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Abstract

This study investigates phase transition from a fluid-like polarization layer to a solid cake layer of particle deposits during membrane filtration
of interacting colloidal particles. A Monte Carlo simulation model of dead-end filtration is used under the influences of hydrodynamic bias
from the permeation flux as well as inter-particle interactions. The model effectively demonstrates the roles of the hydrodynamic drag force
and inter-particle potential in governing the volume fraction of the particle deposit. The cake layer volume fraction is shown to be sensitive
to the combination of particle surface (zeta) potential, solution ionic strength, particle size, and applied transmembrane pressure. Further
application of the model leads to a holistic characterization of the phase transition phenomenon. The onset of phase transition is characterized
with flexibility and adaptability with concern for both physico-chemical standards, such as volume fraction and inter-particle separation
distance, as well as pragmatic considerations, such as the desire to operate the system below the critical flux and avoidance of irreversible
cake formation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of phase transition, namely the initiation of a colloidal cake
layer [1,2]. Presently, the exact delineation of the point of
The phase transition from fluid to solid of particles de- phase transition remains an open question with a number of
posited onto a membrane surface during filtration poses anproposed methods for its characterizafigh The purpose of
important fundamental subject of investigation in the opera- this study is to investigate the phase transition phenomenon
tion of membrane separation processes. The solidification ofassociated with membrane fouling using a Monte Carlo sim-
the particle deposit incurs significant practical and economic ulation model of colloidal transport and interaction in mem-
ramifications. The formation of a cake layer of particles on brane filtration.
the membrane surface directly causes a phenomenon, termed To arrive at a holistic understanding of the intricate
membrane fouling, which results in precipitous decline in processes of colloidal transport in membrane filtration
the permeation flux through the membrane. Therefore, the necessitates a breaking down of this multiplexed problem
efficiency of membrane filtration is greatly impaired by the into individual contributions of fundamental physical
presence of a solid cake deposit. Optimal operation of amem-processes that comprise the overall system. Several physical
brane unit seeks to avoid fouling by working under the point phenomena operate cooperatively and competitively in a
typical filtration system to generate the observed permeate
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dynamic drag and inter-particle electrostatic repuldin surface. The formation of the particle deposit is stratified into
Both forces act discretely on each individual particle while two regions, a fluid polarized layer situated above a compact
experiencing many-body interferences from the neighboring cake layer below. When an additional fluid flow in the hori-
particles. So, within a suspension of colloids, a complex zontal direction is added, the mode of operation becomes the
network of counteracting forces will arise and will represent crossflow type as shown Fig. 1(b). Here, the particles still
one of the most crucial components of the system. Each of thewill accumulate on the membrane surface during filtration,
forces should be accurately described in order to develop awhile the added crossflow now serves to afford the parti-
consummate simulation model of colloidal membrane filtra- cle deposit another degree of movement along the horizontal
tion. direction.

To do so, an ideal model should then narrow its scope to  Fig. 1(c) shows a more introspective breakdown of the
a microscopic scale and meticulously compute each distinctcombination of forces acting together in the system. Hy-
force and displacement. A macroscopic approach offers androdynamic drag in the downward direction promotes par-
expedient alternative by integrating the sum of the forces. ticle deposition onto the membrane surface to initially form
However, the trade-off for an integral method is that it by- a polarized layer of highly concentrated suspension and then
passes the opportunity to investigate the system behavior incontinues to further induce solidification of the polarized
minute detai[5—7]. A microscopic model, on the other hand, layer to form a compact cake layer below kig. 1(a) and
offers the advantage of pinpointing definitively the forces that (b)). Conversely, inter-particle interactions, in particular elec-
account for each individual observed system resp¢8ke trostatic repulsion, mollify particle consolidation and cre-
Such a modeling approach affords precise definition of every ate a more porous cake layer. Moreover, particles may co-
physical dynamic that is at work. The many-body composi- agulate into aggregate form with adhesion to one another
tion of colloidal systems renders it to be especially suitable prior to their deposition onto the membrane surface. Un-
for a microscopic modeling technique. der these conditions, the cake layer formation dynamics

The current study applies the Monte Carlo simulation may entail a two-stage progression where the initial deposit
method for microscopic modeling of colloidal transport on the membrane surface is a porous coagulated substruc-
in membrane filtration. Monte Carlo simulation utilizes a ture which then undergoes a second stage of compression
stochastic modeling strategy that first selects discrete parti-and restructuring to reach the final cake layer configura-
cle displacements with statistical randomness and then evaltion. Such a dual-stage formation is observed experimentally
uates each selection on the basis of its physical validity. Thein Tarabara et al[10]. The gravitational compressive force
model will accept those proposed displacements that qualify (Fig. 1(c)) occurs as the net resultant of the sum of all ac-
as being physically legitimate and disqualify physically un- cumulated particles positioned above a particular location in
reasonable ones. As the simulation proceeds, the model genthe cake layer. Furthermore, particles once deposited may
erates a pool of statistically random, discrete, microscopic restructure their configuration. Restructuring may be trace-
particle movements from which it maps each particle tra- able to a number of possible causes. Among them is the de-
jectory. The Monte Carlo method has traditionally proven flection of the downward hydrodynamic drag and compres-
itself to be a powerful modeling application across a myriad sive forces so as to induce lateral movement of particles.
of scientific and mathematical discipling&9]. The emer- The deflection of forces arises due to the complex interac-
gence of the Monte Carlo method in membrane filtration tions of many forces operating within a many-body parti-
research remains in its burgeoning stage. It is our aspira-cle configuration. When dealing with a crossflow filtration
tion for this paper to contribute to the sustaining growth system, the crossflow shear introduces another source of re-
of the Monte Carlo method as a viable modeling alterna- structuring dynamics whereby particles flow laterally across
tive in the research of membrane separation processes anthe membrane surface and possibly become re-entrained
also to apply it to further understand the critical phase transi- into bulk suspensiof,11-13] Other important considera-
tion phenomenon occurring during colloidal membranefiltra- tions include aggregate breakage, inelastic particle collisions
tion. (Fig. 1(c)), and time dependent issues such as the implica-

tions of a slow cake development in dilute suspensions with
singular particle deposition as compared to the rapid case

