
particulate layer. Similarly to soil mechanics, the stress balance in
a particulate layer can be presented in the form of p ¼ pl ðx,tÞ þ ps ðx,tÞ
(Tiller, 1953; Okamura and Shirato, 1955), where p is the applied
pressure, pl is the local liquid pressure in the pores, t is the time and
x is the coordinate. The constitutive relationship of the particulate
layer parameters versus ps are often expressed as power law
functions (Tiller, 1953; Tiller and Shirato, 1964; Shirato et al., 1985;
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Koenders and Wakeman, 1996; Stamatakis and Tien, 1991)

j ¼ jo ð1þ ps =pa Þb

ð1Þ

k ¼ ko ð1 þps =pk Þd

ð2Þ

a ¼ ao ð1 þ ps =pn Þn

ð3Þ

where j ¼ 1e is the volume fraction of solids (solidosity) in a
particulate layer, jo, ko, ao ¼ 1=ðeo ko Þ, b, d, n¼ d  b are empirical
constants, and pa, pk, pn are constants that may be considered as
reference threshold pressures. In this case, jo, ko and ao correspond
to parameter values before stress application to the cake (at ps ¼0).
Experimentally determined values of pa, pk and pn can differ (Sedin
et al., 2003). Consolidation coefﬁcient C, which is the generalized CP
characteristic of particulate layer, can be represented on the analogy
with mass and thermal diffusivities as (Vorobiev and Fedotkin,
1984; Iritani et al., 2009)
C ¼ G=ðamrs Þ

ð4Þ

where G ¼ @ps =@e is the compressibility modulus, e¼(1 j)/j is
the void ratio, m is the viscosity of liquid and rs is the density of
solids.
Carman (1938) and Ruth (1946) introduced into laboratory
practice a CP chamber consisting of a cylinder with a piston. The
CP procedure comprises the piston loading up to ultimate
stabilization of a particulate layer under increasing pressures.
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2. Materials and methods
2.1. Materials
The aqueous suspension of calcium carbonate with solid
content of 19.8 wt% (particle volume fraction j ¼0.0827) was
provided by OMYA (France). The density of CaCO3 particles rs was
equal to 2730 kg/m3.
The volume-based function of particle size distribution SDF (%)
and speciﬁc surface area of particles in suspension S were
measured using an analytical photocentrifuge LUMiSizer 610.0–
135 (L.U.M. Gmbh, Germany). Rectangular plastic optical cells,
supplied by the photocentrifuge manufacturer, with the optical
path length of 10 mm and cross-sectional area of 7  10–5 m2,
were used. The measurements required considerable dilution of
the suspension (down to 10  4 wt%). SDF and S were calculated
using the original software SEPView 5.1 (L.U.M. Gmbh, Germany)
for granulometric analysis. The SDF of calcium carbonate versus
particle diameter d is presented in Fig. 1. The measured values of
speciﬁc surface area S and mean diameter of particles dm are
2.270.2 m2/g and 1.170.4 mm, respectively.

2.2. Analytical centrifugation
Twelve samples of aqueous suspension with initial mass of
1.81 g and volume fraction j of 0.0827 were subjected to
consolidation in an analytical photocentrifuge LUMiSizer 610.0–
135 (L.U.M. Gmbh, Germany). Rectangular plastic optical cells,
supplied by the photocentrifuge manufacturer, were used. The
optical path length was 10 mm and cross-sectional area was
7  10–5 m2.
The schema of centrifugal experiments is presented in Fig. 2.
The radial distance of the centrifugal cell bottom from the axis of
rotation R was equal to 0.13 m. The initial height of the sample in
the cell Hi was equal to 2.27  10–2 m. Centrifugation experiments
were carried out at different rotor speeds O in the interval of
240–4000 rpm. The corresponding centrifugal accelerations at the
bottom of the cell were within (8.3–2320)g, where g¼ 9.81 m/s2 is
the gravity acceleration.

