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Abstract

A laboratory-scale membrane filtration cell was constructed to enable direct microscopic observation of microbial cell deposition and release
in cross-flow microfiltration. Initial deposition rates determined from microscopic images were interpreted through an interaction force model.
Experimentally derived deposition rates and model calculations confirmed that initial cell and particle deposition was governed by permeation
drag and electrostatic double layer forces. Microbial deposition rates increased linearly with increasing permeation velocity over saveral order
of magnitude, but decreased dramatically with small increases to membrane and particle zeta potential. Cross-flow velocity had no effect on
initial deposition up to cross-flow Reynolds numbers of 600. Cell deposition rates were significantly lower at high ionic strength and low pH
due to cell aggregation in the bulk. Model equations suggested that cell aggregates were more strongly influenced by tangential shear and lift
forces, which tend to reduce deposition. The interaction force model predicted at a set of “critical operating conditions” at which cells were
reversibly deposited. Direct observation experiments verified that most cells deposited under the predicted “critical” conditions were easily
removed when permeation ceased — without the need for back-pulsing or chemical cleaning. Beyond the fundamental knowledge gained from
this study, the experimental and theoretical techniques presented may prove valuable in identifying particle and biological fouling potentials
of new membrane materials, as well as in developing effective fouling control strategies for environmental membrane separations.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction biofilm formation[3]. The unwanted deposition and growth
of a biofilm in any system is referred to bofouling Bio-
Microbial cells attach firmly to almost any surface sub- fouling is a major problem in environmental membrane sep-
merged in an aquatic environmefif]. Immobilized cells arations because it leads to higher operating pressures, more
grow, reproduce, and produce extra-cellular polymers, which frequent chemical cleanings, shortened membrane life, and
frequently extend from the cell forming a tangled matrix compromised product water qualig—6].
of fibers that provide structure to the assemblage termed a Biofouling is inherently more complicated than other
biofilm[2]. The generally accepted stages in the developmentmembrane fouling phenomena because microorganisms can
of a biofilm are: initial transport and deposition, more perma- grow, multiply, and relocate. Hence, even 99.99% removal of
nentadhesion or release, proliferation and trans-location, andmicroorganisms from a feed stream can still lead to the even-
tual formation of a biofilm{7]. Also, the plethora of aquatic
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faces after some time. Differences in microbial adhesion to found that permeate convection, tangential lift, shear induced
surfaces over long times may result from biological factors diffusion, Brownian diffusion, and colloidal interactions in-
such as the growth phase and nutritional condition of the fluenced the accumulation of colloidal and suspended parti-
microbe, but the initial attachment is largely controlled by cles to varying degrees. However, the analytical expressions
physicochemical factors such as solution chemistry, substrateemployed in these studies provided order of magnitude esti-
surface properties, and hydrodynamic conditifins/]. mates of particle fluxes. Subsequently, Song and Elimelech
Several past studies using direct microscopic observation[18] performed rigorous simulations based on numerical so-
suggested that cross-flow and permeate hydrodynamics conlution of the convection—diffusion—migration equation. Their
trol microbial cell and particle deposition onto membranes results confirmed that permeation drag and electrostatic dou-
[8-14], while other studies concluded that solution chem- ble layer repulsion governed particle deposition for small
istry and surface properties controlled microbial cell adhe- charged particles, while lift and shear forces were more im-
sion onto membrang45-17] These past studies provide a portant for large uncharged particles. These seminal studies
qualitative understanding that membrane biofouling can be provided valuable insight into the complex problem of par-
influenced by membrane surface properties (hydrophobicity, ticle deposition in membrane systems, but a facile approach
charge, roughness, pore size), bulk solution chemistry (pH, to accurately quantify microbial cell deposition in membrane
ionic strength, and electrolyte type), microbial suspension filtration processes is desirable.
properties (size, number, and microorganism type), and hy-  Microbial cell transport by convection and diffusion is rea-
drodynamic factors (permeation, cross-flow, back-pulsing). sonably well understood and quantitative analysis is straight-
The objective of this study was to develop a procedure forward[3,19,20] In contrast, cell-substrate interfacial inter-
enabling quantitative determination of the mechanisms gov- actions may be quantified through a number of different meth-
erning initial deposition and release of biofoulants in cross- 0ds[2,21,24] In the thermodynamic approach, the interact-
flow microfiltration processes. A laboratory-scale, cross-flow ing surfaces are assumed to physically contact each other un-
membrane filtration flow cell and direct microscopic obser- der conditions of thermodynamic equilibrium (i.e., reversible
vation apparatus similar to that of Mores and Ddtik] was adhesion), but this approach does not include an explicit role
constructed. Yeast cells, bacteria cells, and latex particlesfor electrostatic interactions. The classical Derjaguin, Lan-
served as model microbial particles (i.e., non-motile microor- dau, Verwey, Overbeek (DLVO) theo[25,26]describes in-
ganisms) or “biofoulants”. A polysulfone membrane and two teraction energies between two surfaces, based on the sum of
modified polyacrylonitrile membranes were tested as model London-van der Waals and electrostatic double layer interac-
microfiltration membranes. Membrane and particle surface tions and their decay with separation. More recently, Van Oss
properties were characterized to facilitate modeling of bulk [21] introduced an “extended DLVO” (XDLVO) approach,
and interfacial transport phenomena, and physicochemicalwhich incorporated short-range Lewis acid—base interactions
conditions were systematically varied in direct microscopic into the classical DLVO theory.
observation experiments. A novel image analysis procedure  While there is growing evidence that acid—base inter-
enabled rapid quantification of net deposition rates, which actions are important for colloidal fouling of membranes
were interpreted with the aid of an interaction force balance [27,28], inclusion of acid—base interactions in the XDLVO
model. approach implies that the surface free energies of interact-
ing materials can be accurately characterized. Microbial cell
surfaces are both chemically and structurally more com-
2. Theory plex and heterogeneous than most inert colloid surfaces
[1-3], which complicates the characterization of surface ener-
In cross-flow membrane filtration, the net velocity of mi- getic properties used in the thermodynamic and XDLVO ap-
crobial particles normal to the membrane surface is largely proaches. Moreover, acid—base surface energies can change
determined by normal convection with small contributions dramatically depending on the growth stage of a microorgan-
by tangential convection and Brownian diffusifd8]. Upon ism, whereas electrokinetic properties are relatively stable
close approach, non-specific interfacial forces may dominate[29].
bulk transport forces, and thus, govern deposition phenomena In this study, long-ranged, non-specific DLVO interac-
[19]. Interfacial forces originate from hydrodynamic, van der tions are considered in combination with bulk and interfacial
Waals, electrostatic double layer, Lewis acid—base, steric, andhydrodynamic interactions to describe initial deposition of
other physicochemical interactiofis9—21] In dilute elec- (non-motile, appendage free) microbial particles onto mem-
trolytes, electrostatic double layer repulsion is fairly long- brane surfaces. The sum of the bulk and interfacial forces
ranged and is often the dominant repulsive interfacial force (described below) at a given separation distance provides
acting to prevent a particle from depositifi®,20] an estimate of the attractive or repulsive force a microbe or
Cohen and Probsteij22] concluded that colloidal parti-  particle might experience. DLVO interactions are modeled
cle deposition onto reverse osmosis membranes was largelyfrom surface area averaged properties of microbes and mem-
determined by particles fluxes attributed to permeate dragbranes; therefore, any theoretical prediction of interfacial
and electrostatic double layer repulsion. Wiesner ef2a]] forces should be considered average and semi-quantitative.
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2.1. Permeate drag force 2.3. Cross-flow lift force