2. Definition of system for modeling at high concentrations with particles depositing in clusters
[14,15]
2.1. Overview of membrane filtration systems So, colloidal membrane filtration encompasses a complex

network of counteracting physical processes that calls for a

Fig. 1 shows examples of membrane filtration systems microscopic modeling technique to accurately and precisely

operating in the typical dead-end and crossflow modes alongdescribe the system. The purpose of this study is to present
with an outline of the important forces to consider. In the a Monte Carlo simulation model of particle deposition dy-
dead-end mode of operatiofig. 1(a)), the applied pres- namics during membrane filtration. We will focus on the

sure within the system imposes a downward permeation dragissues pertinent to the fundamental algorithms and param-
force that propels particles to accumulate on the membraneeters for developing the model. Two of the primary forces
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Fig. 1. (a) Schematic of a dead-end filtration system, (b) schematic of a crossflow filtration system, and (c) outline of forces driving colloioid) transp
aggregation, and breakage.

shown inFig. 1(c), the downward hydrodynamic drag and significant issues such as phase transition during crossflow
the inter-particle interactions, will be incorporated into the filtration, among others.
model. The model will then be applied to investigate the
phase transition phenomenon of the polarized layer from
fluid to solid. We will relate the observation of a point of
critical flux during filtration to the occurrence of phase tran-
sition. Multiple possible definitions of critical flux are avail-
able and we will explore the applicability of eafh6,17]
The significance of each proposed point of phase transition
in relationship to membrane filtration performance will be a9 b
examined. e ( (<;5)a—Z - v¢)

Further extensions from the current model to include the
complete set of forces as showrHig. 1(c) will culminate in with boundary condition:
a complete Monte Carlo simulation model that remains true
to the actual physical situation and can effectively investigate ¢ = ¢ at r = 0, ¢ =¢p at z = dcp,

2.2. Governing equations for the system
2.2.1. Equations for mass transport

The governing equation for colloidal transport in a dead-
end filtration system i§5,18]:

1)
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0¢ 2.3. Interaction forces in membrane filtration
D(fbm)a_Z =vpm at z=0 2
2.3.1. Inter-particle interaction

whereg is the volume fraction of particlegy, the bulk vol- One of the principal input parameters to the model is the
ume fraction¢m the particle volume fraction on the mem- inter-particle interaction potential. In the current study, the

brane surfaceD(¢) the concentration-dependent diffusion inter-particle potential is modeled by DLVO the 23
coefficient of particle419], t the time,z the axis perpen- P P y q82,23]

dicular to the membrane surfacky, the thickness of the  vyor = Wpw + VepL (8)
polarization layer, and the permeate flux. _ _
Likewise for a crossflow system the governing equation WhereVypw is the van der Waals’ potential antp, the

for mass transport becomf18J; electrostatic double layer potential. The attractive van der
Waals' potential between equal-sized particles can be mod-
ap 9 1) eled by many available expressions. In this study, it is calcu-
U = % (D(d’)a_z - ”¢> ©®)  Jated by[24):
with boundary conditions: W _ _Anf4 4 2in{1— 4 9
vow 12 s2+s2—4+ 52 ©

= at z = §¢p, = at x =0, . . :
¢=dv . cp ¢=dv o whereAy is the Hamaker constant asd r/athe dimension-

@) less center-to-center separation between two particles scaled
by the particle radiua.
The electrostatic interaction potential between the parti-

Whe_reu is the additional crossflow velocity in the axia di- clesis calculated from the linear superposition approximation
rection. It should be_notgd fr_om acomparison of E4¥and of Bell et al.[25] and Chew and Sei26]:
(3) that dead-end filtration is inherently a time-dependent,

transient process while crossflow filtration will reach a time- 128mnoay2kgTe *4s—2)

|
D(‘Pm)a—f =vpm at z=0

independent steady state of operation. The boundary condi-YEDL = 25 (10)
tion given in Eq.(4) applies for the case of the polarization
layer in the absence of cake formation. y = tanh zsePs (11)
4kgT
2.2.2. Equations for filtration ceknT coeknT
In general, one of the quantities of special interestin appli- «* = \/zr 20 2B = \/206(128 (12)
cations of membrane filtration is the permeate flux which, for €250 Nal

both dead-end and crossflow filtration (after cake formation

—1; : ;
has occurred), is governed by Darcy’s LE0]: wherex ™" is the Debye screening length, the Avogadro’s

number] the ionic strength of the solutiogs, the dimension-
AP less dielectric permittivity of wategg the permittivity of free

v= m (5) spaceng the ion number concentratiokg the Boltzmann’'s

constant,T the absolute temperatura, the valence of ions

whereuy, is the permeate flux in magnitudapP the applied in the bulk solutiong the charge of an electron, and the

pressure within the system,the absolute fluid viscositiRn, surface potential of the particles which can be substituted by

the membrane resistance, aRglthe cake layer resistance the zeta potentigR7].

further defined as

Yy = —

9e 2.3.2. Hydrodynamic drag force

= ﬁ“@ (6) The second primary physical parameter inputted into the
4 current model is the hydrodynamic drag. The expression for

wherer, is the specific cake resistanck, the cake layer  the hydrodynamic drag force derives directly from Stoke’s

thickness,a the particle radiusg. the cake layer volume law for a single particle in an infinitely unbounded medium:

fraction ands2 the Happel's correction factor defined[24]:

Rc = rede, I'c

Fstokes= Bmpiav (13)
14 2453 : o .
_ 3 @) wherey is the fluid viscosity and the permeate velocity. For
1- %¢l/3 + %¢>5/3 —¢? fluid flow through a porous medium composed of equal-sized

o o . spherical particles, the true hydrodynamic drag force exerted
The model presented in this study will utilize MC simula-  on each particle within the medium is adjusted by Happel's

tion to compute the volume fraction to be inputted into Eqs. correction factor, defined earlier in E(7), [19]:
(1)—(7)under given operating conditions to obtain the system

response. Fhydro = Fstokes?2 (14)
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whereg=1/kgT. In this procedure, a uniform random num-
_—— _— ber between 0 and %, is generated and compared with
exp(—BAVhm). If E<expBAVnhm), then the uphill move
R is accepted. Otherwise the proposed move is rejected for
: &> exp(—BAVnhm). The overall effect is that the particle pro-
: ceeds with changes in potential eneryy, i accepted with
I probability exp- 8AVhm). If the uphill move is rejected, the
I particle remains in its original position, and the non-move is
: taken to be a new state nevertheless.
I The modeling procedure continues by randomly selecting
successive particles for proposed displacements and evalu-
—————————— ating each move. Hastind29] presents an equally valid
method of selecting particles systematically according to
their indices rather than by random selection. This step eases
Fig. 2. Range of particle displacements for Monte Carlo simulation. the number of random number generations. For the Hastings
method, an important distinction should be noted, and that

6 rJH ax

3. Monte Carlo simulation method is it does not satisfy detailed balance. Manousiouthakis and
Deem[30] prove that the Hastings method only satisfies bal-

3.1. Background on Monte Carlo method ance. Details of Monte Carlo modeling are givenin Allen and
Tildesley[9].

Monte Carlo simulation (MC) is a stochastic modeling
method that is especially suitable to problems involving the 3 2. Hydrodynamic bias Monte Carlo simulation
dynamics of particle motion because of its capability to eval- z1gorithm for colloidal membrane filtration
uate each discrete particle displacement. A classical method
for performing MC begins by casting the process as being  The model in the current study utilizes a rectangular sim-
Markovian, meaning that the outcome for a particle displace- ylation box containing 1024 particles. The algorithm for the
ment depends solely on the outcome that immediately pre-simulation follows the method described in Sectf. In-
cedes it. The system progresses from one state to the next byjividual particles are assigned random proposed displace-
aid of its transition probability matrix. Metropolis et §28] ment with subsequent evaluation of the energy change of
present the now standard Metropolis method for conducting each move. Downhill movesA\V< 0) are readily accepted
MC simulations using the energy of the system as the crite- yhile uphill moves are subject to the probability test given in
rion to evaluate the acceptance or rejection of a MC step.  gq.(17).

The Metropolis method begins by considering a systemof A preliminary MC simulation is first performed to obtain

particles as shown ifiig. 2 The particle of interesitis ini- an equilibrium configuration for the particles. Details of this
tially located at". Partlcl_e| is th(_an proposed _to be displaced procedure are given in Kim and HofKl]. Upon reaching an
randomly to a new locatiorf using the algorithm: equilibrium configuration, the simulation proceeds to model

particle motion under the influences of hydrodynamic drag
and inter-particle interaction potential. It is important to note
whereag is a uniform random number between 0 and 1 and here that the particles should be displaced solely in one of
Srmax the maximum allowable displacement. The proposed the three orthogonal directions {/, andz only) for each en-
displacement is next evaluated for acceptance or rejection.ergy evaluationfig. 3). This stipulation ensures that forces
The criterion for acceptance is the change in potential energyacting in a perpendicular direction to the proposed particle
AVnm of the system computed as

V{l = rlm + (200 — 1)8}"max (15)

4 O
AVam =Y V) =Y V0, (16) A

i#i i#i As

(various combinations of Az only

If AVym<O0, then the proposed move is downhill and ac- Ax, Ay, andAz) i (accept/reject)
cepted. IfAVym >0, the proposed move is uphill and is ac- g
cepted with the qualification of the probabilipy/ om which N
in the Metropolis method corresponds to the Boltzmann fac- Ay only
tor of the energy difference: laccept/reject)

Ax only

Pn _ exp (—BVo)exp LAV, ) — exp (= SAV,m) (accept/reject)

Prm exp (~BVy)

an Fig. 3. Sequence of particle displacements during Monte Carlo simulation.
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displacement will not affect that particular particle move. So, i i T .

-0

the hydrodynamic drag force, which acts in the downward s oor D,D’D’D'D ]

z-direction, will only come into play when particles are dis- § 0551 /DfD’ ADD T

placed solely in the-direction and will not influence particle i el /D/D A"/—\"A- ]

motion in thex- or y-directions only. Such a vectorial decom- g O A

position offers faster convergence to the dynamic equilibrium ;3 0451 / g .0-0-0-0 -C

ofthe system. The randomness of the displacement selections 5 gl D L e A e

is maintained to be almost identical to the case without the E‘ ’ A o~ = gg m

decomposition. This procedure results in a mean field hydro- @ 035¢ /O —— 0mv A

dynamic bias MC method. S S gl o

When particles are displaced in tker y directions only, “70 10 20 30 40 50 80 70 80 90

the expression for the energy evaluation is Permeate Flux (um/s)

