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Abstract. The filtration properties in solid–liquid separation mainly depend upon the filter cake
properties, for instance, cake resistance. However, particle size distribution, particle shape, and their
arrangements significantly impact cake filtration. This paper aims to review the work done so far
and collate both fundamental and applied work with regard to the quantification of cake properties.
The cake resistance and cake porosity in terms of shape, as well as varying particle size distribution
width, are discussed here. This work summarizes the current state of the technology and recommends
advancements and improvements for future research.
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Highlights

• Particle shape significantly affects the cake
porosity and in-turn cake resistance.

• Particle size distribution exhibits substantial
effect on cake resistance.

• Narrow particle size distribution attributes
porous cake than wider distribution of par-
ticle size.

∗Corresponding author.

• Research in particle properties analysis in
holistic filtration approach is advised.

• General guidelines to accommodate devia-
tions from filtration models are needed.

1. Introduction

Filtration is one of the important separation tech-
niques used as downstream processing in chemical
and allied industries such as pharmaceuticals, agri-
culture, food processing, ceramic, minerals process-
ing, water treatment industries, and so on. It has been
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universally accepted that all the matter consists of
particles, and a true definition of a particle depends
on the type of operation [1]. In industries such as
pharmaceuticals, the size of the particles affects its
ultimate desired property of absorption rate and dis-
solution. Generally, in industrial filtration, particles
in the slurry can be of the same geometry but not of
uniform size. However, in practice, filtration opera-
tion is provided with only a particle size range, and
the exact details about the particle size and its distri-
bution are not taken into account while designing the
filtration equipment. Theoretically, it is expected that
a given filter medium will retain all the particles, the
size of which is larger than the nominal or the abso-
lute filter pore size [2].

The uniform spherical size particle is particularly
defined by its diameter [3]. While a single dimen-
sion can define particles like cubes or tetrahedra,
the height and the base diameter are needed for a
cone, whereas for a cuboid, three dimensions are re-
quired [3,4]. Particle size plays a vital role in the de-
termination of the properties of particulate matter.
Hence, it is often considered an important measure
of property and performance. This is logical for a
wide range of materials, from powders, emulsions,
suspensions to aerosols. A few examples where par-
ticle size plays a vital role are the flavor of cocoa
powder, appearance of cosmetics, hydration rate and
potency of cement, dispersibility of drug molecule,
and so on. Various methods are available for par-
ticle size analysis depending on the type and na-
ture of samples, for example, laser diffraction, the
most commonly used technique or sieving, one of
the oldest and widely used techniques. Laser diffrac-
tion is chiefly used for determination in the range be-
tween 0.5–1000 µm while sieving is used for relatively
larger particles particularly, dry sieving: >60 µm, air-
jet sieving: 15 µm–1 mm, and wet sieving: 2 µm–
1 mm, respectively. However, for particles having a
size less than 0.5 µm, dynamic light scattering is
at present the most recommended technique avail-
able for such analysis [5]. In cases where morpho-
logical properties also need to be measured, the im-
age analysis method is one of the techniques to
gain deeper insight into the topic. Many more tech-
niques such as air elutriation analysis, photo analy-
sis, optical counting methods, sedimentation tech-
niques, time of transition (TOT), laser obstruction
time (LOT), cascade impactors, and acoustic spec-

troscopy exist for particle size analysis [6].
To describe the particle size distribution (PSD),

D-values (D10, D32, D50, D43, and D90) are com-
monly used. Here, D[i ] represents i % of the cumu-
lative mass that is comprised of smaller particles.
The D10 signifies that the diameter of 10% of the
mass of the sample has a diameter of less than this
value. The D50 (median) implies that the diameter of
50% of the distribution lies below this value, whereas,
D90 signifies that 90% of the distribution lies below
this value. The surface area-based particles are men-
tioned in terms of Sauter mean diameter (D32), the
median diameter (D50), and the volumetric mean di-
ameter (D43), which is based on volume distribution,
and these are used to define the particle size of the
solids [7,8]. The Sauter mean diameter, D32, is deter-
mined by the equation:

D32 =

n∑
i=n

D3
i vi

n∑
i=n

D2
i vi

(1)

whereas, the volumetric mean diameter, D43, is ex-
pressed as:

D43 =

n∑
i=n

D4
i vi

n∑
i=n

D3
i vi

(2)

where D is the diameter of a particle (m), and vi is
the proportion of particles in the size fraction. The
wideness of PSD is defined according to two alterna-
tive definitions, i.e., span ((D90−D10)/D50) and dif-
ference (D43−D32). The determination of PSD span
and the Sauter mean diameter are the most com-
mon among the researchers and analysis technolo-
gists. The span gives an idea about the stretch of par-
ticles between 10% and 90% diameter relative to the
normalized mid-value. The Sauter mean diameter is
particularly useful where an active surface area is es-
sential such as in catalysis, mass transfer, and heat
transfer operations [9]. The volumetric mean diam-
eter, on the other hand, represents the contribution
of that particle size which forms the majority of the
given sample. It is reported in specific examples, such
as chromatography. However, this convention is not
followed rigorously, and hence reporting the PSD dif-
ference is also not very common in the literature [10].
This can be because of the fact that the presence
of coarse particulates often blocks chromatography
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columns, and the D43 shows maximum sensitivity to
the existence of big particles in the size distribution.

It is imperative to comprehensively assess the
change in filterability with the help of the physical
features of particles. The attributes of particle shape,
size, and size distribution in cake filtration are highly
pertinent and are usually the focal point of key in-
dustrial filtration processes, including pharmaceu-
tical and specialty chemicals. There exists a dearth
of information in this subject area, and hence it is
of paramount importance to briefly summarize the
prevalent work from the published literature. Though
the scant literature on the subject matter may not be
sufficient to traverse its complexity; however, it is but
sure that this work will further spur the much-needed
research in understanding the physics of filter cakes.

2. Effect of particle size and particle size distri-
bution on filtration

Wakeman [11] studied the effect of particle size and
particle size distribution on filtration. The author
propounded through his work that the particle size
and its distribution exhibit a significant influence on
the solid–liquid separation process, thus impacting
the behavior of solids during the filtration process.
The resistance to the flow of fluid through the filter,
i.e., the specific cake resistance, is inversely propor-
tional to filter cake permeability by the equation:

αav = 1

ρs (1−ε)κ
(3)

where αav is specific cake resistance, ρs is solid den-
sity, ε is cake porosity, and κ is the permeability of the
cake formed. The correlation between specific cake
resistance and the particle size is given by:

αav ∝ 1

(D32)2 . (4)

Equation (4) shows that the specific cake resistance
is inversely proportional to the square of the parti-
cle size. The ability of the filter medium to restrain
particles of different sizes is also indicated by particle
size cut. The Sauter mean diameter, D32, is mostly
necessary for filter cake formation and cake deli-
quoring calculations. Depending on the particle size,
cake filtration is carried out by two practicum, i.e.,
(i) complete blocking when particles are bigger than
the pore size in filter medium and (ii) bridging when
particles are smaller than the pore size in the filter

Table 1. Effect of particle size and porosity on
specific cake resistance [11]

Particle size,
D32 (µm)

Porosity, ε Specific cake resistance,
αav (×1011 m·kg−1)

1 0.4 6.7

2 0.4 1.7

10 0.4 0.068

100 0.4 0.00068

medium. In practice, however, it should be noted that
the first consequence may not necessarily hold true
if the slurry concentration is relatively high. In this
case, the filter medium may still remain partially per-
meable owing to the high concentration of the slurry.
On the other hand, the most significant probability
of the complete blockage may well occur if the mean
particle size is just about the same size as the pores of
the filter medium.