1.5

1
SDF [%]

The ultimately compressed layer has a uniform structure with
the same porosity e (or solidosity j) dependent upon the
applied compressive pressure ps. This procedure is well adopted
for the determination of j(ps) relation, for example, in the
constitutive Eq. (1). However, determination of k(ps) or a(ps)
relations (constitutive Eqs. (2) and (3)) is based on very long
permeability experiments with liquid ﬂowing through the previously consolidated layer. To avoid the long permeability experiments, different models relating the layer permeability k with
the porous structure, such as Kozeny–Carman and Happel–Brenner
models (Happel and Brenner, 1965), can be used. Inverse method
can also be applied for determination of particulate layer
characteristics from the solution of theoretical consolidation
equation (Iritani et al., 2009).
Different methods such as use of pressure sensors, NMR,
gamma and X-ray devices (Fathi-Najaﬁ and Theliander, 1995; La
Heij et al., 1996; Sedin et al., 2003) were recently tested for
improvement of the CP chamber procedure. Nevertheless, utilization of CP chamber has several drawbacks: experiments are very
long (sometimes several days are needed for attainment of the
ultimate layer compression); using of only one sample in CP
chamber; side-wall friction effect between the piston and cylinder (Wakeman, 1978).
Low-pressure compressibility of particulate layer can be estimated from the gravity consolidation experiments (Shirato et al.,
1970b, Iritani et al., 2009). Centrifugal settling methods can be
advantageous as compared to gravity consolidation: several
samples may be studied simultaneously and different centrifugal
accelerations may be varied in the wide range corresponding to
different compressive pressures. Murase et al. (1989) had proposed a procedure for estimation of the parameters of constitutive Eq. (1) (presented in a simpliﬁed form j ¼ jo ðps =pa Þb ) based
on compression experiments with different centrifugal accelerations. Dependence of the equilibrium average solidosity on
centrifugal acceleration was also studied by Green et al. (1996)
and Lee et al. (2003) for estimation of the compressive yield stress
of sediments.
Recently, a new tool was developed for centrifugal sedimentation. It is so-called, analytical photocentrifuge (Lerche, 2002;
Lerche and Sobisch, 2007). This technique was applied for
estimation of colloidal stability of mineral suspensions (Sobisch
and Lerche, 2000; Kuentz and Röthlisberger, 2003; Mende et al.,
2007; Badolato et al., 2008), determination of the particle size
distribution (Detloff et al., 2007), determination of the dispersability of carbon nanotubes in aqueous surfactant solutions
(Krause et al., 2009), characterization of sludge dewatering (Von
Homeyer et al., 1999; Sobisch and Lerche, 2004), consolidation,
packing and compression behavior (Sobisch et al., 2006a; Lerche
and Sobisch, 2007; Sobisch and Lerche, 2008), quantiﬁcation of
the particle porosity (Sobisch et al., 2006b), particle interaction
and particle aggregation (Lerche and Frömer, 2001).
The analytical photocentrifuge was recently used for estimation of the speciﬁc cake resistance a on the basis of sediment
consolidation experiments and Happel’s relation for a(e) (Iritani
et al., 2007). Curvers et al. (2009) proposed a procedure for the
estimation of the parameters of constitutive Eq. (1) using the
analytical photocentrifuge. This new tool opens interesting prospects for rapid determination of the CP characteristics of mineral
sediments.
Our paper presents the overall procedure for determination of
the main CP characteristics of sediments (j, k, a, G, C) using
analytical centrifugation. In this work, the CP characteristics of
sediments were initially estimated by direct method (using
constitutive Eqs. (1)–(3)), then compared with ones estimated
by inverse method (using theoretical consolidation equation) and
by ﬁltration experiments.
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Fig. 1. Volume-based size distribution of CaCO3 particles in an aqueous
suspension.
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Initial suspension
Preconsolidation

Hi
Before consolidation

320 rpm

Consolidation

4000 rpm

H0
H

H0
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H∞

H∞
t

R

Fig. 2. Schema of the consolidation experiment. After the stage of pre-consolidation at low rotation speed O ¼320 rpm (E14.9g), the sediment compresses at higher
rotation speed (here O ¼4000 rpm) and its height H decreases from the initial (Ho) to the ﬁnal (HN) value.

The experiments were done using pre-consolidated sediments
directly prepared inside the centrifugal cells from the initial suspensions. Pre-consolidation of the initial suspensions was done at a
sufﬁciently low rotation speed O of 320 rpm (E14.9g) during
60 min. It resulted in formation of sediment with the initial height
Ho E1.6  10–2 m and ﬂat vertical interface between solids and
supernatant. The rotor speed variation within 240–460 rpm
(8.3g30.1g) had no noticeable impact on kinetics of the following
consolidation. Then rotation speed O was increased to a higher level
(10004000 rpm), and consolidation experiment was carried out at
a constant value of O. The radial position of the sediment surface
was measured and evolution of the sediment height H (m) with time
t (s) was recorded during the consolidation experiment. Experiments were ﬁnished when the constant equilibrium sediment
height HN was reached (Fig. 2).
All the experiments were done at the constant temperature
25 1C and were replicated, at least, three times. The mean values
and the standard deviations were calculated. The error bars in
ﬁgures correspond to the standard deviations.

o

H∞

Δi + 1, i + 1 =  (ps,i+1)
Δi, i =  (ps,i)
Δi-1, i-1 =  (ps, i-1)

 =0
Compressed sediment
Fig. 3. Schematic presentation of the material coordinate o. Volume fraction of
solids ji is constant within the certain ﬁnite element Do and is related to solid
pressure ps according to the constitutive equation ji ¼ j (ps).

2.3. Estimation of CP characteristics from analytical centrifugation
experiments
Numerical method of Curvers et al. (2009) was used in our
work for estimation of parameters in the constitutive Eq. (1). The
input data for this method gives the equilibrium sediment height
HN dependence on rotation speed O. The outputs of this method
are parameters of the Eq. (1) relating the local solid pressure ps
and the local volume fraction j in the sediment.
The calculation uses a one-dimensional material coordinate o
instead of Euclidian coordinate H. Material coordinate o is
deﬁned as the height of solids (that is the volume of solids
divided by the cross-sectional area) measured from the bottom
of the sediment. The height of the sediment HN corresponds to
the maximal value of material coordinate oo (Fig. 3). According to
this method, the total height of the sediment is divided in N ﬁnite
elements having the height Do ¼ oo/N (see Fig. 3). The volume
fraction of particles j and the solid pressure ps are assumed
constant within each ﬁnite element.
The value of jo in the constitutive Eq. (1) was estimated from
the gravitation sedimentation experiments and was set to
0.0859 70.0009. For pa and b estimation, the numerical algorithm
proposed by Curvers et al. (2009) with N ¼200 was used.