AVyy = Vror,New — VTOT,0LD (18) Fig. 4. Cake layer volume fraction in relation to permeate flux with vary-
. . . . . ing zeta potential. The following parameters (in addition to those listed

where the total inter-particle interaction enekgyst is com- in Table 9 were used in the simulations: particle radius =100 nm, ionic

puted according to Eqé3)—(12) The added subscripts NEW  strength =103 M.
and OLD signify total inter-particle energy computed at the
proposed displacement location and at the original particle permeate flux s first set to a selected value. Then, the effective
location, respectively. permeate flux within the cake layer is adjusted for the vol-
Particle displacements in tledirection only will acquire ume fraction of the porous medium according to B®) to
an additional term in the energy evaluation due to the down- yield the actual hydrodynamic drag force experienced by the
ward hydrodynamic drag force. The expression for the dif- particles. The model utilizes the adjusted hydrodynamic drag
ference in energy then becomes: force along with the inter-particle potential to simulate par-
ticle deposition and the final cake configuration. Each curve
in Fig. 4essentially shows the increase in volume fraction of
(29) particles with increasing compressive force from the adjusted
hydrodynamic drag. For instance,-aB0 mV zeta potential,
the cake layer volume fraction increases from 0.423 to 0.608
with corresponding increases in the observed permeate flux
from 6.9 to 82.8um/s. Conversely, increasing the particle
zeta potential effectively strengthens the inter-particle elec-
trostatic repulsion and prevents particles from closely ap-
proaching one another (low volume fraction). At zeta poten-
tial of —90 mV, the cake layer attains a volume fraction of
only 0.456 at observed permeate flux of 82r8/s, contrasted
to a much greater volume fraction of 0.608 feBO mV.

AV, = Vrot,New — V70T,0LD + Fstokes2(znew — Zold)

wherez,ewandzy g are thezcoordinates of particles at the pro-
posed displacement and original locations, respectively. For
particle motion in the-direction, there is no cyclic boundary
condition occurring at the membrane surface. Particles are
not allowed to move below= 0. For cases involving a cyclic
boundary condition, the simulation step must maintain bal-
ance9,30]. The simulation proceeds with individual particle
displacements followed by energy evaluations according to
Eqgs.(18) and (19until reaching a final dynamic equilibrium
particle configuration. The criterion for ascertaining equili- Similar trends are shown ifig. 5 for cake layer for-

bration of the system is that the volume fraction of the cake . 4ion under various solution ionic strengths. Like the zeta
layer and average inter-particle separation between a pair of

: X Igotential, the solution ionic strength governs the magnitude
nearest particles reach a steady state and remain constant co ind range of the inter-particle electrostatic interaction. At

tinuously after that point. Details of this bias Monte Carlo ioh jonic strength, excess electrolyte ions screen the inter-
technique are verified and well discussed in Kim e{]. particle interactions and lessen the inter-particle repulsion.
For instance, at an ionic strength of M, the cake layer
volume fraction is shown to be consistently higher than that
for 10~*M. However, it is interesting to note that, for all
three ionic strengths at observed permeate flux s,

the cake layer volume fractions converge to a value of ap-

4. Results and discussion

4.1. Influence of hydrodynamic drag and inter-particle
interactions on cake layer volume fraction

Fig. 4 shows the model results that simulate the deposi- 2o -
. 1g. 4S .OWS € model resulls that simulate the deposi- Operating and system conditions for model simulations
tion of particles at the membrane surface under the coupled

21
influences of hydrodynamic drag and inter-particle electro- \H/;;nr?cks :)?%nnsstznAH <) f 6x 107
static interaction. The specific input parameters used in thesepiglectric permittivity of water 78.54
simulations are given ifiable 1 In Fig. 4, the volume frac- Permittivity of free space (&N m?) 8.854x 10712
tion of the particle deposit is given as a function of observed Temperature (K) 298.5

x11012

permeate flux of the filtration system. In these simulations, a Membrane resistance (1/m)



J.C. Chen et al. / Journal of Membrane Science 255 (2005) 291-305 297

.65 82.8pum/s. The particles do not come into contact despite
S 060 D_J,D_}z:g;@g@;@ 1 the relatively high permeate velocity. The more porous cake
B | o7 o0 A . structure formed at the higher zeta potential is visibly evident.
G 055 - P \ : g p . Yy .
L os0k o~ /yA ] Besides showing the effects of increasing hydrodynamic
& oasl /O /\/A ] drag force, the progression depictedHig. 6 provides one
§ oaol @ A7 ] possible answer to the question of phase transifiba polar-
5 o35k A/ Zeta Potential ized layer of colloidal particles near the membrane surface
§ sl :z:gam 1 progressively consolidatgs under increasing hydrodynamic
2 sl / A 10 M drag force to reach a point of contact among the particles.
S 0'20 'ﬁl . . . The point of particle contact delineates the onset of a solid

0 10 20 30 40 50 60 70 80
Observed Permeate Flux (um/s)

90 phase. The volume fraction of particles need not reach or-
dered maximum packing but only random maximum packing

The definition of phase transition given above proceeds
directly from inspection of the inter-particle spacing. It is
straightforward and simplistic, but does not include practical
considerations that will furnish it to be more pertinent to the
operations of membrane filtration systems. The definition of
proximately 0.6, the random loose packing ratio according phase transition will be addressed with greater refinement
to Onoda and Linigef33]. The hydrodynamic drag domi-  and sophistication in Sectidi with inclusion of concepts of
nates the influence from the ionic strength at this point. The critical flux and cake reversibility.
results ofFigs. 4 and 5demonstrate the model's capacity The prominent roles that the hydrodynamic drag force and
to successfully capture the compelling and contrary impact inter-particle electrostatic interaction play in cake layer for-
of hydrodynamic drag and inter-particle electrostatic inter- mation are definitely evident iRigs. 6 and 7 Therefore, it
action on cake layer formation. ComparisorFigs. 4 and 5 becomes imperative for any simulation model to accurately
reveals that the zeta potential serves as a stronger differentiateharacterize these two quantities. This crucial step in the de-
ing agent over the ionic strength for cake formation dynamics velopment of the model will be discussed in greater detail in
at high permeate flux as the profound impact of zeta potential Section4.3,
remains clearly evident at high permeate flux.

