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Characterization of Soft Particle and Its Separation by Membrane
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ABSTRACT

Constant pressure filtration tests of rigid
particles  (polystyrene), incompressible gel
particles (Ca-alginate), and swollen gel particles
(Sephadex G50S) have been conducted. The

filtration results have showed that the filtration

resistance of incompressible gel particles was

larger than swollen particles. It was possibly
because the liquid of inside the Sephadex particles
would migrate from the matrix under compression;
however, Ca-alginate particles, like all other
incompressible particles, remain their volume
unchanged during the loading process. As a
result, when a incompressible gel bead was highty
compressed, it become pretty flat and therefore
occupied more void space in the bottom layer of

the cake than a swollen gel particle. Hence the

filtration of the incompressible particles

Ca-alginate was more difficult to conduct than the

swollen particles Sephadex G508S.

Keywords: Soft particle, Membrane filtration,
Membrane, Local cake properties,
Bioseparation
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Tablel Water content of each particle and Porosity
at cake surface(slurry conc.=1.0%)

Material Polystyrene | Ca-alpinate | Sephadex G508
[Water Content Y 0 0.831 0.775
Porasity £; 0.52 0.505 0.733
Flaw Directian
o

O i
R ICCCE
OO0 B,

7 - —

& e, o

(b) Swallsn gal particles {c] Incompreauble

et parikles.
Fig.1 Schematic representation of the deform-
ation of rigid, swollen gel and imcompress-
ible gel particles during filtration process.
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Fig.2 Comparison of the lateral expansion of
swollen ball and incompressible-ball.
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Fig.3 dt/dv vs. v data of rigid particles(poly-
styrene)
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Fig.4 Constant pressure filtration results of
incompressible gel particlés(Ca-alginate)
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Fig,5 Constant pressure filtration results of

mcompressible gel particles(Sephadex G50S)

Fig.6 A scanning electron micrograph (SEM) of a
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Fig.7 Comparison of the constant pressure

filtration results
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DYNAMIC ANALYSIS ON CROSSFLOW MICROFILTRATION OF SOFT PARTICLES
Wei-Ming Lu,* Chun-Hsi Pan and Kuo-Lun Tung'

Dept. of Chemical Engineering, National Taiwan University, Taipei 106, Taiwan
*Dept. of Chemical Engineering, Chung Yuan University, Taoyuan 320, Taiwan

Abstract

Crosstlow filtration experiments of Saccharomyces cerevisiae and PMMA were conducted
to examine the structure of flux limiting layer formed by soft particles. A dynamic analysis
proposed by Lu and Hwang (1995} was modified to investigate cake formation during crossflow
filtration of soft particles by taking the transient effect of cake compression and the effect of
area contact between particles into consideration. Effect of particle deformation due to frictional
drag and mass of cake on the reduction of porosity was studied to examine how this vanation
led to the increase in filtration resistance. Results showed that as the cake formed by soft
particles exhibits a rapid increase in flow resistance or decrease in porosity due to area contact
between particles, a high resistant flux limiting layer is formed next to the filter medium during
filtration. Neglecting the area contact effect between particles will lead to an over-estimated of
gel layer thickness; and neglecting the transient effect of cake compression during gel layer
formation will result in a under-estimated of gel layer thickness.

Kevwords: crossflow microfiltration, soft particle, fouling, particle deformation