Numerous studies have shown that the drag force onapar- A particle in contact with a planar surface in a channel with
ticle approaching an impermeable surface becomes infinitelaminar cross-flow may experience a lift force due to tangen-
at small gaps because large pressures develop in the zone dfal convectior[31]. This force acts normal to and away from
closest approach due to the entrapped liquid film betweenthe membrane surface and may be described by an equation
the particle and wall20]. The drag force increases as an in- of the form
verse function of the separation gap and must be modified by 12

: - is FL = 812(pwpwid) a? 3
an appropriate correction factor. The corrected drag force is 'L = (ownwyy) ™ dap. ®3)

lly expr o .
usually expressed as whereyy is the wall shear rate. For a fully developed laminar

flow field in a thin rectangular channel, the wall shear rate is
given byyp = 605/ WCHE (Hc andW; are the channel height
and width, respectively{B2].

Fp = —6mpwapvweH, 1)

wheregy (=F/F) is the hydrodynamic correction factor to

the Stokes drag force. The negative sigiEmn (1)indicates

the permeate drag force acts normal to and towards the mem2-4- van der Waals force

brane surface. In the vicinity of the membrane surface, it is _

assumed that the particle velocity is sufficiently small to be  The attractive van der Waals force between a sphere (par-

ignored and inertial effects are negligible. ticle) and flat plate (membrane) can be calculated from
Goren[30] derived a theoretical description of the hydro-

dynamic correction factor for a spherical particle approaching Fa =

a permeable planar surface that was a complex function of

the surface’s Darcy permeability, particle size, and separa-whereAy is the Hamaker constant ands a characteristic

tion distance ¢y = f(Wap, Rmap), whereh is the separation  wavelength {100 nm)[19]. This expression accounts for re-

gap andRy, is the membrane hydraulic resistance, or the in- tardation effects due to the finite time of propagation of elec-

verse of the Darcy permeability]. This correction factor was tromagnetic waves traveling between the interacting bodies.

shown to be larger than 1 at separation distances up to 10The retardation effect significantly reduces the van der Waals

times the particle radius and increased dramatically up to force at separations larger than the characteristic wavelength

the point of contact, where it was described analytically by down to about 10 nm of interfacial separation. A Hamaker

on = [(2Rmap/3) + 1_0722]1/2_ constant of 1 kT was used for all simulations, based on esti-
Goren[30] provided tabulated results fg(h/ap) for a mates made from other studies for microorganisms and latex

range ofRnap values. Although none of the tabulated re- particles interacting with polymeric membrari2s,33,34]

sults exactly fit the conditions tested in this study, we found

that the logarithms of tabulated results plotted nearly linearly, 2.5, Electrostatic double layer force

which enabled linear interpolation to representative condi-

tions. The interpolated data were then plotted and fit by non-  Experimentally determined zeta potentials were substi-

linear regression to produce modified drag force equationstuted for surface potentials to predict repulsive electrostatic

as functions of cell size, membrane hydraulic resistance, anddouble layer forces between particles and membranes. All

—AHClp
61h2(1 + 5.3(1/)’

(4)

interfacial separation distance. Fitted eql_Jations Radal- solution chemistries employed in this study resultedap
ues above 95% and produced the analytical “contact” value values much larger than 100, which implies the range of elec-
in every case. trostatic interactions is much smaller than the particle radius.