The speciﬁc ﬁltration resistance a of the sediment was then
calculated as (Wakeman and Tarleton, 1999)

a ¼ 1=ðkrs jÞ

ð5Þ

where k is the local permeability of the sediment deﬁned as
(Happel and Brenner, 1965)
k¼

1
ðrs SÞ

2

U

69j1=3 þ 9j5=3 6j2
jð3 þ 2j5=3 Þ

ð6Þ

Substitution of Eqs. (1) and (6) into Eq. (5) yields local values
of speciﬁc resistance a at various solid pressures ps. Now validity
of the constitutive Eq. (3) can be veriﬁed.
The local consolidation coefﬁcient C¼C(ps) was calculated
using Eq. (4). Another constitutive equation was used in this
work for C ¼C(ps) in order to ﬁt the calculated C(ps) dependence
C ¼ Co ð1 þps =po Þg

ð7Þ

where Co, po and g are the empirical constants. Note that at ps bpo
Eq. (7) may be reduced to
g

C ¼ Cups

ð8Þ
g

where C ECo/po.
0
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calculated as (Iritani et al., 2009)
Z
Z t
U ¼ ðHo HÞ=ðHo H1 Þ ¼
uo ðps Þdt

2.4. Estimation of CP characteristics by inverse method using
solution of consolidation equation
Dewatering of consolidated sediment is controlled by Darcy’s
law (Shirato et al., 1970a; Iritani et al., 2009)
u¼

1

@pl

ð9Þ

mars @o

where u is the upward liquid velocity, pl is the excess hydraulic
pressure, m is the viscosity of liquid, a is the speciﬁc resistance of
the sediment, rs is the density of particles and o is the material
coordinate measured from the bottom of the sediment. Here pl
may be calculated from the force balance over the differential
element of the sediment do (Leung, 1998)
@pl @ps
þ
¼ ðrs rl ÞRO2
@o @o

ð10Þ

where ps is the solid pressure and RO2 is the centrifugal
acceleration.
The continuity equation is expressed as (Shirato et al., 1970a)
@u
@e
¼
@o
@t

ð11Þ

The ﬁrst differentiation of Eq. (9) with respect to o and
subsequent combination with Eqs. (10) and (11) results in the
basic consolidation equation (Shirato et al., 1970b)


@ps
@
1 @ps
¼G
ð12Þ
@o amrs @o
@t
where the compressibility modulus G is deﬁned as G ¼  qps/qe
(Vorobiev and Fedotkin, 1984).
In Eq. (12), G ¼G(ps), a ¼ a(ps). However, quite frequent is the
assumption that both G and a may be treated as constants for
moderately compressible materials (Shirato et al., 1987; Iritani
et al., 2009). Therefore, Eq. (12) may be represented as (Shirato
et al., 1970a; Iritani et al., 2009)
@ps
@2 ps
¼C
@t
@ o2

ð13Þ

where C is deﬁned as in Eq. (4).
Eq. (12) can be solved with the next initial and boundary
conditions, related to the centrifugal consolidation (Shirato et al.,
1970b; Iritani et al., 2009)
ps ¼ 0

at

t¼0

ð13:1Þ

ps ¼ 0

at

o ¼ oo ðat the surface of a sedimentÞ

ð13:2Þ

@ps
¼ ðrs rl ÞO2 R
@o

at

o ¼ 0 ðat the bottom of a sedimentÞ
ð13:3Þ

Solving Eq. (13) with conditions (13.1)–(13.3), one obtains an
analytical solution (Carslaw and Jaeger, 1959)
"
ps ¼ ðrs rl ÞRO2 oo  ð1o=oo Þ
(
exp 

ð2m1Þ2 p2 Ct
4
o2o

1
8 X

p

2

m
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ð2m1Þp
sin
ð1o=oo Þ
2
ð2m1Þ
ð1Þm1

2

0

1

uo ðps Þdt

ð15Þ

0

where uo is the apparent upward liquid velocity at the surface of
the sediment (o ¼ oo). Now Eq. (15) gives (Iritani et al., 2009)
!
1
32 X
ð1Þm1
ð2m1Þ2 p2 Ct
ð16Þ
exp

U ¼ 1 3
4
p m ð2m1Þ3
o2o
Eq. (13) and its analytical solutions (14) and (16) are valid in
approximation of C remaining constant during the consolidation–
sedimentation process. However, the consolidation coefﬁcient is
pressure dependent, C ¼C(ps), and increases throughout the consolidation time (Shirato et al., 1970b). So, Eq. (13) may be used
only as approximation with a proper mean value of C (Shirato
et al., 1970a). In this work the pressure dependence of C was
approximated by the power law equation (7). The ﬁnite difference
solution method was used for solving Eq. (13) with the boundary
conditions (13.1)–(13.3) and power-law approximation (Eq. (7))
was supposed. The details of this method are presented in the
Appendix A.
2.5. Estimation of speciﬁc cake resistance from ﬁltration
experiments
The average speciﬁc resistance aav of calcium carbonate cake
was experimentally estimated using the ﬁltration cell Amicon
8200 (Millipore, USA). The nylon membrane with pore size
0.2 mm (Biodyne A, Pall Co) was used as a ﬁlter medium. Ruth–
Carman’s equation was applied for calculation of aav (Wakeman
and Tarleton, 1999)
t
aav rl mws
m
¼
V þ Rm
V
ADp
2A2 Dpð1ws =wc Þ