Introduction

Crossflow microfiltration is an essential mode of filtration operation for the production or
recovery of valuable chemical and biological materials. Generally, biosolids contain much water
and are regarded as deformable. Although many materals are deformable as subjected to a
hydraulic drag force in fine chemical processing, a fundamental understanding of the mechanism of
-filtration of deformable particles remains elusive. It always results in a dramatic error prediction on
filtration rate by using the conventional cake filtration theory. Various gel-layer models which
based on mass transfer theory have been proposed to describe the phenomena of crossflow
filtration for deformable biosolids. Although these models can accurately predict the steady-
state flux for some biosolids, the regressive values of the parameters used often result in
considerable discrepancies with the physical facts. Gatenholm et al. (1988) compared the
performances of a MF membrane and an UF membrane during cell harvesting of E. cofi and
observed the membrane after filtration with SEM and TEM. They founded that the thickness of
cake layer on the MF membrane was ten times of that on the UF membrane. The thickness
difference was that the cells could not adhere to the UF membrane because the membrane
surface is too smooth for the microorganism cells. In this article, Crossflow filtration
experiments of 8. cerevisice and PMMA were conducted to examine the structure of flux
limiting layer formed by deformable particles. A microscopic analysis using a force balance
model was applied to investigate cake formation in crossflow filtration of deformable gel slurry.
The effect of particle deformation due to friction drag and mass of cake on the reduction of
porosity was studied to examine how this variation leads to the increase in filtration resistance.

Theoretical Analysis
Calculation of Flow Field. A crossflow microfiltration system Laminar flow of fluid through this
2-D system is governed by continuity and momentum balance equations with the following

boundary conditions: x=0,0<y<H, wu=u(y), v=0,0<x<L , y=0, u=0, v=0



Q<x<l, y=H, u=0, v=0and [ <x<Ll, y=56(x), u=u(x), v=v,(x), where
v (x)= AP /[p(R, +R )] and u (x)=AP /(uR.) for 0 <y <&(x).

Force Analysis. The particles in slurry are transported onto the cake surface by carrier fluid. The
major forces exerted on particles are analyzed as : the tangential force (O‘Neill, 1986)

E:1.7009-3fr;.dpu|y= o+ > the normal drag force (Goren, 1978) F, =3mud (q-v,)

[Rmd L /3+(1 .072)2];2 , the values of lateral lift velocity, where, v,, can be obtained by (Drew,
1991): v, = 0.036p,(d,/2) 2/ g, and the net gravity force F, =z(p, — p,)gd,’ /6.

Dynamic Analysis on Cake Properties. The continuity equation of cake compression can be
expressed as

% de
=) (%) ®
e j, \ o),
The effective specific surface area of deformable, §,°, is a function of cake porosity and can be
regressed as the following equation by theoretical derivation of the compression of simple cubic

packing:
S, _ 1-exp(~17.35) @
S, 1+13.75exp(-17.35¢)

Where S, is the specific surface area of a incompressible spherical particles with the same volume.
The filtration equation can be expressed by Kozeny equation. For the cake formed by deformable
particles, the Kozeny’s constant should be modified according to Sparrow and Loeffler (1959) to
take a extremely low porosity value below 0.259 in to consideration. For the cake formed by
deformable particles, the equilibrium cake porosity is not attained instantaneously with changing
pressure. The time-dependent behavior of the cake structure shows that the cake can be regarded
as a viscoelastic material and the porosity can be estimated by the following equation

5 "% 1 exp(-t/1), (3)

8 —

f I3
where 7 is the retardation time, &, is the porosity of filter cake before compression, and & is the
equilibrium cake porosity. In the traditional derivation of the drag equations, it was usually
assumed that particies are in point contact. In a cake composed of deformable particles, there is a

small area of contact A_=cA between particles as shown in Fig. 1. Tiller and Huang (1961)

analyzed the case for finite contact area and presented the following equation which reduced to
traditional relation when contact area vanmishes, ie. A, /A=0.

“yp, = p @

The known conditions from analyses and experimental measurements include a set of v vs. t data,
cake surface porosity, filter medium resistance, flow rate of fluid at the cake surface, and the
mass of cake formation.

F+0-

Procedures for analyzing local cake properties. The details of the calculation procedures for
analyzing the local cake properties can be referenced to the work of Tung (1998).
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Fig. 1 Compressive force due tc; frictional drag. Fig. 2 A schematic diagram of crossflow filtration system.