Since the zeta potentials and separation distances considered
in model calculations were smatleg{/kT< 1 andh /ap < 1),

the constant surface potential sphere-plate electrical double
layer force expression

2.2. Gravitational force

The net gravitational force on a cell or particle is deter-
mined from the difference between gravitational and buoyant f = 2mapeeor(c? + ¢2)
forces, and may be written as

X 24mép — e 76_% (5)
Fg = —4ma3g(pp — ow), 2 23+ ¢2 T—e2h )

whereg is the gravitational constanp,, indicates the wa-  of Hogg et al.[35] was used. Here andeg are the relative
ter density, andpp indicates the particle density. Since permittivity of water and that of vacuurs, is the inverse
most microorganisms are small and their density is not Debye lengthd 112, | is solution ionic strengthkm and¢p

far from that of water, the net gravitational force is negli- are the membrane and particle zeta potentials,raisdthe

gible. interfacial separation distance.
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3. Materials and methods laminar flow profile was established within the field of view
of the microscop¢36].

3.1. Direct observation flow cell and apparatus Pressure transducers (Model PX302, Omega Engineering,

Stamford, CT) located at the feed, retentate, and permeate

A cross-flow membrane filtration (CMF) cell was con- ports recorded the corresponding pressures at all times dur-
structed from polycarbonate with a glass window inserted ing experiments. Locating the permeate pressure transducer
into the top plate to enable direct microscopic observation of between the flow cell and the permeate pump allowed deter-
microbial cell and particle deposition. The entire flow cellwas mination of the actual trans-membrane pressure drop as pre-
mounted on an optical microscope (Olympus BX-51, Japan) viously described by Ho and Zydn¢$7]. Each transducer
stage and 10 microscope objective lens was used to image was calibrated against several pre-calibrated analog pressure
cells deposited on the membrane surface through the glasgages with pressure metered by a pressurized nitrogen tank
window of the flow cell. A CCD camera (6 magnification) to ensure accurate and precise transducer calibration. The
mounted on the microscope enabled imagesto be downloadedransducers were connected to an analog-to-digital converter
in real-time to a laboratory PC for post-processing and image (Data Logger Pro, Vernier Instruments, Springfield, IL), and
analysis. A schematic illustration of the CMF cell and flow the three pressures were downloaded to a laboratory PC in

apparatus is presentedHig. 1 real-time. Extremely steady (i.e., non-pulsing) pressures and
The dimensions of the cross-flow channel within the flow flows were maintained within the cross-flow filtration cell be-
cell were 1 mm (heightHc) by 25.4mm (width,W;) by cause the entire apparatus was connected to the feed pressure

76.2mm (lengthL;). A double “O-ring” design was used vessel through a closed line-loop.

to provide a leak-proof seal at the required operating pres-

sures for the MF membranes tested. A permeate spacer wa8.2. Model membrane characterization

placed in a shallow insert in the bottom plate, followed by

the test membrane and the top plate. The feed suspension was Commercial polymeric membranes used in this study

contained in a stainless steel, pressurized feed vessel and thevere designated MX50, MX500, and EW by the manufac-

entire system was connected in a closed loop, so that initially turer (GE-Osmonics, Minneatonka, MN). Upon receipt from

the pressure was the same everywhere in the vessel, tubingthe manufacturer, residual preservative agents were removed

and CMF cell. from membrane surfaces by soaking coupons in a 60% alco-
The feed suspension was circulated through the CMF hol solution for 12 h, followed by 12 h of soaking in deionized

cell by a peristaltic pump (Master Flex, Cole-Parmer, USA) water. Soaking in alcohol was repeated and then membranes

mounted on the retentate line. Permeation was controlled bywere stored in deionized water &t® with the water replaced

a digital peristaltic pump (Master Flex, Cole-Parmer, USA) every 2 weeks.

mounted on the permeate line. Both peristaltic pumps were  According to the manufacturer, EW is a polysulfone mem-

calibrated across their entire range of flows. Computational brane with a relatively hydrophobic surface, whereas the

fluid dynamic simulations confirmed that a fully developed MX membranes were made from polyacrylonitrile (PAN)