It should be taken into consideration that the se-
lection of the right choice of filter cloth for given par-
ticle size and PSD is essential in cake filtration op-
eration as the presence of fine particles may lead to
bleeding through the filter cloth in the prior phase of
cake formation. Particles can pass within the pores
of the formed cake, which tend to consolidate on the
adjacent layer of filter cloth, thereby increasing the
specific resistance of the filter cake (αav) and conse-
quently slowing down the filtration rate, resulting in
higher moisture filter cake. The phenomenon is rel-
evant for mechanically operated industrial filtration
units. However, on a microfluidic level, the higher
moisture content in the porous cakes is usually gov-
erned by the force interactions between the fluids
and pore walls, commonly known as the capillary
pressure. The porosity of the cake is not singularly
dependent on the particle size, but it is greatly influ-
enced by the distribution of particle size. The conse-
quences of particle size for a given porosity on spe-
cific cake resistance are shown in Table 1 [11].

Table 1 clearly indicates that αav and particle size
are inversely related to each other. Therefore, on de-
creasing the particle size, resistance increases per-
petually. The cake containing larger particles invari-
ably leads to decreases in specific cake resistance.
Under these circumstances, the flow rate of wash
liquor becomes higher due to openings in the cake,
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which aids localized agitation, thereby increasing the
coefficient of mass transfer. The ratio of the thickness
of the cake to the size of particle broadly regulates
the outcome of washing for a cake of coarse parti-
cles, which means an effective washing state can be
anticipated with such a cake. In pressure filtration,
as the pressure drop increases, the filtration time de-
creases; however, altering the particle size also aids in
reducing the filtration time. When the particle size of
the feed increases, the cake thickness also increases,
which gives a more significant solid throughput as
well as a higher rate of filtration. Due to this, the wa-
ter content of the discharged cake is reduced, which
means that every stage of the filter cycle is affected
by particle size [2,11]. The mean particle size deter-
mines the aforesaid feed characterization. The par-
ticle would be nearly spherical and have monosized
dispersion, in the case when properties of particles
define the filtration.

As particle properties intensely affect the key cake
properties such as specific resistance, the largeness
or size of the particle should be such that it would
decrease the contact at the particle–liquid interface.
This would result in a particle effectively reducing the
influence of aging and successfully getting rid of fil-
ter cloth-related issues like bleeding and the require-
ment of recurrent cleaning. All these issues described
above are caused by the presence of fines in the feed.
Very fine particles restrict the flow of fluid through
the cake and increase the liquid volume hold-up in
the cake. This, along with the effect of capillary pres-
sure within the pores, jointly contributes to the mois-
ture retention in the cake. Therefore, the particle size
distribution should be such that it allows high flow
rates of the fluid through the cake. Also, it should
be noted that if the mechanical pressure is applied
at the time of filtration, it may practically overcome
the pore-wall force interactions, and the moisture re-
moval process would be a result of squeezing the
cake. Chang et al. [12] also worked on the filtration ef-
ficiency due to particle size variation on similar lines
to that of Wakeman [11]. The particles with a dimen-
sion ratio larger than 1:4 positively affected the fil-
tration effectiveness. The filtration improvement was
attained more quickly when the ratio of large parti-
cles to small particles was more. The reason for this
might be a well-known result of the networking ef-
fect between the smaller and larger particles, where
the smaller particles fill the gaps between larger

particles. In another study, Aim et al. [13] chose three
different sizes (0.46, 0.825, 2.967 µm) of polystyrene
latex molecules as these sizes comprise the move-
ment of the particle by Brownian dispersion and
blocking. This study is in line with the other reports
demonstrating that the existence of coarser particles
assisted tiny particles in suspension and enhanced
the filtration potency.