The consolidation of the particles is visually apparent in 4.2. Sensitivity of cake volume fraction to particle size
Fig. 6. Note that the point of view ifrig. 6(@)—(c) spans from

Fig. 5. Cake layer volume fraction in relation to permeate flux with vary-
ing solution ionic strength. The following parameters (in addition to those
listed inTable J) were used in the simulations: particle radius = 100 nm, zeta
potential =—30 mV.

the membrane surface to the bulk in the posithgirection.
Take, for instance, the case of particle zeta poteriBil mV.
With an observed permeate flux of /s, the particles re-

Fig. 8 shows the model results for simulations of differ-
ent sizes of particles. As the hydrodynamic drag force is a
function of the particle radius according to E§3), it would

main sparsely concentrated (volume fraction=0.423), and follow that a smaller particle radius would then produce par-
an appreciable average center-to-center nearest pair interticle configurations of lower volume fraction. For instance at
particle spacing of 2.250 times patrticle radius is clearly 82.8um/s permeate flux, the particle volume fraction drops
discernible. Upon increasing the observed permeate flux tooff from a value of 0.659 for 200 nm particles to 0.489 for
27.6um/s, the volume fraction rises accordingly to a value of 50 nm particles. So, the particle radius proves to be another
0.527 with average inter-particle spacing of 2.075 times ra- important model parameter. The need to accurately size the
dius. The particles are consolidating but still not yetin contact model particles stands without question. However, implica-
with one another. A comparison &fg. (@) and (b) reveals tions of the sensitivity of the particle configuration to the
the noticeable compression of the particles and reduction inradius pervades to other deeper issues.

inter-particle spacing due to heightened hydrodynamic drag.  For filtration of polydisperse suspensions, one belief about
Finally, the particles contact one another when the observedthe polydisperse particle size distribution states that the
permeate flux reaches 8u8n/s as seen iifrig. 6(c), with smaller particles will occupy void spaces between the larger
average center-to-center inter-particle spacing of 2.002 timesones and thereby increase the overall volume fra¢84r85]
particle radius (i.e., particle contact). The volume fraction of However, this notion should be conditioned by the observa-
0.608 at this point suggests that the particles are configured intion that particles of various sizes will experience different

random packing33]. The illustration given irrig. 6captures
well the randomness of the particle configuration.

hydrodynamic drag forces. So, the deposition dynamics of
particles will vary according to the particle sizes. Therefore,

The role of inter-particle repulsion can be seen for the casethe possibility exists that within the cake layer there may be

of =90 mV inFig. 7. In this case, the cake layer volume frac-

a disproportionate particle size distribution that is different

tion at permeate flux 6, @m/s is 0.331 with sparse average from the distribution in the bulk phase. Instead of the situa-
center-to-center inter-particle spacing of 2.450 times particle tion with void-filling by smaller particles, the cake layer may

radius. The volume fraction compresses to only 0.456 with exhibit a stratification with respect to particle size where the
average inter-particle spacing 2.175 times particle radius atlarger particles are abundant throughout and smaller parti-
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Fig. 6. lllustrations of final particle configurations. (a) Observed permeate fluxz6/8, particle radius =100 nm, ionic strength =30/, zeta poten-

tial = —30 mV, volume fraction =0.423, average center-to-center inter-particle spacing =2.250 times particle radius. (b) Observed permeatefim¥s=27.6
particle radius =100 nm, ionic strength =FM, zeta potential =30 mV, volume fraction = 0.527, average inter-particle spacing =2.075 times particle ra-
dius. (c) Observed permeate flux=8g®/s, particle radius =100 nm, ionic strength=3M, zeta potential =30 mV, volume fraction =0.608, average
inter-particle spacing =2.002 times particle radius.

cles deposit mostly near the top portions of the cake layer. against its faster downward velocity. So, once again, the sit-
Now the smaller particles contribute not a void-filling effect uation portrays a complex counteraction between two hy-
but only a higher specific resistance within a certain concen- drodynamic drag forces, permeation and crossflow, both of
trated region in the cake layer. which are functions of a polydisperse particle distribution.
In addition, complications will arise in crossflow filtration ~ This may then explain the contradictory findings intimated
of polydisperse particles. Here, the larger particles will ex- in some studies that the crossflow functions to reduce the per-
perience greater hydrodynamic drag from the crossflow and meate flu{11,36]when the traditional view contends just the
be more susceptible to re-entrainment back into the bulk. opposite. Thus, a macroscopic generalization of the system
The tendency for the larger particles to re-entrain will work response to variations in particle sizes is open to exceptions
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Fig. 7. lllustrations of final particle configurations. (a) Observed permeate fluxs6/8, particle radius=100nm, ionic strength =3, zeta poten-

tial = —90 mV, volume fraction =0.331, average center-to-center inter-particle spacing =2.450 times particle radius. (b) Observed permeateuftuis=27.6
particle radius =100 nm, ionic strength =FM, zeta potential =90 mV, volume fraction =0.401, average inter-particle spacing =2.250 times particle ra-
dius. (c) Observed permeate flux=8p®/s, particle radius =100 nm, ionic strength =3, zeta potential =-90 mV, volume fraction =0.456, average
inter-particle spacing =2.175 times particle radius.

as those observed in Mackley and Sherrfieh36] But, a potential on the eventual cake layer volume fraction. There-
microscopic model such as MC simulation is sufficiently ro- fore, the selection of models for these two quantities should
bust to capture such anomalies by rigorously computing eachbe undertaken with diligence and scrutiny. Modeling the hy-

individual particle trajectory. drodynamic drag force by Stokes law as given in BE)
is historically proven and established to be cor{8j. So,
4.3. Selection of model parameters attention now shifts to the inter-particle interaction, which re-

mains an open question in terms of how to accurately model
Figs. 4, 5 and &ave clearly demonstrated the consid- the van der Waals and electrostatic potentials. In this study,
erable impact of the hydrodynamic drag and inter-particle the model for the inter-particle electrostatic potential is given
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in Egs. (10)—(12) This model relies on using a linear su-

perposition approximation with constant potential. Rigorous

derivation and defense of this method are given in Bell et al. Fig. 9. Sensitivity of cake layer volume fraction to the relative magnitudes