==

Computer

DOB system

/ i Top View

Microscope
Objective

Pressurized
vessel

Side View
lon and cell
(@) (b) injection

Fig. 1. Schematic diagrams of (a) direct observation flow cell and (b) closed loop filtration system.
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and modified to possess a highly hydrophilic surface. The [40]. Zeta potentials were measured at a suspension con-
manufacturer rated EW, MX50, and MX500 to have nom- centration of about T0particles per ml over a range of pH
inal molecular weight cut-offs of approximately 60, 70 and ionic strengths. Model colloidal foulant sizes were es-
and 200kDa, respectively, at 98% retention of polysac- timated by scanning electron microscopy (SEM) and opti-
charides. Hydraulic resistances of membranes were de-cal microscopy (OM) with no perceived discrepancy. The
termined by performing a linear regression of pure wa- hydrodynamic diameter of each model foulant was charac-
ter flux versus applied pressure data. Membrane surfaceterized by a particle size analyzer (Coulter Counter Multi-
(zeta) potentials were determined by streaming potential sizer, Beckman-Coulter, Inc., USA). The mean of the area in
analyzer (EKA, Anton Paar, USA) following previously the graph of size and number of particles was taken as the
described method$38]. Streaming potential was mea- average size. A hemocytometer (grid sizeps0 x 50um
sured on three separate occasions using different membranex 100um deep, Fisher Scientific, USA) was used to deter-

coupons. mine the number concentration of model foulants in each
suspension. Cell and particle suspensions were diluted prior

3.3. Preparation of microbial and particle to dispensing onto the hemocytometer surface to expedite
suspensions the manual cell counting procedure. Particle counts of the
undiluted suspensions obtained from the Coulter Counter

Model biological foulants used in this study wesac- were used to validate the results of the hemocytometer

charomyces cerevisigactive dry yeast, Fleischmann, Inc.), counts.

Burkholderia cepaciaG4 (courtesy of Dr. T.K. Wood at

the University of Connecticut), and carboxyl-modified la- 3.5. Filtration experiment procedure

tex (CML) particles (Interfacial Dynamics Corporation,

USA). Latex particles were supplied by the manufacturer ~ Membrane coupons were cut from stored samples to fit the

in a 4% (w/v) suspension. The CML particles emitted flow cell and held in deionized water at room temperature for

blue fluorescence at 415 nm (excited at 360 nm), which en- 30 min prior to insertion in the flow cell. After the membrane

abled easy visualization via fluorescence microscopy with- was secured in the flow cell, the flow cell was mounted on

out modification to the supplied particles. Yeast and bac- the microscopic stage and connected to a pressurized vessel

teria cells were stained to enable visualization via light containing 21 of deionized water. Laboratory nitrogen gas

microscopy. was used to maintain pressures up to 345kPa. After a con-
Before each experiment, 0.26 g of dBy cerevisiaavas stant TMP was achieved, permeate flux was consecutively

placed in 100 ml of isotonic water (0.9% NacCl), stirred vig- increased and decreased waiting for a stable pressure to be

orously for 30 min, and centrifuged at 2000 rpm (130® achieved at each flux. Intrinsic membrane resistance was es-
for 8 min). The supernatant was removed and the above pro-tablished by performing a linear regression on the pressure
cedure was repeated three times. A suspensidh ckpa- versus flux data.

cia obtained from a pure culture was prepared following Next, the pressure at experimental flux was maintained
the same centrifugation procedure. Centrifuged microbial steady for at least 10 min and an appropriate volume of
cells were stained by addition to a solution comprised of premixed stock NaCl solution was injected by syringe

1 ml of 6% Coomassie Brilliant Blue R-250 (Sigma, USA) through a high-pressure plenum to provide the desired elec-
in 10 ml of acetic acid, 25 ml of isopropanol, and 64 ml of trolyte concentration. After salt addition, the above proce-
deionized water (final volume of 100 ml). The mixture was dures were repeated to calculate the membrane resistance to
stirred for 3 h and then centrifuged. The supernatant was re-permeation of an electrolyte solution. The apparent mem-
moved and the dyed cells were rinsed twice in deionized brane resistance changed after adjusting the ionic concen-
water to remove excess dye. The anion of Coomassie Bril- tration, suggesting there were significant electro-viscous ef-
liant Blue formed in the acidic staining medium combines fects due to the membrane surface charge. Hence, the ac-
with protonated amino groups of proteins through electro- tual or apparent membrane resistance was used in all model
static interactio39]. The resulting complex develops in- calculations.

tensely colored complexes, but is reversible under the proper Finally, dyed cells or fluorescent latex particles were in-
conditions. After repeating the washing experiment, the fi- jected into the pressurized vessel and images of deposited
nal mass ofS. cerevisiaewas 74+ 2% of the original particles were acquired for analysis. The cross-flow and per-

mass. meation velocities were calculated by dividing the metered
feed and permeate flow rates by the cross-sectional area of
3.4. Model foulant characterization flow cell and membrane area, respectively. All experiments

were conducted between two and six times at each condi-
Surface potentials of model foulants were estimated by tion. At the end of filtration experiments, the concentration
measuring electrophoretic mobility (ZetaPALS, Brookhaven of foulants in the feed vessel was verified using the hemocy-
Instruments, USA) and converting measured mobilities to tometer to determine if there was significant aggregation or
zeta potentials by the tabulated data of Ottewill and Shaw changes in particle concentration.
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Fig. 2. Determination of fractional surface coverage. Raw grey-scale images (a) acquired through direct microscopic observation were totacted in
and white images (b) by choosing an intermediate grey-scale threshold (c). The sums of black and white pixels determine the fractional surfaredarea co
by microbial cells and particles.