Kinnarinen et al. [14] emphasized on the effect
of fine grinding to better understand the conse-
quence of particle size and PSD on specific cake re-
sistance and other filtration properties. The specific
cake resistances were correlated to the particle size
D10, D50, D90, D32, D43, and specific surface area.
For the calculation of volume-based specific surface
area, Sv (m2·m−3), of spherical particles, Sauter mean
diameter was used as:

Sv = 6

D32
(5)

and the mass-based surface area, Sw (m2·kg−1), was
calculated by:

Sw = Sv

ρs
. (6)

To calculate the specific cake resistance from exper-
imental data, classical Darcy’s law was used. How-
ever, more importantly, a modified form of Kozeny–
Carman equation was used, which relates αav to D32
as:

αav = 180(1−ε)

ρs (D32)2ε3 (7)

where, ε is the porosity of the cake, and ρs is the
density of the slurry (kg·m−3). This equation was also
used by Wakeman [11] while calculating the αav val-
ues in Table 1.

The occurrence of small particles in the slurry bol-
sters high αav, as shown in Table 2. The variation in
the Sauter mean diameter is small, and the standard
deviation is small. However, this, in fact, indicates
that even the smallest changes in the particle size di-
rectly influence the αav when the slurry is filtered.
The graphical representation in Figure 1 shows the
trend that the smaller the particles in size, the higher
the specific cake resistance. In this study, the largest
representative particle, D90, did not influence the
cake resistance significantly, which might be allied
with two describing factors. Firstly, even though there
are high D90 size particles, there must also be very
fine particles that dominate the separation methods.

C. R. Chimie — 2021, 24, n 2, 255-265
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Table 2. Effect of particle size on specific cake resistance [14]

Sr. no. Sauter mean
diameter, D32 (µm)

Specific cake resistance, αav

(×1011 m·kg−1) at different ∆P

2 bar 4 bar 6 bar

1 3.54 1.17 1.28 1.46

2 3.45 1.31 1.59 1.52

3 3.3 1.44 1.7 1.83

4 3.27 1.4 1.58 1.74

5 3.16 1.53 1.75 1.9

Standard deviation 0.15 0.137 0.183 0.192

Variance 0.023 0.019 0.033 0.037

Figure 1. Effect of particle size on specific cake
resistance.

Secondly, if the amount of coarser particles in the ex-
amined sample are very less as compared to fine par-
ticles, then there occurs a sampling failure and irreg-
ularity in the investigation increases. Also, the diam-
eters D10, D50, and D32, delivered consistent mea-
surement trends as opposed to D43. The volumet-
ric mean diameter did not correlate so smoothly with
the specific cake resistance, and therefore our discus-
sions are limited to D32 instead of D43. The particle
size affects the processes of formation of cake and
thereby influences particle settling rate, cake resis-
tance as well as particle deposition in the cake.

Table 3 and Figure 2 clearly indicate that for nar-
row span, i.e., for narrow distribution, the αav de-
creases because narrow PSD signifies a more alike
particle size, which provides the construction of an

Figure 2. Effect of PSD span on specific cake
resistance.

open cake arrangement with reduced resistance to
fluid flow. On the other hand, wider PSD usually
causes the filling of gaps within coarser particles in
the cake by tiny particles. Therefore, as the random-
ness between the particles increases, the αav also
increases. It is to be noted that the authors cited
in Table 3 further attempted to obtain a correlation
between cake resistance and porosity. However, no
noteworthy relation could be obtained due to scat-
tered data points.

Kinnarinen et al. [15] further suggested that al-
though a wider PSD assists in the filterability, de-
creasing the wideness of particle size might help
overcome the adverse impact on the flux caused by
tiny particles. This is because, for a particularly nar-
row particle size distribution, the formation of more

C. R. Chimie — 2021, 24, n 2, 255-265
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Table 3. Effect of PSD span on specific cake resistance [15]