ð17Þ

where Dp is the ﬁltration pressure difference, rl and m are density
and viscosity of ﬁltrate, respectively, ws is the weight fraction of
solids in suspension, wc is the weight fraction of solids in the
ﬁlter cake, A is the ﬁlter medium surface area, Rm is hydraulic
resistance of the ﬁltration medium, and t and V are ﬁltration time
and ﬁltrate volume, respectively. The calculated value of aav
corresponds to a certain average solid pressure ps in the ﬁlter
cake. The average value of solid pressure in the ﬁlter cake may be
estimated from the liquid pressure redistribution in the ﬁlter cake
(Vorobiev, 2006)
("
)1=ð1nÞ
#


pl
Dp
Dp 1n
x
¼ 1þ

1þ
1 1 þ 1
ð18Þ
pa
pa
L
pa
where x is the coordinate and L is the ﬁlter cake thickness. Then
ps ¼ Dp  pl and the average solid pressure in the ﬁlter cake may be
estimated as
i
pa
1n h
U ð1þ Dp=pa Þ2n 1 1
U
ps ¼
ð19Þ
1n
2n
ð1 þ Dp=pa Þ 1
Note that this equation may be reduced to a more simple form
for non-compressible sediments (at n51)
ps ¼ Dp=2

ð20Þ

)!#

ð14Þ

Eq. (14) has the same form as the solution obtained by Iritani
et al. (2009) for the gravity consolidation.
Then, time dependence of the consolidation ratio U (relative
change in the height of the consolidated sediment) can be

3. Results and discussion
3.1. CP characteristics of calcium carbonate sediment obtained from
ultimate settling experiments
Fig. 4 shows dimensionless equilibrium sediment height HN/Ho
as a function of rotational speed O. Experimental data (symbols)

1300

M. Loginov et al. / Chemical Engineering Science 66 (2011) 1296–1305

were used as input in application of the numerical method of
Curvers et al. (2009) for estimation of parameters in the constitutive
Eq. (1). The presented solid line is the result of calculations. The
obtained parameters of the constitutive Eq. (1) are pa ¼70.970.9 Pa
and b ¼0.177770.0005 for the solid pressure region 5 kParps r75
kPa. A relatively low value of b (b  0.15) suggests that the studied
sediment is moderately compressible (Tiller and Leu, 1980). The
estimated value of b falls within the range of b E0.07–0.20,
obtained for aqueous suspensions of CaCO3, calcium silicate and
kaolin (Sedin et al., 2003; Johansson and Theliander, 2007; Teoh
et al., 2006b). Inset in Fig. 4 shows the local module of compressibility G calculated versus solid pressure ps.
Fig. 5 shows the local speciﬁc resistance a and local consolidation
coefﬁcient C versus solid pressure ps. The value of a is calculated

1
slope = 1.18

104

H∞ / H0 [–]

3.2. CP characteristics of calcium carbonate sediment obtained from
solution of consolidation equation

G [Pa]
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from Eqs. (5) and (6). Note that for estimation of k and a we used the
value of the speciﬁc surface area of particles S¼2.2 m2/g measured
using LumiSizer.
Tiller’s power law Eq. (3) was also used for approximation of a(ps)
dependence. Taking in account that ko ¼2.5  10–13 m2 at jo ¼0.0859
(Eq. (2)), we estimated that ao ¼1.7  1010 m/kg (Eq. (3)). The least
square ﬁtting yields pn ¼645755 Pa, n¼0.25970.005 with correlation coefﬁcient r of 0.996.
Finally, a(ps) and j(ps) data were used in Eq. (4) for estimation of
the local consolidation coefﬁcient C (Fig. 5). Fitting of the calculated
C(ps) dependence with the help of Eq. (7) yields the following
parameters: Co ¼7.3  10–10 m2/s, po ¼34.371.5 Pa, g ¼0.9170.04
with correlation coefﬁcient r ¼ 0.995. Since estimated value of po is
much lower than values of ps used in our experimental study, po 5ps,
the calculated dependence C(ps) may be ﬁtted by means of Eq. (8)
with ﬁtting parameters C 0 ¼ (2.970.3)  10–11 m2/(s Pa0.91) and
g ¼0.9170.04 and correlation coefﬁcient r ¼0.995.

2000

3000

4000

 [rpm]
Fig. 4. Dimensionless equilibrium sediment height HN/Ho versus rotational speed
O. Symbols are experimental data, solid line was obtained by data ﬁtting with
application of the numerical method proposed by Curvers et al. (2009). Insert shows
calculated local module of sediment compressibility G versus local solid pressure ps.