3.6. Image acquisition and analysis erage by particles at a given time through individual pixel
enumeration.

High resolution images (1288 1024 pixels) acquired
through the microscope and CCD camera were down-
loaded to a laboratory PC and analyzed with NIHs image 4. Results and discussion
analysis software (NIH Image J v1.30, downloaded from
http://rsb.info.nih.gov/i}). In a raw grey-scale image, each 4.1. Physicochemical properties of model biofoulants
pixel holds a 256 steps of the integer grey-level value which and membranes
describes the intensity of the light (0 = black, 255 = white).
After selecting an adherent cell found at the same position  Zeta potentials foiS. cerevisiaeat three different ionic
in consecutive images, a threshold was chosen and the coneoncentrations (0.001, 0.010, and 0.100 M of NaCl) are plot-
trast and brightness optimized to obtain the clearest possibleted against pH irFig. 3(a). The data points are measured
image. The distribution of the grey-level was then analyzed values for three experiments and the lines are first order
to determine the threshold value for conversion of grey-scale exponential fits to the data. Yeast cell zeta potentials fol-
images to black and white. lowed expected behavior of decreasing in magnitude with

A representative raw grey-scale image, the black and increasing ionic strength and decreasing pH. The cells ex-
white converted image, and plot of grey-scale intensities hibited an isoelectric point (IEP) at pH 3Big. 3(b) shows
are shown inFig. 2(a)—(c), respectively. Stained microbial zeta potential at 10 mM NaCl as a function of pH for all
particles appeared dark against the white membrane backthree model biofoulants. The latex particles followed a sim-
ground using standard light microscopy. The inverse analy- ilar trend to the yeast cells, but were more negative at each
sis was used for fluorescent latex particles, which appearedpH and displayed an IEP of 2.5. Bacteria appeared to have
white with the membrane surface appearing black via flu- a much lower IEP and the zeta potential change with pH
orescence microscopy. In either case, the converted blackwas moderate. So, at neutral pH both microbes had zeta
and white images were used to determine the fractional cov- potentials of—21 mV, while the latex zeta potential was
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Fig. 3. Zeta potentials of model biofoulants and membranes plotted against

4.2. Particle deposition rate constant determination

Preliminary experiments were performed with yeast cells
and the MX50 membrane. Constant experimental conditions
were permeation velocity 20m s~1 (40 gfd), cross-flow ve-
locity 25 mmst, 10mM NaCl, pH 5.5, and temperature 20
+ 2°C, but feed cell concentrations tested were 25, 50, and
100 mg/l. Hereafter, the “standard conditions” will refer to
the above experimental conditions at feed cell concentration
of 100 mg/l. Direct microscopic images from representative
experiments at 30 min of filtration time are providedrig. 4
at (a) 25 mgl/l, (b) 50 mg/l, and (c) 100 mg/I. The direct micro-
scopic images show increasing extents of surface coverage
with increasing feed cell concentration at 30 min of filtration.

Yeast cells appeared to deposit randomly, but some clus-
ters formed on the membrane surface with coverage spread-
ing outward from cluster centers. A small number of yeast
cell clusters (comprised of 2—4 primary particles) could be
observed in the bulk, indicating some particles were destabi-
lized at the solution chemistry of the experiments, but most
cells appeared stable and deposited individually. Occasion-
ally a large cluster would slough off the membrane surface
and be washed out of the microscopic field of view, but gen-
erally, there was very little rearrangement or re-entrainment
after particles initially deposited.

Fractional surface coveragg,increased in proportion to
the feed cell concentration as showrFig. 4(d). Each data
point is the average of several experiments at a given time.
Surface coverage increased linearly in all experiments up to
fractional values of 40—60%, and then tapered off with con-
tinued cell deposition. This result should not be confused
with a type of “blocking effect” known to decrease patrticle
or molecule adsorption rates as in “random sequential ad-
sorption”[41]. The blocking-like results here were due to the
fact that cells depositing on areas already covered by cells
did not increase the amount of black area detected through
image analysis.

Fractional surface coverage versus time data was then nor-

solution pH. Zeta potentials for (a) yeast cells at different ionic concentra- malized by the number concentration of cells fed into the flow
tions and (b) for yeast cells, bacteria cells and latex particles at 0.010M cg|| and the cross-sectional area of a single particle via

NaCl. Surface zeta potentials of MX and EW membranes at 0.010 M NaCl

vs. pH are plotted in (c).

N 20 1 ©)

7TaF2)Am N() ’

whereAn, is the membrane surface area within the field of

—35mV. Zeta potential was determined for both stained and view of the microscope objective lerdy the bulk feed cell
unstained microorganisms with no significant differences concentration, antl* is referred to as the normalized bound
between them; hence, the surface charge of the microor-cell density (#/m). When normalized in this manner, the
ganisms was not significantly changed by the dyeing tech- initial linear slopes of the concentration depend#titdata
nique.Fig. 3(c) shows the membrane surface (zeta) poten- collapse into a single slope.

tials calculated from streaming potential measurements for

Normalized bound cell density data for all of the con-

the MX and EW membranes. The MX membranes had a centration variation experiments were plotted up to the point
more negative zeta potential than EW in the entire range at which the fractional surface coverage data deviated from
of pH. Average hydraulic resistances of EW, MX50, and a constant initial linear growth ifrig. 5@). The slope de-