[25] and Chew and Sej26]. of hydrodynamic drag force vs. inter-particle potential. The following pa-
Other expressions for electrostatic double layer interaction rameters (in addition to those listedTiable 9 were used in the simulations:

are available. Among them are the fundamental expressiong@) ionic strength = 10", (b) ionic strength = 10%.

for interactions at constant surface potential, constant surface

charge, and many more other mod@s8]. A thorough dis- 1 ctyre their configuration. As a result, the volume fraction
cussion of the various options available is given in Chen and yo.reases with increasing hydrodynamic drag. Switching to
Kim [8]. a different model for the inter-particle potential or varying

The choice of models bears significant consequences. Toye magnitude of the physical parameters inputted into the
further |Ilustrat_e this po!nt, a parametBris introduced to _ model may cause the model to shift from region I to region
gauge the relative magnitude of the downward hydrodynamic , or vice versa.
drag versus the inter-particle electrostatic potential: Fig. Aa) and (b) also shows a comparison of the be-

havior of the ratio lodR in response to adjustments in the
(20) ionic strength. With a lower ionic strength of 1M in

Fig. Ab), the values of loR decrease significantly from
whereAVs is the difference in inter-particle potentials mea- that of Fig. 9(a). This is because at a lower ionic strength,
sured at a particle separation of 2.5 times particle radius, with inter-particle repulsive interactions are stronger and there-
a displacementr of 0.1 times particle radius. E20) es- fore greatly reduces the ratio of hydrodynamic force versus
sentially measures the ratio of the hydrodynamic force that inter-particle repulsion. Nevertheless, even when the inter-
the particle experiences while displacing 0.1 times particle particle repulsions are stronger, a threshold still exists where
radius in the negativedirection towards another particle 2.5 the particle deposition dynamics will transition into a region
times particle radius away versus the resistance against thidl behavior as shown ifig. Yb).
displacement from the inter-particle repulsion. Here it should be noted that a model that falls under re-

Fig. 9shows the particle volume fraction as a function of gion Il does not automatically disqualify it as being incorrect.
the logarithm ofR. The curves exhibit two distinct regions. That is because of the presence of counterbalancing forces
Inregion I, the particle volume fraction is an increasing func- in the system that will allow for the particles to restructure
tion of logR. This is an expected trend and signifies that a into configurations of higher volume fraction. Those forces
greater hydrodynamic drag will compress the particle con- include crossflow shear and compression by gravity. The for-
figuration and generate a higher volume fraction. The model mation of the cake layer may involve a two-stage process
implemented in the current study according to Kj8)—(12) where particles first readily deposit on the membrane sur-
does in fact fall within region | as supported by results given face at lower volume fractions (region Il behavior) and then
in Figs. 4, 5 and 8However, in region Il, the volume frac- subsequently restructure or collapse into a final formation
tion becomes a decreasing function of Rdn this case, the  of high volume fractio{10]. This trend may be present in
hydrodynamic drag has surpassed a threshold beyond whictdilute bulk suspensions where particles deposit singularly
it is so strong relative to the inter-particle potential that par- onto the membrane surface. So, in a system involving a di-
ticles coalesce rapidly with less opportunity to reorder or re- lute bulk suspension in crossflow filtration, the dynamics of

R— thdro
T AVs/Ar
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cake formation may extend beyond a simple region | rela- proach regarding the point of particle contact as indicating
tionship between the downward hydrodynamic drag and the phase transition so as to arrive at a more holistic set of prag-
inter-particle potential. Therefore, the selection of models to matic criteria adaptable to various filtration operating condi-
implement should not be aimed solely at seeking a region | tions.
behavior.

WhatFig. 9(@) and (b) do convey are the repercussions 5.2, Relating critical flux to phase transition
that result from the sensitive choice of mathematical expres-
sions and values to input to define the system. For the model A dead-end filtration system, shownrfig. 1, will be mod-
in the current study, two quantities have been identified 0 gled here. No crossflow shear occurs in the dead-end system.
be paramount: hydrodynamic drag force and inter-particle The only forces present are the applied pressure and inter-
potential. Which model to choose and what values to input particle potential. For this case, a system of equations is first

for its physical parameters? That is among the most impor- sojyed, Eq(5) and the two equatior81]:
tant questions for the development of a model that remains

responsible to the true situation. The final decision should ,
be rigorously tested against experimental observation of the ¢
actual physical parameters. The mandate for judicious selec-

tion of the model to implement appears overly obvious, and ) ) ) o
likewise, the testing of physical parameters may be relegatedS0!Ving this set of equations will yield the system response
as mundane detail. However, these simple yet crucial steps ofo! Permeate flux as a function of applied pressure, shown in

inspection are often overlooked in the development of model Fi9- 10 For a dead-end filtration system, the particle deposit
simulations. will continually build up over time, and so the system re-

sponse will also vary with time of filtration (2 and 5h). At
5h, a thicker cake layer has accumulated and so the yield in
permeate flux is lower than after 2 h of filtration.

