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The structure of a colloidal deposit retained by a porous wall is described, accounting 
for su@ace interactions and hydrodynamic forces. The balance of forces acting ouer 
spherical, chaiged particles allows the calculation of the interparticular distances inside 
the cake according to the physicochemical conditions (ionic strength, particle potential, 
pH, particle size) and to the experimental parameters @m). The model predicts that 
beyond a critical mass deposited on the porous wall, the structure of the layers near the 
membrane changes where the particles are in close contact with each other. Experimen- 
tal data obtained with latex monodisperse particles filtered ouer various types of ultrafil- 
tration membranes for various physicochemical and jlux conditions are compared to the 
model predictions. These results explain the existence of irreversible colloidal deposits in 
filtration and suggest strategies to optimize bacwush or pulsed pressure procedures of- 
ten used to improve the efjkiency of ultrafiltration or microfiltration. 

Introduction 
Membrane processes are used to fractionate fluids such as 

milk, fermentation broths, and paints from the chemical or 
biotechnological industries. Since colloids and macromolecu- 
lar solutes are often simultaneously present, membranes of- 
ten aim at achieving total rejection for large components and 
complete transmission for small solutes (such as clarification 
or protein purification). Under permeate convection, larger 
particles accumulate on the membrane forming a deposit, and 
tangential circulation of the fluid on the high-pressure side of 
the membrane is now the classic way of reducing the growth 
of such accumulations. However, for some applications engi- 
neers wonder if cross-flow filtration presents real advantages 
(solute denaturation, energy costs) compared to dead-end fil- 
tration combined with periodic back-flushing. Such back- 
flushing is efficient provided a certain degree of deposit re- 
versibility is maintained. The whole process has a chance of 
being economically worthwhile if the cake formation time is 
easy to determine and long enough (Low Pressure Membrane 
Filtration for Particle Removal, 1992). Optimizing filtration pa- 
rameters often requires extensive preliminary experiments on 
a pilot scale. 

Whenever the cake takes over from the membrane itself in 
terms of flux and selectivity, fluid fractionation requires two 
different levels of understanding of cake formation: deposi- 
tion kinetics and structure of the deposit as a function of 
hydrodynamic and physicochemical conditions. 
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Colloidal fouling of membranes poses specific problems for 
engineers. Green and Belfort (1980) have shown that the sim- 
ple film model underestimates permeate limiting fluxes in the 
case of suspensions. According to particle sizes, several phe- 
nomena have been invoked to explain this “colloidal flux 
anomaly,” for large particles (over 1 pm), hydrodynamic con- 
tributions, such as shear induced diffusion (Zydney and 
Colton, 1986) or tubular pinch effect (Green and Belfort, 
1980) are invoked. Concerning medium-size particles (0.1 - 1 
pm), Bacchin et al. (1995) have studied the influence of sur- 
face forces. 

Such forces play a major role not only in the stability of 
colloidal suspensions (Verwey and Overbeek, 1948) but also 
in particle adhesion on surfaces (Elimelech, 1994) and in 
membrane fouling (Cohen and Probstein, 1986; McDonogh 
et al., 1989) due to the high surface to volume ratio of col- 
loidal particles. Bacchin et al. (1995) link the deposition rate 
to the hydrodynamic conditions and physicochemical proper- 
ties of the suspension (diffusion and surface interactions). 
Assuming that particles are independent from each other in 
the bulk and using a perfect sink boundary condition at the 
fluid-cake interface, they derive an expression for the critical 
flux. When the operating flux is larger than this critical value, 
colloids deposit at the membrane surface according to a stan- 
dard filtration law. If the flux is lower than this threshold, 
there should not be any deposit. Experiments with a suspen- 
sion of clay are in good agreement with the model’s predic- 
tions. As Bacchin et al. (1995) use a perfect sink boundary, 
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their model cannot provide any information on the particle 
behavior in the deposit. However, this behavior can have a 
tremendous effect on cake reversibility and hydraulic resistiv- 
ity. 

The buildup of colloidal filter cakes has received less at- 
tention. Most studies consider the filter cake as an isotropic 
phase and study global effects of the suspension physico-’ 
chemistry on its specific resistivity. Statistical models, based 
on particle adhesion (or capture efficiency) as a function of 
incidence and velocity suggest the existence of dendritic lay- 
ers (Schmitz et al., 1993) or of global cake resistance varia- 
tions (Sherman and Sherwood, 1993). 