MX500 membranes were 5.47 10°, 1.06 x 10°, and 2.98

x 18 Pasntl.

scribes the concentration independent deposition igte,
which was~3ums™! for the standard conditions. Since
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Fig. 4. Direct microscopic images of yeast cells deposited on MX50 membrane after 30 min of filtration at feed cell concentrations of (a) 25 mggll(b) 50 m
and (c) 100 mg/l. Fractional surface coverage with time is plotted in (d). Constant experimental conditions employed were permeation yatosity 20
(40 gfd), cross-flow velocity 25 mnT$ (150s1), 10 mM NaCl, pH 5.5 (unadjusted), and temperaturet22°C.

there was a small amount of simultaneous deposition andbe considered the net transport velocity of yeast cells towards
release observed in filtration experimemtgshould be con-  the membrane. Multiplyingy by the feed concentration al-
sidered aetdeposition rate. The interaction forces described lows prediction of the actual number of cells depositing per
in Egs. (1)—(5)or the experimental conditions were plotted unit area of membrane per unit time.

in Fig. 5(b) with the sum of all interaction forces shown as a Cross-flow lift and gravitational forces were negligible
solid line. None of the interaction forces depend on feed cell for the hydrodynamic conditions simulated. The inset pro-
concentration, so only one set of interaction force curves wasvides a view of the magnitudes of these forces. The DLVO
generated for the three experiments. The single total inter-interaction force (dotted line) is negligible up to an interfa-
action force profile supports the single deposition rate deter- cial separation of about 20 nm. Strong electrostatic double
mined experimentally. The net deposition rate constant may layer repulsion makes the DLVO interaction completely re-
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Fig. 6. Influence of cross-flow velocity on (a) net deposition rate and (b)
Fig. 5. Influence of yeast cell concentration on (a) normalized bound cell interaction force balance for yeast cells and MX50 membrane. Cross-flow
density (\*) and (b) interaction forces between a yeast cell and MX50 mem- Velocities of 5, 25, and 125 mrSwere tested while all other experimental
brane. The slope of* vs. time in (a) was the net deposition rdtg, Dashed conditions were same as those describefign 4.
and dotted lines in (b) are individual interaction forces and the solid line is
the total interaction force.
forces balanced to zero at a separation distance of 7-10nm
and all force profiles were repulsive at small separations. An
pulsive inside 20 nm up to about 3nm (the Debye length), additional interaction force profile is shown for a velocity
at which point van der Waals attraction dominates and the of 300 mm s, which was the maximum cross-flow veloc-
total interaction quickly becomes attractive. Permeation drag ity of the experimental system, but a cross-flow velocity of
(dashed line) is completely attractive and increases in mag-375mms?! (j = 2250s; Re= 750) would be required
nitude with decreasing separation. The total interaction force to create an entirely repulsive (positive) interaction force
profile (solid line) is attractive at long range, but repulsive in- curve.
side about 7 nm. The presence of a repulsive (positive) force
at close separation does not prohibit particle deposition, as4 4. |mpact of permeation velocity on deposition rate
long as an attractive (negative) regime precedes the repulsive

barrier. Experiments using yeast cells and MX50 were performed

at the standard experimental conditions, but with permeation
4.3. Impact of cross-flow velocity on deposition rate velocities of 0, 10, 20, and 50m s~1, which corresponded to
water fluxes 0, 20, 40, and 100 gfd. Data plottedrig. 7(a)
Experiments using yeast cells and MX50 were performed show a nearly linear increase kg as a function of the per-
at the standard experimental conditions, but with cross-flow meation velocity. The higher deposition rates were attributed
velocities of 5, 25, and 125 mnT8. The cross-flows tested  primarily to higher rates of transport of cells from the bulk so-

produced wall shear rates of 30, 150, and 750 sand lution to the membrane surface. In addition, the normal drag
Reynolds numbers of 10, 50, and 250. Deposition rates at dif-force on cells approaching the membrane surface increased
ferent cross-flow velocities are plottedrig. 6(a) with error in proportion to the permeation velocity. The increased drag

bars indicating standard deviation at individual cross-flow ve- force is depicted in the interaction force profiles plotted in
locities. The nearly constant net deposition rate confirms that Fig. 7(b). The model results show an increasingly attrac-
initial particle deposition is independent of bulk cross-flow tive force profile with increasing permeation velocity, as ex-
velocity. Interaction force profiles plotted Fig. 6(b) were pected, and completely attractive interactions at the highest
consistent with experimentally derived deposition rates. The permeation velocity.
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Fig. 7. Influence of permeate velocity on (a) net deposition rate and (b) Fig- 8. Influence of ionic concentration on (a) net deposition rate and (b)
interaction force balance for yeast cells and MX50 membrane. Permeate interaction force balance for yeast cells and MX50 membrane. lonic concen-
velocities of 0, 10, 20, and 50m s~ were tested while all other experimental  trations of 1, 10, and 100 mM NaCl were tested while all other experimental

conditions were same as those describefidn 4. conditions were same as those describeféign 4.