Sample PSD span
(D90−D10)/D50

Specific cake resistance, αav

(×1011 m·kg−1) at different ∆P

2 bar 4 bar 6 bar

1 4.3 6.9 6.6 7.9

2 5.9 6.3 7.2 7.6

3 3.1 2.3 2.8 3.3

Standard deviation 1.4 2.5 2.39 2.57

Variance 1.97 6.25 5.69 6.62

or less an unrestricted cake structure results in lesser
resistance to fluid passage. This study evaluates the
effect of the widest and narrowest PSD, in which it
was shown that the most substantial values of αav

were acquired regardless of the filtration pressure,
while the wideness of distribution of particle size was
in the mid-range value, D50. Bourcier et al. [16] also
worked on cake filterability and compressibility with
respect to particle shape and particle size distribu-
tion with the same approach as that of Kinnarinen et
al. [15]. The study concluded that the PSD exhibited
the most significant impact onαav and compressibil-
ity, thus showing that the smaller the particle in size,
the higher theαav. Further, Kinnarinen et al. [17] pro-
posed four regression models to express the effect of
PSD in the form of a variable on specific cake resis-
tance. Correlation of the cake resistance with grind-
ing of the material, by which it was clear that the
smaller PSD holds a better relation with αav, and the
relationship becomes limited with the larger end of
the PSD. The moisture content of the finer particle fil-
ter cake was more considerable than that of the larger
particle. The authors specified that αav presents a
significant measure of filterability and hence can be
broadly utilized as a crucial calibrating parameter.

3. Effect of particle shape on specific cake re-
sistance

Wakeman [11] proposed that the particle volume and
surface area are mainly affected by the particle shape.
The particle shape also has an influence on the spe-
cific surface and flow rate through the filter cake. The
effect of particle shape on αav is shown in Table 4.
The data shows that as αav increases by a factor of
almost 700, the shape of the particles also changes

Table 4. Effect of particle shape on specific
cake resistance [11]

Particle shape∗ Specific cake resistance,
αav (×109 m·kg−1)

Fibrous 1.6

Cylinder 1.7

Rectangular 1.8

Sphere 3.6

Cube 3.6

Flake 1100
∗For particle size = 10 µm; porosity = 0.5;
solid density = 2000 kg·m−3.

from a fiber to a flake. The author also reported that
the particle shape demonstrates an impact on the
contact of the cake particles with the opening in the
filter medium. Here, it is to be noted that the orien-
tation of the particles in the cake can play a pivotal
role while determining the effect of particle shape.
For instance, the flaky particles may settle horizon-
tally and present little passage for the fluid flow. In
contrast, the flakes may settle vertically and offer a
lot more open cake structure with very low cake re-
sistance. In reality, however, completely random set-
tling and cake formation may occur, which may vary
the filtration results. Kinnarinen et al. [14] also ob-
served similar results where particle shape affected
the specific surface area in pressure filtration. High
specific surface area resulting from the particle shape
was a typical reason for high average specific cake re-
sistance in their studies.

Bourcier et al. [16] explained that compressibility
plays a vital role if the particles are not spherical. This
emphasizes that particle shape and compressibility

C. R. Chimie — 2021, 24, n 2, 255-265
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Table 5. Effect of particle shape and size on specific cake resistance and compressibility [16]

Particles (µm) Specific cake resistance, αav

(×109 m·kg−1) at different ∆P
Compressibility

1 bar 3 bar 5 bar

Spheres 7 11.5 17.4 22.1 0.4

Cubes 10 2.7 4.6 5.8 0.47

Needles 17 1.4 3.8 6.4 0.93

Platelets 14 19.1 39.2 59.4 0.7

both are critical parameters in the filtration opera-
tion. The particle shape can be expressed accordingly
by sphericity, ϕv , which is given by the equation:

ϕv = πd 2
v

A
(8)

where dv is the diameter of the sphere having an
equivalent volume of the particle, which is to be cal-
culated. The sphericity provides a resemblance be-
tween an equivalent sphere and a real particle shape.
Moreover, the cake porosity also changes with parti-
cle shape. The particle size and particle shape are the
decisive parameters for cake compressibility, which
can be observed in Table 5 and Figure 3. It appears
that the smaller particles generally extend to higher
αav values. Additionally, the observed phenomenon
for smaller particles is also a result of particle ag-
glomeration due to lack of surface charge. Specifi-
cally, at the isoelectric point, a particular particle car-
ries no electrical charge or becomes electrically neu-
tral. At this point, the intra-particle repulsion van-
ishes and escalates the particle agglomerate forma-
tion [18]. Breaking down Table 5 into individual enti-
ties leads to several observations. First, the needles
show very low resistance than platelets for quite a
similar size. Next, for the platelet, even for fairly larger
particle size, the resistance is the highest. This might
be the case of platelets or flakes, as discussed earlier,
arranging horizontally in the cake to offer the high-
est resistance. Finally, the cubes, which can be com-
pared with the spheres on a size basis, show very low
resistance than the spheres. The compressibility of
the sphere and cubes is almost the same but much
higher for the platelets and needle-shaped particles.
This could be again attributed to particle reorganiza-
tion in the cake bed, which decreases the mean pore
size, thus impacting the total porosity. A study carried
out by Perini et al. [19] further found that for large

Figure 3. Effect of particle shape and size on
specific resistance and compressibility.

needle-shaped particles with a lower aspect ratio (say
the ratio of longer part to shorter part), the cake re-
sistance would be smaller than their shorter counter-
parts.

4. Effect of particle size, particle size distribu-
tion, and particle shape on porosity

Kinnarinen et al. [14] already stated that the PSD
exhibits a profound influence on porosity. In their
observations, as the wideness of the distribution of
particle size increases, the average cake porosity de-
creases. The porosity, ε, is calculated by using cake
thickness, L, and dry solid mass ms by the equation:

ε=
AL− ms

ρs

AL
. (9)

The values from Table 6 clearly show the narrow
width of the particle size apparently causes higher
porosity than the broader distribution. Kinnarinen
et al. [15] further supported their previous work by

C. R. Chimie — 2021, 24, n 2, 255-265
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Table 6. Effect of PSD span on porosity [14,15]

Sr. no. PSD span Porosity, ε

2 bar 4 bar 6 bar

1 2.16 0.5 0.473 0.474

2 2.65 0.481 0.455 0.443

3 2.93 0.479 0.430 0.420

4 3.23 0.482 0.456 0.433

5 3.55 0.446 0.385 0.417

6 4.15 0.409 0.365 0.359

7 4.54 0.402 0.389 0.351

8 5.24 0.439 0.410 0.4

9 6.68 0.417 0.390 0.353

10 7.51 0.4 0.372 0.357

Standard deviation 1.76 0.038 0.039 0.04

Variance 3.09 0.001 0.001 0.002

correlating the cake porosity to D10, D32, and D43
particle sizes, i.e., on the distribution of particle size.
The PSD demonstrated a significant effect on the
cake porosity. Generally, filtration at higher pressure
results in lowering the cake porosity. However, in
some specific cases of incompressible, uniform di-
ameter spherical particles where interaction between
particles is stable, the porosity remains unaffected by
pressure and the particle size.

Kinnarinen et al. [14,15] established that the lower
the porosity of the cake, the higher the specific cake
resistance and vice versa. The researchers also speci-
fied that the average cake porosity was independent
of the pressure difference. A marginal interdepen-
dency of average porosity with PSD width, i.e., the
span, can be seen in Table 7. The range of the aver-
age cake porosities is 0.5–0.66, as indicated in Table 7
and its corresponding Figure 4. It is typically assumed
that in wide particle size distribution, smaller parti-
cles occupy the space between the bigger particle in
the cake, and densely packed cake is formed. Con-
versely, narrow particle size distribution shows more
even particle size, which creates the open cake struc-
ture and reduces the resistance. However, the poros-
ity is not much affected by pressure difference for
incompressible cakes. Moreover, it should be noted
that the zeta potential of the particles also plays a vi-
tal role in defining the cake porosity. The cake struc-
ture is strongly influenced by particle agglomeration,
which in turn alters the cake porosity and subse-

Figure 4. Effect of PSD span on porosity.

quently cake resistance, which inherently is an ef-
fect of low zeta potential values. Lower values of cake
porosities (∼0.45) are reported in the literature at
about 40 mV or higher zeta potential [18]. This is
because, at higher zeta potential, the intra-particle
repulsion prevents particle agglomeration. The zeta
potential values close to 0 mV assist in agglomeration
because of the stronger van-der-Waals forces [20].