Purely mechanical analyses have been proposed (Leonard 
and Vassilieff, 1984; Romero and Davis, 1988) and put for- 
ward classic mass balance, incorporating viscosity variations 
in the boundary layer due to an increase in particle concen- 
tration. Romero and Davis show that under some conditions, 
a stagnant layer of packed particles exists beneath a flowing 
layer at a lower concentration than the packed one. 

The first models, developed for the case of the filter-press 
(Tiller and Crump, 19771, based on a force balance incorpo- 
rating particle-particle interactions have been transposed to 
membrane separations (McDonogh et al., 1989, 1992). The 
main results concern the packing gradient, which increases 
across the cake layer from the bulk side towards the mem- 
brane side. Very similar results were developed with regard 
to ceramic processing applications, especially slip casting 
(Tiller and Tsai, 1986; Hampton et al., 1988). Specific cake 
resistance is also often related to pH, ionic strength, and par- 
ticle size. A similar model has recently been developed by 
Bowen and Jener (1993). 

These approaches often involve empirical coefficients and 
describe the cake as a static medium. The cake is assumed to 
be an infinite phase, and a global balance of forces cannot be 
solved entirely because of the absence of limiting conditions. 
This requires empirical coefficients to fit experimental re- 
sults. Thus, these studies do not provide accurate informa- 
tion on the characteristics of the cake during filtration. More- 
over, these models do not take into account both permeate 
flux and deposited mass as parameters. 

Recent operating procedures involving “pulsed” ultrafiltra- 
tion (Rodgers and Miller, 1993) or a “backshock” process 
(Wenten, 1995) have been shown to maintain high fluxes and 
protein transmission despite moderate cross-flow velocities. 
Previously developed models do not predict such behaviors 
and so cannot explain them satisfactorily. 

The purpose of this article is to discuss the deposit struc- 
ture (namely interparticular distances) and buildup (reversi- 
bility/irreversibility) in the case of colloidal suspensions. This 
study is based on forces (drag forces and surface interactions) 
acting over the particles forming the cake. The model does 
not require introduction of empirical coefficients. With the 
exception of the Hamaker constant, all the parameters may 
be easily determined. Results show the existence of two cake 
structures, according to the surface to drag forces ratio. They 
describe how particles can aggregate inside the cake during 
filtration. A critical mass is defined, corresponding to the 
maximum mass of particles that can be reversibly deposited 
under given conditions (flux, ionic strength, particle poten- 
tial). Experimental data obtained with monodisperse latex 
particles are in good agreement with theoretical predictions. 
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Conclusions are applied to optimizing the control of the ul- 
trafiltration of a colloidal suspension. 

Theoretical Development 
Interactions between colloidal particles involve forces of 

different natures (DLVO theory): electrostatic double-layer 
repulsions, van der Waals attractions, and short-range forces 
(Born repulsion or hydration forces). At low ionic strength, 
the total force prevents particles from coagulating (Figure 1). 
This barrier tends to disappear as ionic strength increases 
and totally vanishes beyond the critical coagulation concen- 
tration (CCC). 

Particles about to form a deposit are so close to each other 
that they can experience mutual interactions, the intensity of 
which depends predominantly on the distance from the near- 
est neighbors. In practice, the range of electrostatic repul- 
sions is of about one-hundred nanometers which is quite 
comparable to particle size. In this article, we shall consider 
as nearest neighbors the particles belonging to layers imme- 
diately above and below the layer studied. Adding interaction 
force expressions developed for two isolated spheres is valid 
only when particles are very distant from each other. As the 
deposit gets more concentrated, this type of calculation be- 
comes approximate. As a one-dimensional flux is assumed, 
the interactions with neighbors from the same layer just bal- 
ance each other. Contributions from the second nearest lay- 
ers are comparatively small as the strength of interaction de- 
creases exponentially with distance at large separation dis- 
tances. The electrical repulsions experienced by these layers 
will be screened even more if the relative permeability of the 
nearest neighbors is taken into account. In fact, the relative 
permittivity is lower for particles than for water. In the 
present work, we assume that spherical colloidal particles ac- 
cumulate in a pattern which can be approximated as a cubic 
centered lattice (Figure 2). 

It can be considered that particles are subject to four ef- 
fects: diffusion, two surface forces and a viscous force as 
sketched in Figure 3. 

A series of simulations was performed using the following 
equation proposed by Einstein (Van de Ven, 1989), as diffu- 
sional force 

Sepsrslion I \ /  / 
-1.4 10 

-1.9 10 

I 
-2.4 10 -la 

Figure 1. Surface forces vs. shortest separation dis- 
tance between particles. 
Assumption: a = 220 nm, Hamaker constant lo-” J, parti- 
cle potential - 65 mV and temperature 20°C. 
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Figure 2. Particular lattice chosen for simulation (cubic 
centered lattice). 

kT dn Fd = - - - 
n d x  

with n the particle concentration (kg-m-3) 

(1) 
Figure 3. Forces undergone by studied particle. 