The two forms of the critical flux are identifiable from the
curves inFig. 11 The strong form of the critical flux occurs
atlow applied pressures as the system response deviates from

In Sectiond.1, one of the possible definitions for the point  th€ clean water flux. For the case of Fov ionic strength
of phase transition from a fluid-like polarization layer to a @nd 5h of filtration, the strong form of the critical flux oc-
solid cake layer has been given. It relies on the inter-particle CUrs at applied pressure of 6.894 kPa (1 gsig(1X(a)). The
separation distance as the defining criterion for phase transi-Volume fraction of the cake layer is 0.472 with thickness
tion. Phase transition is identified to be the point where par-

AP

( 2¢prcvwo
MFcUw0

*= (e — é0)Rm
21)

)(v1+at—1),

5. Critical flux and phase transition

5.1. Definition of critical flux

80 T T T T

ticles come into contact with one another (surface-to-surface 7

inter-particle separation equals zero). As mentioned previ- () 10°M O~ o—

ously, this view is intuitively clear but may not bear practical 6or o o ]

significance as it does not relate itself to the operational per- — 40 Dﬂ O/O 1

formance of a membrane filtration system. More pragmatic % | O o~

interpretations of phase transition may be formulated by in- f 20 _[8'0 Ega_“OznhTimf

tegrating the concept of an observed critical flux during the 2 P o 5hours

filtration cycle. e o L = y - - =0
Some ambiguity still remains about the exact interpre- 2

tation of the critical flux[16,39-41] The opinions of sev- 3_‘3 80—

eral authors, for instance Howell et 1], Chang et al. o [(@10'M /D/

[1], and _C_han and Che[lle],_ are converging in agreement é 601 g /O/-

to the critical flux concept introduced by Field et HI6]. 8 d -0

Field et al.[16] classifies the critical flux into two sub- 4or D'D O/O i

categories, the strong and weak forms. The strong form of 0_o~ Filtration Time

the critical flux states that there exists a point below which 20 ES’O —L—2hours

the filtration of a colloidal suspension will yield the same N TO_,Sh,ours,

flux as pure water for the same applied presqa&g17]
The weak form relaxes this stringent guideline and casts the
critical flux as the point below which a linear relationship

0

0

20 40 60
Applied Pressure (psi)

80

100

exists between the applied pressure and permeate flux. Thgig. 10. Observed permeate flux as a function of applied pressure for
2 and 5h of dead-end filtration. The following parameters (in addition

to those listed inTable 1) were used in the simulations: (a) zeta poten-
tial=—30myV, ionic strength = 10" M, particle radius=100nm; (b) zeta
potential =30 mV, ionic strength = 10° M, particle radius =100 nm.

slope of the linear relationship is allowed to differ from that
of the pure-water fluf16,17] The interpretation of Field
et al.[16] will be applied here to refine the simplistic ap-
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30 — T T appropriate to designate this to be another possible point of

25| @ / / - ] phase transitionThe weak form of the critical flux demar-

20 - o 0 ] cates the onset of phase transition from concentration po-

sl —o— 5hours, 10°M ] larization to a particle deposit that will substantially restrict
@ | —o— Clean Water Flux | filtration performance. The particles need not be in contact;
E 1or / B ] the underpinning criterion adopts a practical consideration
x 5 [ (-F— Strong form of the critical flux where an incremental increase in the applied pressure will
% o A : : \ ] yield only limited increase in permeate flukhe rationale
g 0 5 10 15 20 behind this perspective argues that the transition from a fluid
% 80 ——————————————— to solid phase should be defined in terms of the impact on
o filtration performance. Once a significant decline in filtration
g 60 productivity is observed, the solidification of the cake layer
§ is deemed to occur. A summary of the strong and weak forms
O 40 of the critical flux for the case of ionic strength 1M is

given inFig. 12
20
0 2 v Weak form of the critigal flux , ] 5.3. Cake irreversibility
0 20 40 60 80 100
Applied Pressure (psi) Finally, besides the point of particle contact and the critical

flux, another alternative for defining phase transition relies on

Fig. 11 Identifica_ltion of _the strong form of the critical flux. The_follow- the idea of cake irreversibilitj40,43,44] After the particles

Ing parameters (in addition to those listediable J were used in the 6 intg contact, continued exertion of pressure will lead

simulations: (a) zeta potentia=30 mV, ionic strength =10° M, particle . . T . .

radius =100 nm. The volume fraction of the cake layer at the strong form of to their adhesion, which produces an irreversible cake layer.

the critical flux is 0.472 with cake thickness 2g.6 and average center-to-  An irreversible cake layer will remain on the membrane even

center inter-particle separation distance of 2.250 times particle radius; (b) after a release of the applied pressure. The cake layer formed
zeta potential =-30 mV, ionic strength = 1G° M, particle radius=100nm.  j5 permanent in contrast to the case of mere particle contact

The volume fraction of the cake layer at the weak form of the critical flux a6 the solidified deposit will disintegrate upon release of

is 0.537 with cake thickness 136n and average inter-particle separation . . . .

2.195 times particle radius. the applied pressure. The formation of an irreversible cake
layer bears serious ramifications for filtration operations. A
typical membrane filtration system will operate according to

28.6pm and average center-to-center inter-particle separa-cycles of membrane cleaning. An irreversible cake layer may

tion distance of 2.25 times particle radius. There is very little persist after the cleaning procedure and permanently exacer-
basis to assign the strong form of the critical flux as the point bate the system performance. So, another practical designa-
of phase transition. First, the particles are not in contact. Sec-tion of phase transition has been recogniRithse transition

ond, the particle deposit does not greatly affect the systemindicates the occurrence of an irreversible cake layer where

behavior (only the beginning of a deviation from the clean particles are in contact and adhered. The cake layer formed

water flux is observed). The strong form of the critical flux is permanent and will persist upon a release of pressure and
fails on both fronts, the simplistic view of phase transition in may be resistant to cleanin@his viewpoint bases its justi-
terms of particle contact and the practical view in terms of
operational impact. Therefore, the strong form of the critical

100 ; . T :
flux only defines the presence of a fluid-like polarized layer -
(i.e., concentration polarization). € gol  Weakformofthe — 2hr i
FromFig. 11(b), the weak form of the critical flux for the = critical flux
case of 103 M ionic strength occurs at 55.152 kPa (8 psi) Z ol S 5hr .
applied pressure with volume fraction 0.537, cake thickness 2 S
136pm, and average center-to-center inter-particle separa- g sl '," / i
tion 2.195 times particle radius. Here again the particles are ,_sf 5 o' m
not in contact. However, a significant change in filtration be- B ol [f ]
havior does occur. Once the system diverges from the linear S N
. . L. %] «“----o-- Strong form of the critical flux

relationship beyond the weak form of the critical flux, the 8 o . . . .