In absence of permeation, a small, but noticeable, num- compaction. At the lowest ionic concentration, there were no
ber of cells deposited onto the membrane surface yielding Visible aggregates.
a positive net deposition rate of7 x 103 pums1. The A possible explanation emerges from examination of the
net positive deposition rate in absence of flux is consistent interaction force balance model equations. The cross-flow
with particle deposition studies in parallel plate flow cells lift force scales ass3, the corrected permeation drag force
with impermeable channel wallg,31,41] This observa- scales ag%-5, and the DLVO force scales ag. As particles
tion offers a potential explanation for why biofouling cannot grow larger due to aggregation, they should be more strongly
be controlled simply by operating at a “critical fluf42]. affected by the cross-flow lift force and less influenced by
The adsorption of a single bacteria to a membrane surfacepermeation and DLVO forces. Therefore, the reduced depo-
could ultimately lead to biofilm formation and performance sition rates at ionic strengths where aggregates formed were

decline. not inconsistent with the functional form of the model equa-
tions.
4.5. Impact of solution chemistry on deposition rate Experiments using yeast cells and MX50 were performed

at the standard experimental conditions, but with solution pH
Deposition rates determined for yeast cells and MX50 ob- of 3.5, 5.5, and 7.5. The deposition rates plotte#iom 9a)

tained at the standard experimental conditions, but with ionic were substantially lower at pH 3.5 and 5.5 than at a pH 7.5.
concentrationsd) of 1, 10, and 100 mM NacCl were plotted  The interaction force profiles iig. Ab) suggest an entirely
in Fig. 8@a). The deposition rates did not vary significantly attractive interaction force profile at pH 3.5, both attractive
at 10 and 100 mM, but a dramatically higher deposition rate and repulsive regimes at pH 5.5, and fairly strong, but short-
was determined at 1 mM. The interaction force profiles in rangedrepulsionatpH 7.5. At pH 7.5 the particles were stable
Fig. 8(b) suggest an entirely attractive interaction force profile with no observed aggregation. At pH 3.5 the yeast cells were
at 100 mM, both attractive and repulsive regimes at 10 mM, almost completely destabilized, and considerable aggrega-
and fairly strong and long-ranged repulsion at 1 mM. The tionwas observedinthe bulk. Aggregates were much larger at
lack of agreement between model and experiment may bepH 3.5 than at pH 5.5. Although the larger aggregates should
misleading because at 10 and 100 mM ionic concentrationshave been more strongly influenced by cross-flow lift at the
cells formed small aggregates in the bulk due to double layer lowest pH, they were sufficiently destabilized to enable van
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Fig. 9. Influence of pH on (a) net deposition rate and (b) interaction force Fig. 10. Influence of celland particle properties on (a) net deposition rate and
balance for yeast cells and MX50 membrane. pH values of 3.5, 5.5, and (b) interaction force balance for MX50 membraBecepacia$S. cerevisiag
7.5 were tested while all other experimental conditions were same as thoseand carboxylated latex particles were tested while all other experimental

described irFig. 4 conditions were same as those describefidn 4.
8.0
der Waals attraction to completely overwhelm electrostatic EW gV':’7(mv) 2333
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— [
4.6. Impact of biofoulant properties on deposition rate g 401
& * KX
The deposition rate constants $f cerevisiadyeast),B. 20+
cepacia(bacteria), and CML latex particles on MX50 were
determined at the standard experimental conditions and plot- 0.0
ted inFig. 10@@). The net deposition rates for the yeast and EW MX50 MX500
bacteria cells were not significantly different, but the deposi- @ Membrane
tion rate of latex particles was an order of magnitude lower 05+
than the microbial particles. Average measured zeta poten- 0.4+ e
tials of S. cerevisiagB. cepaciaand CML latex at the ex- 0.3+ e EW
perimental solution chemistry werel8 + 2, —21+ 2, and 02¢ .
—27 + 2mV, respectively. Average values for the microbes z 0.1¢ [\
were not statistically different considering the standard ex- ° 0.0 W
perimental error in zeta potential measurement. Interaction S 01 P
force balance profiles for the three particles are plotted in 02ty o
. . . -0.3+]
Fig. 1Qb). The permeation drag on the bacteria cells was al- oad]!
most half that on the yeast cells and on average the bacteria 0B
exhibited a slightly more negative zeta potential. However, 0 5 10 15 20 25 30 35 40 45 5
the total interaction force profiles predicted almost identical (®) Separation Distance (nm)

maximum reDU|Slve forces for the two microorganisms. A Fig. 11. Influence of membrane surface properties on (a) net deposition rate