A simple force balance incorporating Stokes force and Fd 
would lead to the classic film model. However, Fd is only 
valid for low concentrated dispersions and this expression 
must be used only for estimation. 

Happel's cell (Happel, 1958) is used to account for the hy- 
drodynamic interactions between particles in the calculation 
of viscous forces. It introduces a coefficient f(y) to correct 
the standard Stokes force derived for a single particle in mo- 
tion in an infinite volume of Newtonian fluid 

where f(y) is defined as 

3+2y5  
3-9/27 +9/2y5 -3y6 f ( Y )  = (3) 

with 

The local deposit porosity E for a given particle size f( y )  is 
only dependent on the shortest interparticle distance. As 
shown in Figure 4, a single particle undergoes the standard 
Stokes force (f(voidage)= 11, whereas in a compact bed 
(maximum voidage equal to 0.32) the particle is submitted to 
a force 185 times larger than the Stokes one. Through this 
approach, the specific resistance a(s- ')  is given by 

(5 

More recent results concerning hydrodynamic interactions 
between the particles have been compared to this theory (Zick 
and Homsy, 1982). For body-centered cubic arrays, the maxi- 
mum value of the hydrodynamic factor f( y )  is 163. This rep- 
resents a maximum error of 14%. For the sake of simplicity, 

F (Voidage) 
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Figure 4. Voidage and coefficient modifying Stokes 
equation vs. shortest separation distance be- 
tween particles. 
Assumptions: a = 220 nm and temperature 20°C. 

AIChE Journal December 1996 Vol. 42, No. 12 3525 



we used the classic Happel and Brenner approach, since Zick 
and Homsy's results are discrete. The symbols in Figure 4 
represent these discrete results. 

Constant charge double-layer interactions V, (kg.m2- sK2) 
(Wiese and Healy, 19701, unextcnded unretarded van der 
Waals interactions V, (Jia and Williams, 19901, and Born re- 
pulsions v, (Ruckenstein and prieve, 1973) are used to esti- 
mate surface forces. 

The choice of constant charge rather than constant poten- 
tial repulsion is discussed later in the material section. Exact 
results for the repulsive force, even in the case of two equal 
spheres, are only available from computation. The solution of 
the linear Poisson-Boltzmann equation in the case of a con- 
stant charge (Wiese and Healy, 1970) describes the exact so- 
lution well at intermediate and high separation distances even 
for highly charged particles at small Ka (Carnie et al., 1994). 
Unfortunately, this analytical solution is no longer valid at 
short distances in low molar solutions. Some corrections of 
this force were made (Glendinning and Russel, 1982) and lead 
to an acceptable analytical formula for distances greater than 
the maximum peak force abscissa (Figure 1). Except for that 
particular case, the Wiese formulation remains the best suited 
to this type of analysis. 

Close repulsive forces were initially included but, as sug- 
gested by one of the referees, they were rapidly replaced by a 
simple nonoverlap condition to speed up calculations. 

In the expressions used for this simulation, h is the short- 
est sphere-to-sphere separation distance (m), as in Figure 2 

ere a 
2 

V, = - d l n [ l -  exp( - Kh)] double-layer repulsions (6) 

Ha 
V, = - - 

12h 
van der Waals attraction ( k g - m * . ~ - ~ )  (7) 

v, = - Born repulsions (8) 

with a collision diameter a, of 0.5 nm. 

rived from the total surface potential V,  (kg.m2.s-2) 
The total interactions force F, (modulus, kg-m-s-') is de- 

The force balance (Figure 3) applied to a particle from layer 
n, projected on the vertical axis (permeate direction), may be 
written as 

where h(n) is the shortest separation distance (m) between 
spheres belonging to levels n and n + 1 

with porosity at level n (11) 

except for the first layer (layer in contact with bulk) where 
equations reduce to 

a ?  
~ ( 1 )  = 1 - a m (  ) with porosity at level 1 (13) 

h(1) + 2a 

The force balance is solved by an iterative routine, layer by 
layer for each deposited mass. The balance is first solved for 
the layer in contact with the bulk solution (unknown h(1)) 
and is incremented towards deeper layers (unknown h(n)). 
Equations are solved by a Newton-Raphson method using first 
derivatives (Press et al., 1986). The hydraulic resistance due 
to each layer is calculated (specific resistance a (Eq. 5 )  mul- 
tiplied by the deposit mass per unit area), the total cake re- 
sistance determined and flux decreased assuming permeate 
flux J (m-s-') is related to trans-membrane pressure A P  
(kg-m-'.s-*), to membrane resistance Rm (kg-m-2-s-- ' )  
and to additional resistance due to fouling R, (deposit) (kg. 
m-2. s-1) 

being related to deposited mass m,(kg): R, = - (14) 
sm 

For each increase in mass (deposit of a new layer), the first 
distance (h(1)) was calculated again and the whole routine 
was repeated. 