Anlauf and Sorrentino [21] defined the particle
shape factor to relate the Sauter mean diameter, D32,
and actual specific surface mean size. In their studies,
the PSD data alone was not enough because none of
the available devices produced measurements based
on the specific surface, so they proposed to include
particle shape factor, ψSV, and defined the actual
Sauter mean diameter as:

D32 =ψSV,i D32i (10)

where D32i and ψSV,i are the device and material-
specific Sauter mean diameter and shape factor, re-
spectively. The authors further proposed a new pore-
particle-shape-factor, ηSV,i , which considers specific
particle influences on pore structure, in the Kozeny–
Carman equation as:

Pc = 1

Cϕ(ε)
ηSV,i (D32)2

i (11)

where Pc is the pressure drop across the cake bed,
C is a constant, and ϕ is the porosity function de-
rived from the Kozeny–Carman equation. The au-
thors were able to determine the ηSV,i , and show de-
viation in properties for aluminum hydroxide, lime-
stone, and magnetite. While doing this, they also
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Table 7. Effect of PSD span on specific cake resistance and porosity [15]

Sample PSD span
(D90−D10)/D50

Porosity, ε, at
different ∆P

Specific cake resistance, αav

(×1011 m·kg−1) at different ∆P

2 bar 4 bar 6 bar 2 bar 4 bar 6 bar

1 4.3 0.511 0.5 0.508 6.9 6.6 7.9

2 5.9 0.596 0.581 0.571 6.3 7.2 7.6

3 3.1 0.654 0.642 0.635 2.3 2.8 3.3

Standard deviation 1.4 0.07 0.007 0.006 2.5 2.39 2.57

Variance 1.97 0.005 0.005 0.004 6.25 5.69 6.62

mentioned the task to be work intensive in determin-
ing the porosities. However, given the dire need for
the exact measurement of particle properties, addi-
tional efforts are certainly advocated.

Beck and Andreassen [22] worked on the effect
of seeding on regulating the size, distribution, and
structure of the particles. They concluded that by al-
tering the quantity, size of the seed particles, and
concentration, the distribution width of particles and
crystal size could be governed. From Table 8, it is ev-
ident that the reduction in the Sauter mean diam-
eter, D32, results in a decrease in filterability. This
is because the particles show a wide size distribu-
tion rather than a uniform size. A perfectly spherical
shape leads to lower D32 values, which leads to re-
duced filterability with increased specific cake resis-
tance. It can also be seen from Table 8 that lower cake
porosity is another reason for higher αav, and poros-
ity could be coherently related to particle shape.

5. Comments

The foregoing discussion and the analysis thereof
show that along with particle size and particle size
distribution, the particle shape is also an aspect that
impacts to a large extent the cake structure and cake
deliquoring process. Such data is scant in the liter-
ature, and therefore, further research on the effect
of particle shape along with the PSD is very much
required and strongly recommended. There is an
added dilemma in studying another factor which is
the effect of the particle size. That is due to the fact
that different size measurement devices measure dif-
ferent mean sizes at varying levels of reproducibil-
ity [21]. Having supposed that, the instruments are
highly accurate in measuring equivalent diameters,

Table 8. Effect of particle shape and size on
porosity and specific cake resistance [21]

Shape Sauter mean
diameter,
D32 (µm)

Porosity, ε Specific cake
resistance, αav

(×1012 m·kg−1)