Experimental

A schematic diagram of the crossflow filtration system is shown in Fig. 2. Two parallel plates
with a clearance of 3.1mm, 20mm wide, and 0.1m long were assembled to construct a crossflow
filter. The upper plate was made from a transparent plexiglass to facilitate observation. Ten
photo-interrupters were placed in the upper plate to measure the variation of local cake
thickness. The signal from each photointerrupter was sent to a PC through an AD/DA converter.
The lower plexiglass plate was divided into five sections, each having a filtration area of
4x10~*m*. The latex particle of polymethyl meth-acrylate (PMMA) is an incompressible
spherical particle with an averaged particle diameter of 5.365 um (p=1,200 kgm'). As a

deformable particle, S. cerevisiae was suspended in 0.86% NaCl solution, the average particle
diameter of yeast is 4.324 um (0=1,150kg/m’).

Results and Discussion

Figure 3 shows the experimental result of cake thickness variation during a crossflow
microfiltration process for both non-deformable PMMA particles and deformable 5. cerevisiae
particles. The steady thickness of cake layer formed by PMMA particles is six times of that
formed by S. cerevisiae particles. The interpretation of the thickness difference is that the flow of
fluid through S. cerevisiae particles cake layer produces a highly non-uniform structure with a
tight skin of low porosity next to the supporting medium. The flux-limiting layer not only
attenuates the filtration rate but also constricts the growth of filter cake. The experimental results
of flux decline during a crossflow filtration process for both non-deformable PMMA particles
and deformable S. cerevisiae particles are shown in Fig. 4. At the beginning of filtration, the
filtration rate decreases quickly due to the growth of filter cake and the compression of the
formed cake.
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Fig. 3 Experimental result comparison of cake Fig 4 Experimental results of the time coarse of



growth with filtration of PMMA and yeast shurry.  permeate flux with filtration of PMMA and yeast.

Figure 5 illustrates the simulated distribution porosity within cake layer for both non-deformable
PMMA particles and deformable S. cerevisiae particles. Comparison of the porosity distribution
in filter cake formed by non-deformable PMMA particles and deformable S. cerevisiae particles
shows that there is a sharper decrease in the porosity profile near the filter septum for §.
cerevisice cake layer than that of PMMA cake layer. This discrepancy is mainly due to the
difference of deformability of particles. The §. cerevisiae particles are deformed in cake layer
under the applied stress and results in a tight skin layer. This phenomena can be certified by such
a extremely low porosity value of 0.19 next to the supporting medium as shown in Fig. 5. In Fig.
6, the values of specific filtration resistance increase toward the filter septum due to the decrease
of porosity near the septum.
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Conclusion

Crossflow filtration experiments of 8. cerevisiae and PMMA were conducted to examine the
structure of flux limiting layer formed by deformable particles. A microscopic analysis using a
force balance model was applied to investigate cake formation in crossflow filtration of
deformable gel slurry. The effect of particle deformation due to friction drag and mass of cake
on the reduction of porosity was studied to examine how this variation leads to the increase in
filtration resistance. Results show that as the cake formed by deformable gel particles exhibits a
rapid increase in flow resistance or decrease in porosity, a thin skin layer, resistant material is
formed next to the filter medium during filtration.
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DYNAMIC ANALYSIS ON CONSTANT PRESSURE FILTRATION OF SOFT GEL PARTICLES

Wei-Ming Lu*, Kuo-Lun Tung, Shu-Mei Hung and Jia-Shyan Shiau

Dept. of Chemical Engineering, National Taiwan University, Taipei 106, Taiwan

Abstract

A dynamic analysis is extended to investigate cake formation in constant pressure filtraiion of
soft gel slurry. For soft particles, the traditional filtration equations based on the assumption of
point contact were modified to include the effect of the contact area into consideration. Effect of
particle deformation due to frictional drag and mass of cake on the reduction of porosity is
studied to examine how this variation affects the in filtration resistance. Results show that as the
cake formed by soft gel particle exhibits a rapid increase in flow resistance or decrease in
porosity due to area contact between particles and deformation of the particles. A thin high
resistant layer is formed next to the filter medium during filtration.