Two different operating modes were considered, depend- 
ing on the filtration mode: constant transmembrane pressure 
or constant permeate flux. Unknowns such as separation dis- 
tance, specific resistance, deposited mass, and flux (or trans- 
membrane pressure) vs. time were determined. The calcula- 
tion requires parameters such as ionic strength I (mol-L-'), 
initial permeate flux J ,  surface potential at set pH and I (&, 
assumed to be equal to zeta-potential), particle radius a (m), 
particle density p, (kg-m-')), and Hamaker constant H (kg- 
m2-s-2). H was estimated to be J according to the 
works of Hull and Kitchener (1969) or Lyklema (1991) for the 
same type of polymeric colloids. 

Results 
A first series of simulations, using Eqs. 1, 2, and 9, has 

shown that in our conditions, and because the Stokes force is 
increased by the density of particles in layers, diffusion can 
be neglected in all cases. 

In Figure 5, two extreme cases are shown according to the 
ratio of drag forces to surface forces. At distance 0, the cake 
is in contact with the membrane whereas at maximum dis- 
tance, it is in contact with the bulk solution. In the case of a 
very low ratio of drag to surface forces, the shortest distance 
between particles gradually decreases as the particles consid- 
ered are closer to the membrane. These distances are still 
great (about 60 nm). On the other hand, when the force ratio 
is large (e.g., same surface forces but higher permeate flux), 
particles are in close contact with each other (0.3 nm separa- 
tion) and form a packed layer. This means that particles may 
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Figure 5. Shortest separation distance between parti- 
cles vs. distance from the membrane at high 
and low fluxes. 
Assumptions: a = 220 nm, Hamaker constant lo-’’ J, parti- 
cle potential - 65 mV, ionic strength 10K4 M, particle den- 
sity 1,360 kp/m3 and temperature 20°C. 

adsorb onto each other and the cake then acquires a high 
cohesiveness. 

In an intermediate case (Figure 6), corresponding to drag 
and surface forces of the same order of magnitude, the cake 
presents two different zones. Close to the membrane, layers 

ture. It should be noted that the order of magnitude of the 
intermediate flux corresponds to a typical ultrafiltration flux. 

The decrease in separation distances as particles are more 
deeply trapped in the deposit may be explained with the aid 
of Figure 7 .  

If m -+ p refers to the force generated by layer m and act- 
ing over a particle of layer p ,  one can write for step n + 1: 

are packed, whereas further they a loose strut- Figure 7.  Particles packing and corresponding forces. 

Fs(3 + 2 )  = Fs(l -+ 2) + F,(2) (16) 

According to the action and reaction Principle 

For particles of the first layer Fs(2 -+ 1) = FJ1 -+ 2) (17) 

FJ2 -+ 1) = FJ1) (15) which implies that 

whereas for the second layer 

I 
Compact uh : 

Strongly adsart4 
10” 1.ym 

Low I.ym 

\ 

F, the total interactions force (modulus, kg m-s-’) being a 
decreasing function at a great separation distance, the latter 
decreases as the considered particle is closer to the mem- 
brane. 

When particles are in close contact, the particle-particle 
distance corresponds in Figure 1 to roots of Eqs. 10 or 12 
beneath the surface force minimum. Roots corresponding to 
loose layers are larger than the force-peak maximum ab- 

4 scissa. When the transmembrane pressure is released, parti- 
Find Flux = 9 10 m l a  

about32 W m ’  
cles from compact layers should remain stuck to each other 
in the vicinity of the membrane due to the existence of a 

1 P  4 force well, whereas those from loose layers should be free to 
o,5 I o ~ 5  lo.s l.o 2., 3.0 3.s10-s 4.0 redisperse in the bulk. This difference creates two zones in a 

cake, the size of which depends on the solution’s properties 
(pH, ionic strength, and intrinsic particle characteristics) and 

reversibly deposited, whereas the other is not. The ability to 
reexpand when the pressure is released has been studied ex- 
perimentally. The results of the observations are presented in 
the next section. 