7

Fig. 6 presents experimental results (symbols) for the time
dependence of consolidation ratio U¼ (Ho  H)/(Ho  HN) at different values of the angular speed of centrifugal rotation O. In this
ﬁgure, solid lines correspond to the best ﬁtting of experimental
data by the analytical solution (16). The correlation coefﬁcients
were rather low (within the range of 0.971 0.987), so, the
experimental data could not be ﬁtted satisfactory by means of
Eq. (16). Fig. 7 presents the same experimental data ﬁtted using
the ﬁtting function (Eq. (A1)); here, correlation coefﬁcients r
were considerably higher (within the range of 0.995–0.999). It
evidences in favor of the model with pressure-dependent consolidation coefﬁcient and application of numeric procedure for
analysis of consolidation kinetics.
Fig. 8 shows parameters of Eq. (A1) a(O) and b(O) versus the
inverse angular speed of centrifugal rotation O  1 estimated from
the experimental data presented in Fig. 7. The dependences of both
a(O) and b(O) evidence that predicted relations, described by Eqs.
(A2) and (A4), can be fairly used for ﬁtting the experimental data.
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Fig. 5. Local speciﬁc resistance a and local consolidation coefﬁcient C versus solid
pressure ps. The dependence of a(ps) was calculated from Eqs. (5) and (6) (symbols),
solid line is the result of least square ﬁtting by the constitutive Eq. (3). The C(ps)
dependence was estimated from a(ps) and j(ps) with the help of Eq. (4) (symbols).
The solid line is the result of least square ﬁtting by the power law Eq. (7).

Fig. 6. Consolidation ratio U versus sedimentation time t at different values of
angular speed of centrifugal rotation O. Symbols are experimental data and solid
lines were obtained using the least square ﬁtting by Eq. (16). The best values of
parameters C=o2o are presented.
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0.4

From the other side, ﬁtting of theoretically derived dependence of b(O–1) by linear equation Eq. (A4) at the given value of
g ¼0.8570.03 resulted in k1t ¼0.7270.04 and k2t ¼2.93 70.06.
Note that consistency between k1t and k1epwas
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃwithin the errors
of estimations. Equalization of k2e and k2t po =f allowed estimation of po as 12507100 Pa. Then adjustment of theoretical and
experimental a(O–1) dependences at the given values of
g ¼0.8570.03 and po ¼12507100 Pa yields to ¼225 728 and
Co ¼ o2o =to ¼ ð1:5 70:3Þ  108 m2 =s. Note that ps bpo in the
experimentally studied range of solid pressures and Eq. (7) may
be reduced to Eq. (8) with the ﬁtting parameters C0 ECo/pgo ¼
(3.571.0)  10–11 m2/(s Pa0.85) and g ¼0.8570.03.

0.2

4. Discussion and concluding remarks
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Fig. 7. Consolidation ratio U versus sedimentation time t at different values of the
angular speed of centrifugal rotation O. Symbols are experimental data, and solid
lines were obtained by ﬁtting these data using Eq. (A1).

102

a [s]

1301

Slope = 1.33 ± 0.06

101

10-3

10-2
 [s/rad]
–1

The discussed two approaches can be used for estimation of CP
characteristics of the sediments. The ﬁrst approach is based on
analysis of the equilibrium height of sediment HN versus rotation
speed O (Curvers et al., 2009). It allows estimation of the particle
volume fraction j proﬁles in the layer ultimately consolidated
under the given pressure ps. Then parameters of the constitutive
Eqs. (1)–(3) and (7)–(8) can be determined. The obtained dependence C(ps) is presented by solid line 1 in Fig. 9.
The second approach is based on determination of the experimental consolidation ratio U(t)¼(Ho–H)/(Ho–HN) at different rotation speeds O and its comparison with the theoretical consolidation
ratio obtained from solution of consolidation equation. This
approach assumes validity of the simpliﬁed form of consolidation
Eq. (13) resulting from Terzaghi model (Shirato et al., 1970a) and
utilizes numerical calculations accounting for the pressure dependence of a local consolidation coefﬁcient C(ps). Validity of the simple
power law relation (8) was demonstrated and the following parameters for the calcium carbonate sediments were obtained:
C0 ¼(3.571.0)  10–11 m2/(s Pa0.85), g ¼0.8570.03. The calculated
C(p) dependence is presented by solid line 2 in Fig. 9.
However, as Fig. 9 shows, the ﬁrst approach gives considerably
larger values of C as compared with the second approach. This
discrepancy is not surprising accounting for the number of
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Fig. 8. Experimentally derived parameters a and b versus inverse angular speed of
centrifugal rotation O  1.

Such satisfactory description of the experimental data evidences in
favor of approximations used in Eqs. (7), (9) and (13).
The exponent g1 ¼1.3370.04 was obtained from ﬁtting of the
experimental dependence of a(O  1) by Eq. (A2).Then exponent g
in the power law model (Eq. (7)) was estimated from Eq. (A3) as
g ¼ 0.8570.03. Fitting of the experimentally derived dependence
of b(O–1) by the linear equation
b ¼ k1e þk2e O1
gave k1e ¼0.7170.02 and k2e ¼16374.