0 20 40 60 80 100

filtration performance begins to decline greatly. As can be . .
seen fromFig. 10(a) and (h)a large increase in the applied Applied Pressure (psi)
r re after the critical flux will no longer generate nearl
{)heSSU €a teblt e critica .u fl 0 0 gl:‘ %_? e atte |i|a y Fig. 12. Summary of the strong and weak forms of the critical flux. The
€ comparable increase In 1iux as prior 1o the cnuical Tlux. following parameters (in addition to those listedTiable 1) were used in

This deterioration in productivity caused by the cake layer the simulations: zeta potential=30 mV, ionic strength = 10°* M, particle
is commonly termed membrane fouling. It would then be radius=100nm.
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Increasing Applied Pressure

— > >

Weak form of critical
flux: Linear
relationship of
applied pressure vs.
flux. Particles not in
contact. Appreciable
particle deposition at
low volume fraction.

Strong form of critical
flux: Permeate flux
equals clean water flux.
Particles not in contact,

Low particle
deposition.

Further compression
causes irreversible
adhesion of particles.
Particle deposit remains
after release of pressure.

Particles come into
contact. Volume

fraction of at least
random maximum
packing.

Concentration Onset of Rall_dom Irreversible
Polarization Phase Maximum Cake Layer
Transition Packing

Fig. 13. Summary of the relationship between various definitions of phase transition.

fication on the idea of permanence of the phase transition.ery distinctforce and particle displacement. Monte Carlo sim-
A solid phase should be enduring and not temporal in that ulation has traditionally been widely accepted in the physical
it should remain regardless of the applied pressure, which sciences. Among the objectives of this study is to reinforce
precisely defines an irreversible cake formation. the fledgling extension of this powerful modeling technique
So, a multiplicity of perspectives is available to character- into membrane separation and fouling studies.
ize the point of phase transition from a fluid-like polarized The model presented in this study has completed the pre-
layerto a solid cakd=ig. 13provides asummary of these clas- liminary stages of development. It competently models the
sifications. Which definition of phase transitionis valid would concurrent effects of the permeation hydrodynamic drag and
depend on the mode of operation of the filtration system. For inter-particle interaction potential on the dynamics of particle
instance, if efficient productivity is sought, the weak form of deposition onto the membrane surface. The interplay between
the critical flux would be the relevant parameter for gauging these two forces is shown to be among the most crucial ele-
phase transition. Likewise, if effective membrane cleaning is ments that determine the physical accuracy of the model. Fur-
the guideline for operation, then the criterion for phase tran- thermore, the model is applied to gain insights into the phase
sition can be relaxed to correspond to the point of cake irre- transition phenomenon of the particle deposit. Three possi-
versibility. The definitions of phase transition should remain ble criteria for phase transition are identified—weak form of
multifarious and flexible so that it can be adaptable to a vast the critical flux, particle contact, and irreversible adhesion
range of operating conditions and standards of performance.of particles. Multiple characterizations of the point of phase
transition allow for incorporation of practical considerations
such as filtration performance and, therefore, offer the flexi-
6. Conclusion bility for adaptation to a wide range of physical situations.
The current study will continue by progressively adding
This study endeavors to develop a comprehensive Momefurther considerati.ons for the variegated arrgy _of fqrces and
Carlo simulation of colloidal membrane filtration for the pur- Phénomena mentioned above. The model in its final form
poses of investigating the phase transition phenomenon of the/ill @pproach a close facsimile of real systems. Many of
particle deposit from a fluid-like polarization layer to a solid the important topics of study in membrane filtration such
cake. Colloidal membrane filtration involves a complex array &S membrane fouling and locally varying dynamics of cake
of counterworking forces acting simultaneously. The set of 2yer formation can be simulated by a comprehensive robust
physical processes that govern filtration includes crossflow Model- The outlook of the current model is optimistic with
shear, permeation drag, inter-particle interaction potential, Promising new developments and applications to follow.
gravitational compression, restructuring of the deposit, par-
ticle aggregation, breakage of aggregate, and particle colli-
sions. Such an elaborate system bewilders macroscopic modAcknowledgments
eling techniques that apply averaged values of the physical
parameters and thereby lose valuable information about the This research was supported by the U.S. National Sci-
inner workings of the intricate system. So, the problem of col- ence Foundation (Grant BES 0114527), the U.S. Geological
loidal membrane filtration casts hydrodynamic bias Monte Survey (Grant 01HQGRO0079), through the Water Resources
Carlo simulation as an extremely advantageous alternativeResearch Center, University of Hawaii at Manoa, Honolulu,
that possesses the efficacy to capture the minute details of evand Saehan Industries, Seoul, Korea.
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Nomenclature

Greek letters

particle radius

uniform random number between 0 and 1
Hamaker’s constant
concentration-dependent diffusion coefficient
of particles

charge of an electron

ionic strength of the solution

Boltzmann’s constant

ion number concentration

Avogadro’s number

applied pressure within the system

specific cake resistance

particle location

parameter characterizing ratio of hydrody
namic drag to inter-particle potential

cake layer resistance

membrane resistance

dimensionless center-to-center separation
absolute temperature

crossflow velocity

inter-particle electrostatic potential

van der Waals’ potential

change in potential energy

valence of ions in the bulk solution

8c cake layer thickness
drmax maximum allowable displacement
&r relative permittivity of water
£0 permittivity of free space
k1 Debye screening length
n absolute dynamic fluid viscosity
v permeate flux
o permeate flux in magnitude
& a uniform random number between 0 and 1
onlpm  Boltzmann factor of the energy difference
¢ volume fraction of particles in the cake layer
oo bulk volume fraction of particles
oc cake layer volume fraction
dm particle volume fraction at the membrane sur-
face
Y surface potential of the particles
2 Happel’s correction factor
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