Keywords: cake filtration, soft particle, local cake properties, particle deformation

Introduction

Separation of deformable particles from liquid is frequently encountered in the biomass
processing and in the chemical/biological waste treatment. The deformation of particles during a
separation process complicates the processing of a variety of materials including gels, foods,
blood cells, bacteria, microorganisms, and chemical/bioclogical waste products. Although many
materials of industrial interest are deformable as subjected to a hydraulic drag force, a
fundamental understanding of the mechanism of filtration of deformable particles remains
elusive. Numerous investigators (Tiller and Green, 1973; Tiller et al, 1987; Jénsson and
Jonsson, 1992; Fane et al., 1993) claimed that flow through highly compactible cakes produces
a highly non-uniform structure with a tight skin of low porosity next to the supporting medium.
Thas skin layer leads to adverse effects in which increasing filtration pressure has little effect on
flow rate or average porosity. Jonsson and Jénsson (1992) developed a model to describe both
static and dynamic behaviors of fluid flow through viscoelastic deformable materials. However,
no attempt has been made on the investigation of contact area variation among deformable
particles during a course of cake filtration microscopically. In this study, the dynamic analysis
proposed by Lu and Hwang (1993) is modified by considering the variation of contact area
among the particles to investigate cake formation in cake filtration of deformable slurry. For
deformable particles, the traditional filtration equations based on the assumption of point
contact must be modified to include the effects of the contact area and transient compression
into consideration. Effect of particle deformation due to frictional drag and mass of cake or the
reduction of porosity is studied to examine how this variation leads to the increase in filtration
resistance.

Theoretical Analysis

Dynamic Analysis on Cake Properties. The continuity equation of cake compression can be
expressed as

) _[2%
[axJ ‘[at ] =

The effective specific surface area of deformable, S, is a function of cake porosity and can be



regressed as the following equation by theoretical derivation of the compression of simple cubic

packing:
S, _1-exp(-1735) @)
S 1+13.75exp(—17.35¢)

Where 5, is the specific surface area of a incompressible spherical particles with the same volume.
The filtration equation can be expressed by Kozeny equation. For the cake formed by deformable
particles, the Kozeny’s constant should be modified according to Sparrow and Loeffler (1959) to
take a extremely low porosity value below 0.259 in to consideration. For the cake formed by
deformable particles, the equilibrium cake porosity is not attained instantaneously with changing
pressure. The time-dependent behavior of the cake structure shows that the cake can be regarded
as a viscoelastic material and the porosity can be estimated by the following equation

5 7% | _exp(~t!7), (3)
£, ~ &,
where 7 is the retardation time, &, is the porosity of filter cake before compression, and & is the
equilibrium cake porosity. In the traditional derivation of the drag equations, it was usually
assumed that particles are in point contact. In a cake composed of deformable particles, thereis a
small area of contact A4, =cA between particles as shown in Fig. 1. Tiller and Huang (1961)

analyzed the case for finite contact area and presented the following equation which reduced to
traditional relation when contact area vanishes, ie. 4. /4=0.

AS —
F+(Q-—nf =P Q)]

The known conditions from analyses and experimental measurements include a set of v vs. t data,
cake surface porosity, filter medium resistance, flow rate of fluid at the cake surface, and the
mass of instantaneous cake formation.

Procedures for analyzing local cake properties. The details of the calculation procedures for
analyzing the local cake properties can be referenced to the work of Tung (1998).
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Fig. 1 Compressive force due to ﬁ'lcnonal drag.  Fig. 2 A schematic diagram of filtration system.