ð21Þ
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Fig. 9. Consolidation coefﬁcient C versus solid pressure ps estimated by the ﬁrst
(1, 1n) and second (2) approaches. The dashed line (1n) corresponds to the
corrected data accounting for the error in determination of the speciﬁc surface
area of particles.
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approximations used. For example, the ﬁrst approach assumes
validity of Happel’s Eq. (6) for the local permeability k of sediments.
Moreover, we used speciﬁc surface area of particles S estimated from
granulometric experiments, which is usually underestimated as
compared with the surface area determined from hydraulic permeability experiments (Konert and Vandenberghe, 1997). For the
particles with non-spherical shape or rough surface, the correction
coefﬁcient n (S-n  S, n 41) may be rather high. This underestimation
may result in underestimation of the speciﬁc resistance a (ap1/n2,
see Eqs. (5) and (6)) and overestimation of the consolidation
coefﬁcient C (Cpn2 Eq. (4)).
For the adjustment of C(ps) behavior estimations by different
approaches, we used only one ﬁtting parameter n2, accounting for
correction of the speciﬁc surface area of particles. The corrected C(ps)
dependence is presented by dashed line (1n) in Fig. 9. The best ﬁt
resulted in n ¼1.2370.02 with correlation coefﬁcient r ¼0.998. We
see that corrected C(ps) dependence (line 1n), obtained by the ﬁrst
approach, is in good correspondence with C(ps) dependence,
obtained by the second approach (line 2). It reﬂects good applicability of the power law relation (8) to data obtained by both
approaches with the same parameters C0 and g. It was shown earlier
that the power law relation (8) can approximate the experimental
data for different ﬁlter cakes (Vorobiev et al., 1993; Zaiats et al.,
1993). So, the two independent approaches evidenced the presence
of the simple scaling law relating the consolidation coefﬁcient C and
the solid pressure ps (Eq. (8)) with practically the same scaling
exponent g E0.8570.03.
It is possible to use the developed method for better estimation of speciﬁc cake resistance a. Fig. 10 presents example of a(ps)
dependence calculated from Eqs. (1), (5) and (6). Here, the solid
and dashed lines correspond to the uncorrected (So ¼2.2 m2/g)
and corrected (So ¼v  2.2 m2/g, n E1.23) data, respectively. The
constitutive Eq. (3) can be used for approximation of a(ps) with
the following parameters: ao ¼1.7  1010 m/kg (Eq. (18)),
n ¼0.25970.005, pn ¼645 755 Pa (uncorrected) or ao ¼2.6  1010
m/kg (corrected). The correlation coefﬁcient of such estimation is
r ¼0.996.

The values of speciﬁc cake resistance a were independently
estimated from the ﬁltration experiments with the ﬁlter cell
Amicon 8200. The values of average speciﬁc cake resistance aav
were calculated from Ruth–Carman Eq. (17). The average solid
pressure in the ﬁlter cakes was calculated using Eqs. (19)
and (20).
These values of aav (symbols in Fig. 10) were noticeably
higher than the values predicted from Eqs. (1), (5) and (6) with
uncorrected So ¼2.2 m2/g (solid line in Fig. 10) and were in better
correspondence with the corrected values of a with So ¼v  2.2
m2/g, n E1.23 (dashed line in Fig. 10). However, despite of this
correction, the differences between the values of a estimated
from centrifugal consolidation experiments and measured values
of aav were still noticeable. Overestimation of aav values can be
explained by application of the simpliﬁed Eq. (17) for analysis of
ﬁltration data (Teoh et al., 2006a). Moreover, these differences
may also originate from the various complex effects related with
‘‘cell wall’’ factor (Tiller et al., 1972), presence of creep (Cristensen
and Kieding, 2007) and resistance of ﬁltration membrane (Teoh
et al., 2006b), which were neglected in present analysis.
In summary, two independent methods were used for estimation of the low-pressure compression–permeability characteristics of sediments These approaches are based on (1) analysis of
the equilibrium height of sediment HN versus centrifugal rotation
speed O and (2) analysis of kinetic curves of the consolidation
ratio U(t) at different rotation speeds O. It was shown that
consolidation curves may be ﬁtted satisfactory by two-parametrical Eq. (A1). These allowed estimation of dependence C ¼C(ps).
The two independent approaches (1) and (2) evidenced the
presence of the scaling law relating the consolidation coefﬁcient
C and solid pressure ps, Cppgs with practically the same scaling
exponent g E0.8570.03 (for the studied solid pressure region
5 kPa rps r75 kPa). Proposed procedure may be useful for analysis of the CP characteristics of sediments using analytical
photocentrifuge.
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Fig. 10. Local speciﬁc resistance a versus solid pressure ps. The a(ps) dependence
was calculated from Eqs. (1), (5) and (6). Here, the solid and dashed lines
correspond to the uncorrected (S¼ 2.2 m2/g) and corrected (S¼ v  2.2 m2/g,
n E 1.23)) data, respectively. Symbols correspond to the experimental data
estimated from ﬁltration experiments, the average solid pressure in the ﬁlter
cake was calculated by Eq. (19) (ﬁlled symbols) and Eq. (20) (open symbols).
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membrane surface area, m2
parameter of Eq. (A1), s
parameter of Eq. (A1), dimensionless
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parameter of Eq. (8), m2/(s Pag)
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diameter of particles, mm
mean diameter of a particles, mm
void ratio, dimensionless
¼(rs  rl)Roo, kg/m
compressibility modulus, Pa
gravitational acceleration, 9.81 m/s2
height of sediment in centrifugal cell, m
initial height of suspensions in centrifugal cell, m
height of sediment in centrifugal cell before consolidation, m
equilibrium height of sediment in centrifugal cell after
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local permeability of sediment, m2
parameters of Eq. (21)
parameters of Eq. (a4)
parameter in constitutive Eq. (2), m2
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parameter in Eq. (3), dimensionless
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parameter in constitutive Eq. (2), Pa
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parameter in constitutive Eq. (3), Pa
parameter of Eq. (7), Pa
local solid compressive pressure, Pa
average solid compressive pressure, Pa
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speciﬁc surface area of CaCO3 particles, m2/g
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¼t/to, reduced time, dimensionless
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Greek letters
0