Distance from thc membrane (m) 

Figure 6- Shortest separation distance between parti- on the cake buildup conditions (flux, viscosity). One part is 
‘Ies vs‘ 
medium flux. 

sity 1,360 k d m 3  and temperature 20°C. 

from the membrane at a 

Assumptions: a = 220 nm, Hamaker constant lo-’’ J, pdrti- 
cle potential - 65 mV, ionic strength M, particle den- 
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Table 1. Zeta-Potential Values at Different Ionic Strengths 
~ 

Concn. 
in NaCl 
(mol/L) 3.10-4 3.10W3 lo-’ 3.10-2 0.1 0.14 0.28 

~ 

Corrected 
Zeta 
Potential 
(mV) -66 -71 -73 -81 -63 -52  -32 -35 -27 

Material 
A suspension of latex particles was used. The average size 

was estimated by photon correlation spectroscopy (PCS) and 
the zeta-potential was measured by microelectrophoresis us- 
ing a zeta-sister 4 (Malvern) Instrument. 

Zeta potential measurements at different ionic strengths 
and at pH around 6 were quite reproducible. Zeta potential 
was calculated from mobility using Henry’s law. Corrections 
of the experimental value were made according to O’Brien 
and White (1978), which take into account ionic strength, 
electric field alteration, and electrophoretic retardation. Re- 
sults in Table 1 show a large decrease in zeta potential as 
electrolyte concentration approaches CCC. 

The CCC was estimated to be 0.14 M for sodium chloride. 
Below this value, particles are independent and do not form 
aggregates. The average particle size was 220 nm with a stan- 
dard deviation of 55 nm. 

Different calculations of the CCC were made using the van 
der Waals potential (Eq. 7), Wiese and Healy model (Eq. 6), 
or constant potential repulsion (Sader et al., 1995). When 
varying the total salt concentration, the CCC was found when 
the maximum peak potential equaled kT. Through a constant 
potential mode, a value of 0.02 M was found whereas con- 
stant charge theory leads to 0.08 M. Since the last method 
gives better agreement with the experimental value, and since 
the phenomenon described in the cake was close to coagula- 
tion, a constant charge approach was preferred in this model. 
Each filtration experiment was carried out at a salt concen- 
tration below this limit, therefore in the absence of aggre- 
gates. Particle density was estimated to be 1,360 kg-mp3 by 
measuring the mass of a given volume of known mass concen- 
tration. 

In the simulations, the particle potential was assumed to 
be equal to Zeta potential and the average size was consid- 
ered, thus neglecting the polydispersity. 

An ultrafiltration cell (Amicon 8050) with a capacity of 80 
mL and effective membrane area S, = 1,260 mm2 was used 
without stirring in order to control the deposited mass care- 
fully. The Poly Ether Sulfonated (PES) membranes had cut- 
offs varying from 5 to 100 kDa (Tech-Sep) and their water 
permeabilities were between O.2.lO-’ and m2-s.  kg-’. 
The selected cutoffs imply no internal fouling or pore block- 
ing. Pressure was adjusted using pressurized air. Before each 
experiment, membranes were washed for 1 h at 40 kPa with 
an alkaline cleaning agent (Ultrasil 10, Henkel) at 0.8% by 
mass, rinsed, and compacted for 1 h under 200 kPa with dis- 
tilled water. A fresh piece of membrane was used for each 
experiment. The cell temperature was maintained at 20°C 
during the experiment. Permeability was then measured at 
20°C from the water flux with distilled water. Particle con- 
centration was monitored by turbidty measurement (Hach 
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turbidimeter) after calibration with suspensions of known 
concentration (a specific calibration curve was made for each 
ionic strength). 

Experimental Procedure 
The cell was filled with a 60-g suspension of latex particles 

with a concentration varying from 0.025% to 0.25% by mass, 
in accordance with the required deposited mass. About 40 g 
of suspension was filtered under various conditions of mem- 
brane porosity, pressure, and ionic strength, in order to de- 
posit 10 mg to 100 mg. The pressure was then relaxed, the 
cell cap was removed, and the permeate gently reintroduced 
into the cell using a syringe. The suspension was then manu- 
ally stirred at very low speed. This step requires attention in 
order to avoid tearing of the cake mechanically. The particle 
concentration of this suspension was then measured at differ- 
ent times and the maximum concentration of resuspended 
particles was determined. By comparison with the initial con- 
centration, the reversibility fraction was therefore calculated 
and compared to simulated results. 

Experimental Results and Discussion 
Results are presented in Figure 8 (deposited mass varying 

from 10 mg to 100 mg at Z = M) and in Figure 9 (vari- 
ous ionic strengths for a 40 mg deposit). The symbols repre- 
sent experimental results whereas the lines correspond to the 
simulation with the corresponding parameters. Trends and 
quantitative values are in good agreement with the model. 