Experimental

A schematic diagram of the expenimental apparatus used in this work is shown in Figure 2. The
slurry was agitated in the slurry supply tank with a magnetic disk and was kept well mixed by
pumping the slurry at a moderate rate through pressure filter. In each experiment, the filtration
pressure was supplied by compressed air and was adjusted to a given value by a pressure
regulator. The increase of the weight of filtrate was detected by a load cell and recorded on a
personal computer. The filtration data, e.g., v vs. ¢, were used to simulate the growth and

2.



compression of cake during the filtration. An optical in situ technique by reflection type
photointerrupter was adopted to measure the dynamic cake thickness during each cake filtration
experiment. Varations of cake thickness were recorded by the transverse value of voltage signal
with an accuracy of 10z, In this study, constant pressure filtration experiments of S um

calcum-alginate particles, Saccharomyces cerevisiae and PMMA were conducted to examine
the structure of flux limiting layer formed by deformable particies. The latex particle of
polymethyl methacrylate (PMMA) particle is an incompressible spherical particle with an
average diameter of 5 um . It has a narrow size distribution, a slightly negative charge and a high
dispersibility. It was suspended in deionized water for filtration experiments and the suspension
was pretreated for 30 min with ultrasonic dispersion to minimize particle aggregation. As a
deformable particle, Saccharomyces cerevisiae was purchased from Sigma Chemical Co., Ltd.
and suspended in 0.86% NaCl solution (physiological saline). The veast diameter ranged from 4
to Sum. The modeled deformable particles, calcium alginate gel particles, with averaged

diameter of 5 o and density of 1,070%g/»’ were used in volumetric concentration, &,, of

0.2%. The gel particles were prepared by dropping 0.5, 0.75, or 1.0% sodium alginate solution
into 0.1M CaCl, solution from spraying nozzle.

Results and Discussion

From constant pressure filtration experiments on a surface filter, Ruth et al. {1933) found for
various industrial slurries that the dependence of v on time 7 was described closely by a parabolic
profile, i.e. a linear profile in #% vs. v plot. Figure 3 shows the experimental result of d¢/dv vs. v
data for rigid PMMA particles and for deformable Ca-alginate particles of various particle
strengths. All the particles show a non-Ruth behavior. As indicated in Figure 3, increasing the
filtration pressure will result in a more curvous profile. In Figure 3, constant pressure filtration of
PMMA slurry shows a perfect linear profile in dt/dv vs. v plot indicates a Ruth behavior, while,
constant pressure filtration of deformable Ca-algiate particles and Saccharomyces cerevisiae
show non-linear behavior in dt/dv vs. v plots. The discrepancy of filtration behavior between
rigid and deformable particles will be further discussed in the following sections based on the
local variation of cake properties. Figure 4 shows the variation of hydraulic pressure distribution
during a course of constant pressure filtration. Apparent creep effect has also been observed.
Such a factor has never been systematically studied in filtration discipline, regardless of the
classical theory or the multi-phase theory.
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Figure 5 reveals the variation of local cake porosity distribution with three different values of 7.
There is a sharp decrease in the porosity profile near the filter septum for Ca-alginate cake layer.
Result also shows that neglecting the transient effect of cake compression during gel layer
formation will result in an underestimate of gel layer thickness. Furthermore, Fig. 6 depicts the

comparison resuits of £,, vs. ¢ from dynamic simulation based upon point contact mode and

area contact mode, respectively. Results show that neglecting the area contact effect between
particles will lead to an over-estimated of gel layer thickness.
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Conclusion

A dynamic analysis is proposed to investigate cake formation in cake filtration of deformable gel
slurry. For deformable particles, the traditional filtration equations based on the assumption of
point contact must be modified to include the effect of the contact area into consideration.
Effect of particle deformation due to friction drag and mass of cake on the reduction of porosity
is studied to examine how this variation leads to the increase in filtration resistance. Results
show that as the cake formed by deformable gel particles exhibits a rapid increase in flow
resistance or decrease in porosity due to area contact between particles, a thin skin layer,
resistant material is formed next to the filter medium during filtration. Furthermore, neglecting
the area contact effect between particles will lead to an over-estimated of gel layer thickness;
and neglecting the transient effect of cake compression during gel layer formation will result in
an underestimate of gel layer thickness. The results show that the data obtained from dynamic
analysis for filtration of deformable particles can provide a well prediction with an average
deviation of around 6% for low applying pressure to 10% for high applying pressure.
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