significgntly higher rep'v"Sive_ force was pr?diCtEd for the_ _Ia' and (b) interaction force balance for yeast cells. MX500, MX50, and EW
tex particles, which was consistent with their lower deposition membranes were tested while all other experimental conditions were same
rate. as those described Fig. 4.
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4.7. Impact of membrane properties on deposition rate and MX500 show both attractive and repulsive regimes. The
modified permeate drag force at contact for MX50 is nearly
The deposition rate constants of yeast cells on MX50, double that of MX500, but the total interaction force pro-
MX500, and EW were determined at the standard experi- file upon approach is similar up to very small separations.
mental conditions. Net deposition rate constants are shown inAt the permeation velocity tested, the difference in perme-
Fig. 11(a). The data indicate that the deposition of yeast cells ate drag force (arising from differences in membrane hy-
was highest on the EW membrane, and practically identical draulic resistance through the Goren drag correction factor)
on MX50 and MX500 membranes. Since the membrane re- are relatively small compared to DLVO interactions at small
sistances increased in the order of MX500 < MX50 < EW, the separations.
influence of permeate drag on particle deposition increases in
the same order through the hydrodynamic correction factor, 4.8. Mechanisms of deposition and release
¢n. However, deposition rates appeared more strongly corre-
lated with zeta potential than with the hydrodynamic correc-  Cells were presumed reversibly deposited under force of
tion factor. The more negatively charged “hydrophilic” poly- permeation drag when a significant electrostatic repulsive
acrylonitrile (MX) membranes repeled the yeast cells more barrier was present, such as at the standard experimental
strongly than the weakly charged “hydrophobic” polysulfone conditions. An additional direct observation experiment was
(EW) membrane. performed at the standard conditions using yeast cells and
Interaction force profiles for the three experimental sce- MX50, but with an initial cross-flow velocity of 5 mn3.
narios are plotted ifrig. 11(b). The force profile for EW is  Experimental conditions were maintained constant until the
completely attractive, whereas the force profiles for MX50 membrane surface was completely covered by yeast cells.

Fig. 12. Optical microscope images of yeast cell deposition and release. Cells were deposited at the standard experimental conditions, esseffioier a ¢
velocity of 5mm s1. Cross-flow velocity was increased to 300 mm svith no change in surface coverage as shown in (a). Cells were quickly swept away as
observed at (b) 3, (c) 4, and (d) 18 s after permeation ceased.
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The cross-flow velocity was then increased in regular in- cells, causing aggregation in the bulk, and both resulted in
crements from 5mms up to 300 mm s, pausing at each  lower net deposition rates of yeast cells. This unexpected
cross-flow rate to acquire a microscopic image after 30s. result suggests pre-coagulation of particle suspensions may
There was no observable change in yeast cell coverage behinder deposition, as well as produce more porous cake layers
tween the lowest and highest cross-flow velocities, which [23].
confirmed the relative insignificance of cross-flow hydrody- The interaction force model predicted the dominant in-
namics up to a Reynolds number of 66@). 1Aa)isanimage  teraction forces governing particle deposition to be perme-
taken after the velocity was raised to 300 mm.sThe force ation drag and electrostatic repulsion, and total interaction
profiles inFig. 6(b) describe interaction forces for the condi- force profiles agreed qualitatively with observed net depo-
tions tested up to this point. The presence of repulsive forcessition rates. A set of “critical conditions” predicted by the
at small cell-membrane separations suggested that on averinteraction force model were verified experimentally, pro-
age cells were held near the membrane surface by permeatiowiding evidence that cells were reversibly held near the
drag, but were not in physical contact with the membrane sur- membrane—solution interface under force of permeation drag.
face (i.e., reversible deposition). Beyond the fundamental knowledge gained, the direct obser-

Next, the permeate pump was turned off instantly stopping vation system and image analysis procedure provides a quan-
permeation and the deposited cells were rapidly swept awaytitative and realistic assessment of membrane fouling poten-
from the membrane surface. Imagedhig. 12b)—(d) were tial. The direct observation technique may prove valuable for
taken at 3, 4, and 18 s after permeation ceased. At 18 s theanyone interested in rapidly identifying fouling potentials of
fractional surface coverage was about 10%. The interactionmembrane materials, optimizing operating conditions, and
force profile for Qum s~ permeation velocity irFig. 7(b) developing improved cleaning strategies for environmental
represents the no flux scenario for the standard conditions.membrane separations.
Although the interaction force balance profile was completely
repulsive, 100% removal was not achieved at longer times.
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Nomenclature

: a particle/cell radius (m)
5. Conclusions An Hamaker constant (J)
. ! ) , i Am membrane surface area3m
Net deposition rates derived from direct microscopic ob- G salt concentration (mott)

servation experiments were combined with an interaction | ¢
force balance model to elucidate the key physicochemical Fa
parameters governing microbial cell and latex particle depo- Fo

drag force at fluid-membrane interface (N)
van der Waals force (N)
permeate drag force (N)

sition onto polymeric microfiltration membranes. Initial de- Fo net gravitational force (N)
position of cells and particles was predominantly controlled FL cross-flow lift force (N)
by electrostatic double layer repulsion and permeation drag. Fr electrostatic double layer force (N)

The more negative zeta potentials of the modified polyacry- Foo drag force in bulk of fluid (N)
Iomtnl_e_membranes resulted in significantly lower yeast cell 9 gravitational constant (9.81 m?)
deposition than on a weakly charged polysulfone membrane.| interfacial separation distance (m)

Yeast and bacteria cells deposited nearly an order of mag- he half channel height, Hc/2 (m)

nitude faster than carboxyl-modified latex particles; the dif- He channel height (m),

ference was attributed to the more negative zeta potential of| | solution ionic strength, =2 ¢iz2 (mol I-2)
’ i

the latex particles. Cross-flow hydrodynamics did not affect | | Boltzmann's constant, 1.380710~23 (J K~1)
yeast cell deposition up to a Reynolds number of 600. Low- ’
ering solution pH or increasing ionic strength destabilized
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