As predicted by the theoretical model, reversibility is total 
at low final fluxes and gradually decreases as the flux in- 
creases. In fact, at low fluxes, the viscous forces are too weak 
to induce particle coagulation, whereas at high final fluxes, 
some of the particles from the deepest layers in the filter 
cake are placed flat on each other. 

As the ionic strength increases, the maximum of the repul- 
sive force is reduced and less particles are prevented from 
coming into contact. As the CCC is approached (here 0.14 M 

Heversibility 

\ =  T loo 

\ t 40 

10 
..._ 

I 0 

10 -6 10 -3 10 -‘ 

Figure 8. Experimental and theoretical reversibilities vs. 
Final flux (m/s) 

final flux for various amounts of deposit. 
Symbols represent experimental reversibilities whereas lines 
correspond to data simulated with: a = 220 nm, Hamaker 
constant lo-’’ J, particle potential - 65 mV, ionic strength 

M, particle density 1,360 kg/m3 and temperature 20°C. 
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Experimental and theoretical reversibilities vs. 
final flux for various ionic strengths. 
Symbols represent experimental reversibilities whereas lines 
correspond to data simulated with: a = 220 nm, Hamaker 
constant lo-*' J, deposited amount 40 mg, temperature 
20T,  particle density 1,360 kg/m3 and particles potential 
given in Table 1. 

in NaCI), the repulsive force totally vanishes and reversibility 
is poor whatever the final flux (drag forces are not balanced). 

For a given final flux, reversibility decreases when the de- 
posited mass is increased. As more layers are added at the 
top of the cake, the reference particle undergoes an ever 
stronger global viscous force. So long as the sum of the drag 
forces is balanced by surface repulsions between this refer- 
ence particle and the layer underneath (case a in Figure 11, a 
certain distance is maintained between particles. When this 
sum of drag forces overcomes the double-layer repulsions 
(total viscous force crosses over the maximum peak of the 
surface force), the reference particle comes into close contact 
with the particles on the layer just below it (case b in Figure 
1). This phenomenon is a coagulation promoted by the drag 
forces through the loose cake. This model therefore com- 
pletes previous approaches. In particular, it shows that even 
if a flux is not strong enough to bring a single particle into 
close contact with a membrane surface (flux < critical flux), 
there may be deposition conditions for which hydrodynamic 
interactions between particles of a loose layer drive to the 
deposition of particles in close contact. 

In practice, when a filtration experiment is carried out at 
low ionic strength, the first particles are expected to deposit 
in a loose form. If the deposited amount reaches a critical 
value, which depends on the physicochemical properties of 
the particle, pH, ionic strength and permeate flux, any addi- 
tional layer causes irreversible coagulation of the layer at the 
interface between the loose and the packed fraction of the 
cake. So, particles arriving at the top of the filter cake cause 
a dense zone to appear near the membrane. The overall mass 
of particles deposited in a loose form then remains constant 
while the mass of packed layers increases beyond the critical 
mass (a moving boundary appears between the loose and the 
packed layers). Irreversibility therefore increases with the de- 
posited mass because the percentage of particles deposited in 
a compact ordering is increased. 

Different lattices (i.e., a face centered cubic lattice or sim- 

90 -- 
80 - -  

70 -- 

60 -- 
50 .- 
40 - -  

30 -- 
20 -- 
lo -- 

\ I 

I \ I - Cubic 

0 - I  I 

10 4 4  
-us in -06 

Final flux (mls) 

Figure 10. Experimental and theoretical reversibilities 
vs. final flux for different types of lattices. 
Symbols represent experimental reversibilities whereas 
lines correspond to data simulated with a = 220 nm, 
Hamaker constant lo-" J, deposited amount 40 mg, tem- 
perature 20°C. particle density 1,360 kg/'m3, ionic strength 

M and particle potential -65 mV. 

ple cubic lattice) were considered in the simulation. Compu- 
tation shows in Figure 10 that the type of lattice has little 
influence on the average separation distances and on cake 
permeability. Finally, the CC lattice was preferred because of 
its higher probability as particles arriving over the cake are 
likely to deposit in a zone of higher flux (i.e., at the center of 
a square structure). In other words, the streamlines pass be- 
tween already deposited particles. 

The way this coagulation occurs can be compared to the 
mechanism assumed in the gel polarization model in ultrafil- 
tration of macromolecules (Michaels, 1968). In the latter, 
when the Pe number in the boundary layer goes beyond a 
critical value, the concentration profile in the boundary layer 
is such that the wall concentration exceeds the solubility limit, 
whereas in this model hydrodynamic forces overcome the col- 
loid stability limit. 