Sphere 13.22 0.53 2.9

Plate 14.27 0.7 1.8

Cube 16.18 0.65 0.94

Needle 17.16 0.86 0.34

which can be correlated by using area, volume, or
number to segregate the sizes. The shape factor pre-
sented by Anlauf and Sorrentino [21] can be used as a
correction to “normalize” the diameters measured by
different devices. The method mentioned above can
be conveniently used to eradicate the ambiguity in
particle size measurement. In conjunction with this,
or in isolation, the use of an emerging platform, ma-
chine learning, is also encouraged in such scenarios
to measure and model complex systems without the
detailed knowledge of all the variables [23]. The ad-
vantage of employing machine learning is that the ac-
curacy of the estimated results improves over time as
more and more data is collected. To illustrate, a large
data set may be generated for, say, various particles
or particle slurries and correlated for filtration condi-
tions or filter sizes.

It can thus be said that the research techniques,
including only particle size distribution measure-
ments without the information of particle shape, are
certainly inadequate to truly determine the overall ef-
fect of particle attributes. In the past, researchers laid
their emphasis on studying the filtration process in
isolation and look for a staggered approach either by
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focussing on particle packing density, filter size se-
lection, modeling, or filtration techniques. The holis-
tic approach is certainly required, and as an exam-
ple, in the design of thickeners, the basic mass bal-
ance starts from the particle setting in liquid, where
its density, size, and distribution are considered thor-
oughly [24]. Besides, the zeta potential is going to
manifest an additional role to play in determining
the filterability of the cake, where adding insufficient
or excess coagulant dose may also be detrimental
to particle agglomeration [21,25]. One can add ad-
ditional features without undermining their impor-
tance, such as the one highlighted by Anlauf and Sor-
rentino [21], where, along with the shape factor, a
tortuosity factor was recommended to be introduced
to correct the deviation in the real flow through the
cake. Also, it was taken into consideration that since
particles are tightly packed inside the filter cake, the
total particle surface is not available as a pore sur-
face. Consequently, an improvement in the classical
Kozeny–Carman equation was proposed by includ-
ing a pore-particle-shape factor [26]. Studies of such
types are suggested further to evaluate and correlate
cake properties in such a way that the particle prop-
erties, specifically size distribution and shape, are in-
cluded in the filtration equipment design.

6. Summary

The review reveals that the particle characteristics
can significantly impact the filterability, which sub-
sequently affects the filtration rate. It seems to be ob-
vious from the literature that the specific cake resis-
tance becomes higher with the reduction in particle
size. A narrow particle size distribution for every rea-
son gives more porous cake than the wider distribu-
tion. As the porosity decreases, specific cake resis-
tance increases in cake filtration, which in turn is a
strong function of PSD width. It is highly desirable
to study the effect of particle shape in such scenar-
ios since it largely determines the cake structure for-
mation. From the analysis of the existing literature,
it can be said that the cake properties can be de-
fined and controlled by altering the particle size, the
width of PSD, and the shape of particles. However,
there is no quantitative answer on how to achieve
this. To realize this, it should be taken into consid-
eration that, first, not all the particle surface is avail-
able as pore surface due to the contact between the

particles inside the filter cake. And second, not all
the pores are straight and cylindrical capillaries. Both
of these issues warrant the determination of the ac-
tual pore surface accessible and the real flow through
the cake. This necessitates establishing the special
shape correction factor, which demands extensive fil-
tration experiments but offers the true Sauter mean
diameter. This true Sauter mean diameter can then
be employed to fine-tune the filtration model equa-
tions. The particles forming agglomerates and com-
pressible filter cakes may present a real challenge in
this task since the porosities and the contact sur-
face would be more dynamic over time. Studies on
the effect of the zeta potential of the particles should
be considered because it influences the cake poros-
ity and compressibility remarkably. There exists no
proven method or correlation to accommodate the
deviation from filtration models. A systematic ap-
proach to set up and validate the general guidelines
is needed through further research.
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