a
aav
ao
b

g
g1
d

e
m
n
r
rl
rs
t
to
j
jo
O

o
oo

local speciﬁc resistance, m/kg
average speciﬁc resistance, m/kg
empiric constant in Eq. (3), m/kg
parameter in constitutive Eq. (1), dimensionless
parameter in Eq. (7), dimensionless
parameter in Eqs. (A2) and (A3), dimensionless
parameter in Eq. (2), dimensionless
local porosity, dimensionless
viscosity of liquid, Pa s
correction coefﬁcient for speciﬁc surface area, dimensionless
correlation coefﬁcient, dimensionless
density of liquid, kg/m3
density of CaCO3, kg/m3
consolidation time factor, s
¼ o2o =Co , s
volume fraction of particles, dimensionless
parameter in Eq. (1), dimensionless
angular rotational speed, rad/s
height of solids measured from the bottom of the
sediment, m
total height of solids in the sediment, m

Abbreviations
CP
SDF

compression–permeability
volume-based size distribution function, %
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Appendix A
A.1. Details of the ﬁnite difference solution method used for solving
the Eq. (12) with the power law dependence C(ps) (Eq. (7)).
The value of oo was divided into 64 grids (Do ¼ oo/64) and
pressure ps,i was calculated in all the grid points. At each time
step, the value of C was averaged and calculated as C ¼
P
1=64 64
i ¼ 1 Cðps,i Þ. The convergence of the numerical scheme was

10-2

10-1
t/o [−]

100

Fig. A1. Consolidation ratio U versus reduced time tn ¼t/to, where to ¼ o2o =Co at
different values of g and constant value of po =ðf O2 Þ ¼ 0:01. Symbols correspond to
numerical solution of Eqs. (13)  (13.3) with the pressure dependent C described
by Eq. (7); solid lines were obtained by ﬁtting these data by Eq. (16).

maintained by sufﬁciently small level of Courant number Cr ¼CDt/
Do2 ¼0.01, where Dt is the time step (Smith, 1977).
As far as in our experiments RbHo (0.13 m b1.6  10–2 m),
the centrifugal acceleration inside the sediment was assumed to
be constant and was calculated as O2R, where O is the angular
rotational speed.
Fig. A1 presents examples of the time dependence of consolidation ratio U(t) obtained by numerical solution of Eqs. (13) with the
boundary conditions (13.1)–(13.3) for the pressure and time dependent consolidation coefﬁcient C(ps) (symbols). Consolidation ratio U
is plotted versus reduced time tn (deﬁned as tn ¼t/to) for different
values of g and constant value of po =f O2 . Here to ¼ o2o =Co is the
consolidation time factor, and f¼(rs  rl)Roo.
The direct using of Eqs. (7), (13) and (13.1–13.3) for ﬁtting of
the experimental U(t) data requires a rather complex non-linear
ﬁtting procedure and can result in an inaccurate estimation of the
parameters po and g in Eq. (7). To avoid this difﬁculty, the twoparametric function
UðtÞ ¼ 1

expðt=aÞ
1b1 ð1expðt=aÞ

ðA1Þ

was used in this work for the curve-ﬁtting of U(t) data. Here a and
b are the parameters. This function increases monotonically from
U¼0 at t ¼0 to U ¼1 at t¼N. It was used as an approximation for
description of the consolidation–sedimentation kinetics.
The solid lines in Fig. A1 were obtained using Eq. (A1) for the
least square ﬁtting of the numerical U(t) data. The correlation
coefﬁcients r were rather high (r 40.9999); it evidences in favor
of the applied approximation. The tabulated parameters a and b
may be useful for analysis of the experimental U(t) data at
different O.
Fig. A2 presents dependencies of the parameters
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ a/to (a) and
b (b) versus the dimensionless parameter O1 po =f at different
values of g. The obtained results evidence that a(O) dependence
(Fig. A2(a)) can be fairly approximated (with correlation coefﬁcients r 40.9996) by the power equation
apOg1

ðA2Þ

a/o [−]
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Fig. A2. Parameters a/to and b versus dimensionless parameter O1 po =f at
different values of g. The values of a/to and b were obtained from ﬁtting of the
numerically derived U(t) data. Here to ¼ o2o =Co .