A decrease in the range of particle repulsions (by increas- 
ing ionic strength) or in their strength (by decreasing particle 
potential (namely with pH)), or an increase in drag forces 
(higher fluxes), minimizes the value of the critical mass or, in 
other words, increases irreversibility for a given deposited 
mass. 

Control of a Separation Operation 
The above conclusions were applied to control the ultrafil- 

tration of a latex suspension at a set filtration rate, with the 
objective of minimizing the increase in transmembrane pres- 
sure due to fouling. Cycles were conducted in dead-end mode 
and repeated for 90 min. Different cycle durations allowed 
different amounts per cycle to be deposited on the mem- 
brane. At the end of each cycle, the stirrer was switched on 
and the pressure was released to allow resuspension of parti- 
cles deposited in loose layers. After 2 min, stirring was 
stopped and a new cycle began. Stirring speed was adjusted 
to enhance diffusional migration of loose layers back into the 
bulk solution and to avoid shear induced erosion. 

An experiment without stirring for 90 min was carried out 
and used as a reference of total nonreversibility. The addi- 
tional hydraulic resistance vs. time ratio was calculated from 
the pressure increase according to the standard theory of ad- 
ditive resistances. 
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Rwrnibility (%) Experimental Procedure and Results 
The cell was filled with the suspension of calibrated latex 

particles at a concentration of 1.6% by mass except for the 
experiment at the lowest deposited mass per cycle md (kg), 
where it was 0.4% by mass. Diafiltration experiments were 
conducted at a set permeate flow rate of 0.5 mL/min sup- 
plied by an LKB Bromma 2150 HPLC pump on PES 40 kDa 
membranes. Before each run, membrane permeability was 
determined from water flux measurements at 20°C with dis- 
tilled water. The diafiltration solvent had an ionic strength of 
I = mol/L. Cycles varied in length from 2 to 12 min. 
Shorter sequences were not possible because of the slow 
pressure actuation, and this led us to use a more dilute sus- 
pension to attain lower values of md.  A pressure gauge moni- 
tored the transmembrane pressure during the experiments. 

Figure 11 shows the additional cake resistances, deter- 
mined from pressure readings, assuming traditional additive 
resistances (Eq. 14). 

As expected, the 90 min cycle shows proportionality be- 
tween additional resistance and time and gives the maximum 
fouling reference for this set of experiments. As the mass de- 
posited per cycle decreases, the irreversible fraction of col- 
loidal fouling is reduced; below a critical mass (between 8 
and 13.5 g/m2/cycle), the system presents an absence of sig- 
nificant irreversible deposit. More precisely, at the end of a 
cycle, stirring removes residual fouling from the membrane in 
the case of loose deposition. 

A global reversibility may be calculated from the plot of 
R ,  at the end of cycle vs. time, since global reversibility (% 
Rev) is given by 

%Rev=100 1- - - ( ( AA:) .x ) (19) 

where a ,  represents the specific resistance of packed layers 
(s- l )  (i.e., maximum specific resistance whatever the physi- 
cochemical and operating parameters may be). This value was 
compared to simulated results and to experimental values 
given in the previous section in Figure 12. 

10'O 

8 1 0 '  

9 1 0 '  

7 10' 

610' 

5 10' 

4 10' 

3 10' 

2 10' 

lo' 

0 

meter (glm') 

100 

-0- Exprimenla1 

80 - Theoretical 

70 h 
\ 

0 10 20 30 40 50 60 70 80 90 

Deposited mass per cycle per square meter (e/m') 

Figure 12. Global reversibility vs. deposited mass per 
cycle and per unit area. 
Results are obtained from the slopes of experimental re- 
sults presented in Figure 11 according to Eq. 19. Simula- 
tions with data: a = 220 nm, Hamaker constant J, 
particle potential - 65 mV, ionic strength M, particle 
density 1,360 kg/m3, constant flux 6.63.10-6 m/s and tem- 
perature 20°C. 

The curves are similar except for a small drift in magni- 
tude. This shift could be attributed to the experimental pro- 
cedure, in which the time between cycles was quite short (2 
mink in fact, in zones where the shear stress is poor due to 
the magnetic stirrer geometry (disk in the center or near cell 
walls), particles did not have enough time to diffuse back to 
the bulk solution. 