where exponents g and g1 are related as

g ¼ m1 g1 ð1 þm2 g1 Þ

ðA3Þ

Here m1 ¼0.5370.02 and m2 ¼0.1570.03 were obtained by the
least square ﬁtting procedure and correlation coefﬁcient r was
0.9993.
From the other side, parameter b increases approximately
linearly with increase of O1 :
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðA4Þ
b ¼ k1t þ k2t po =f O1
and decreases with increase of g (Fig. A2(b)). Here, k1t and k2t are
adjustable parameters, which are dependent upon g.
So the dependences of both a and b parameters versus the
angular speed of centrifugal rotation O may be described by
rather simple laws represented by Eqs. (A2)–(A4). We used this
approach for simpliﬁcation of numerical analysis of the experimental U(t) data on and estimation of the parameters Co, po and g
in Eq. (7).
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Conclusions
The Paper V proposes two independent methods for analysis of the following
experimental dependencies measured during the centrifugal consolidation:
• ultimate sediment height versus centrifugal rotation speed (analyzed by Method I); and
• sediment height versus centrifugation time (analyzed by Method II).
These methods allow estimation of parameters of the constitutive equations for volume
fraction of particles, specific surface resistance, and coefficient of consolidation. They were
applied for estimation of the said constitutive parameters for calcium carbonate suspension.
The values of parameters of the constitutive equation for consolidation coefficient C,
estimated by two methods, are rather close:
• C = (2.9±0.3)·10–11ps0.91±0.04 (estimated by Method I),
• C = (3.5±1.0)·10–11ps0.85±0.03 (estimated by Method II).
Difference between the pre-exponential factors, estimated by Method I and Method II, is
caused by using underestimated value of specific surface area of calcium carbonate in
calculation by Method I.
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IV. Concluding remarks and suggestions for future work
Several problems related to the influence of chemical or mechanical pre-treatment on the
filtration of mineral and biological suspensions have been investigated. It was observed that
the optimal filtration performance requires a compromise between the filtration rate and
quality of the final products (filtrate and concentrate).
Investigation of the influence of a dispersant on preparation of flowable and concentrated
suspension of kaolin showed that preparation of kaolin suspensions with concentrations above
70 % wt is unreasonable due to low fluidity of the concentrated suspensions. It was concluded
that low fluidity of concentrated suspensions is related to morphology (high aspect ratio) of
the kaolin particles. Increase of suspension concentration results in percolation of the
stabilized kaolin particles and in abrupt increase of fluidity. Though more concentrated
suspensions may be prepared by dead-end filtration in the presence of a dispersant, the
presence of a dispersant in such over-concentrated suspensions has only low effect on the
fluidity.
Continuation of this investigation may be based on idea of the adjustment of fluidity of
concentrated kaolin suspensions by addition of mineral particles with low aspect ratio.

Also, it was shown that highly concentrated (> 75 % wt) and flowable suspension of
calcium carbonate may be prepared by dynamic filtration with addition of sodium
polyacrylate. The influence of the time of dispersant addition on efficiency of filtration, final
dryness, and fluidity of suspensions was studied. It was shown that the highest dryness of
suspension, obtained by dynamic filtration with delayed addition of a dispersant, was
79.6±1.0 % wt., while its viscosity was below 0.8 Pas (at shear rate 20 s–1). The maximal
dryness of suspension obtained by filtration with initial addition of a dispersant was 77.1 %
wt.
Obviously, the results of this experimental lab-scale study must be verified in a pilot-scale
work. Also, a dispersant with stronger adsorption on the surface of particles should be found.
In addition, the maximal concentration of suspension that may be prepared by dynamic
suspension shall be estimated in the separate theoretical study.

It was shown that continuous treatment of yeast suspension by high voltage electric
discharges (HVED) may be used for disruption of the cells and extraction of intracellular bioproducts. However, it also results in formation of cell debris and decrease of filtration rate due
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to internal membrane fouling. Comparison of the novel method of HVED-treatment with
classical method of high pressure homogenization (HPH) shows that HPH-treatment is more
effective method of disruption than HVED, as far as it results in higher extraction of proteins
and other bio-products at the same value of disintegration index of yeast cells. However, if the
value of disintegration index Z is above 0.9, filtration of HPH-disrupted yeast suspension is
governed by pore blocking mechanism. It results in very low rates of filtration of the
maximally HPH-treated suspensions.
Therefore, it is reasonable to focus further study only on filtration of HPH-treated
suspensions. It is quite interesting to study the influence of addition of intact yeast cells to the
disrupted yeast suspensions on filtration (especially, dynamic filtration) of yeast suspensions.
Intact cells may preserve the filtration membrane from the fouling by cells debris, so, the
effect of concentration of the intact cells and cells debris (or disruption degree) on the
mechanism of fouling may be investigated.

Also, two independent methods for analysis of the experimental dependencies measured
during the centrifugal consolidation were proposed. Dependencies of local compression and
permeability characteristics on solid pressure were estimated by these methods for aqueous
suspension of calcium carbonate. Obviously, the methods must be tested on other well
characterised mineral suspensions and the results of analysis must be compared with data
obtained by classical methods for estimation of compression and permeability (dead-end
filtration, compression-permeability test).