Considering the particles used in this work, a critical mass 
may be defined as a function of ionic strength, particle po- 
tential and permeate flux. In Figure 13, computed critical 
mass is plotted vs. the ionic strength for various particle po- 
tentials for a given constant flux (lo-' m/s). The critical mass 
was found to be proportional to the reciprocal of permeate 
flux. For example, for permeate fluxes J ,  and J2 and same 
physicochemical conditions, the corresponding critical masses 
mcrl and mCr2 are linked by 

Critical mass per unit .It1 (p/m') 

T I M  
. I 0  m v  

- 70 m v  

0 1 0 2 0 M 4 0 5 0 6 0 7 0 8 0 W 1 W  

I0 
Time (min) 

Figure 11. Experimental additional resistance R, vs. 
time for various deposited amounts per cy- 
cle. 
Experiments were conducted at 
temperature 20°C. R ,  = 0 .59X lo9 kg/(m2.s).  

M ionic strength and 

10 u. 10- 

Ionic Strrogtb (Mom) 

I ".. 
104' 

Figure 13. Simulated critical mass per unit area vs. ionic 
strength for various particle potentials. 
Lines correspond to simulations with data: a = 220 nm, 
Hamaker constant lo-*' J, constant flux lo-' m/s, tem- 
perature 20°C and particle density 1,360 kg/m3. 
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(20) 

The curves in Fig. 13 can be used to estimate theoretical 
critical masses at any flux. This simulation may allow a theo- 
retical estimation of the critical mass value for other colloidal 
systems. 

Conclusion 
The buildup of particle cakes on an unstirred porous wall 

is influenced by a balance between drag and surface forces. If 
the drag force on a particle is stronger than the repulsion, a 
physical adsorption (primary energy minimum) can occur. 
Otherwise, the distance between particles for which the drag 
force balances the surface repulsion is quite large, and the 
cake thus formed has a loose, perfectly reversible structure. 

In the case of a multilayer loose cake, a force balance shows 
that the total drag force experienced by the first layer of this 
loose cake increases with the number of layers of cake. The 
calculations show that if the number of layers exceeds a 
threshold value, then the drag force exerted on the first layer 
is greater than the maximum electrostatic repulsion between 
the first layer of the loose cake and the last one of the com- 
pact cake underneath. 

As a consequence, the first layer of the loose cake col- 
lapses and aggregates onto the packed cake, therefore form- 
ing a moving boundary between packed and loose parts. 

The number of layers reversibly deposited first increases to 
a threshold, then remains constant; thus, the number of irre- 
versibly packed layers is nil at the beginning and increases 
only when the critical mass has been reached. The irre- 
versibility percentage of the deposit therefore follows the 
same trend. The value of the critical mass depends on parti- 
cle potential, particle size, particle density, flux and ionic 
strength: quantitative data for spherical particles can be esti- 
mated from Figure 13. Phenomena, similar to those de- 
scribed in this article, could well occur in the transport of 
fines in soils or even in centrifugation. 

This result is of great importance in the control of pressure 
driven membrane processes. It is desirable so as to control 
experimental parameters that the critical mass should not be 
exceeded in order to avoid irreversible colloidal fouling. The 
control of the loose/packed layer ratio, which governs the 
full reversibility of the separation, is made possible by pulsed 
flow, as demonstrated in this article. The separation may be 
preceded by adjustments of ionic strength or pH (to increase 
particle potential) to increase the critical mass at a required 
flux. Moreover, in the case of fluid fractionation, reaching 
the critical mass may induce a considerable reduction in 
equivalent pore size and could trap solutes at the moving 
boundary between loose and packed layers. Such conclusions 
could be useful in fields where the transmission of small 
solutes across particular cakes is studied (such as fractiona- 
tion and transport in soils). 
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Notation 
a =particle radius, m 

C, =bulk concentration, kg.m-3 
Fd =fictitious diffusional force (modulus), kg * m . s-’ 
F, = total surface interactions force (modulus), kg m. s-’ 
F, =viscous force (modulus), kg * m . s- 
k = Boltzmann constant, kg*m2.s-Z.K-’ 

mc, =critical mass per square meter, kgarn-‘ 
A P  = transmembrane pressure, kgsm-’ a s - ’  

t =time, s 
T =temperature, “C 

V, =steric potential, kg*m2.s-’ 
X ( n )  =lattice dimension on layer n ,  m 

E,  =relative dielectric constant, cr = 78 
E,, =absolute dielectric constant, E,, = 8.85X lo-’’ Fsm-’ 
y =sphere radius ratio (Happel’s model) 
K =reciprocal Debye length, rn-’ 
p = solvent viscosity, kg - m- ‘ s .  - 
ps =powder density, kg.m-3 
oc =collision diameter, u, = 0.5 nm 
& =particle potential, mV 
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