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ABSTRACT 

An investigation of particle capture by single solid and hollow 

fibers was conducted. The experimental system consisted of a small 

water tunnel with a test section in which single fibers were inserted. 

The deposition rate of particles under conditions of controlled flow 

and chemical composition was measured with an optical microscope. 

particles studied included human erythrocytes and latex spheres rang­

ing in size from 2.0 ~m polyvinyltoluene latex to 25.7 ~m styrene­

divinylbenzene copolymer latex. The fibers were composed of glass, 

fluoroethylene-propylene (teflon - FEP), and cellulose acetate. Surface 

chemistry was found to playa major role in the attachment of micron­

size particles to the collector. However, electrical double layer 

theory could not predict the onset of rapid particle attachment quanti­

tatively. Significant viscous interaction of particles approaching 

the collector surface was inferred from the data, confirming recent 

theory. 

A novel application of hollow fibers with permeable membrane 

walls was developed. The membrane permeability permits modification 

of the fiber suspension interface by means of chemical addition and 

flow alteration. The destabilizing chemicals form a thin concentra-

tion boundary layer around the fiber surface, reducing the total amount 

of chemical needed. Slight suction at the fiber surface reduces the 

hydrodynamic resistance acting on the particles as they approach the 

surface. An increase in the collection efficiency can occur when 

these methods are applied. 
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Chapter I 

Introduction 

A. Motivation 

Man's efforts to separate dispersed phases from liquids date 

back to the limits of recorded history. TOday's water supplies are 

filtered to remove suspended inorganic and organic particulates such 

as clays, iron and alum floes, algae, bacteria and viruses. Other 

applications of filters include: processing food, paper, chemicals 

and beverages; coalescing emulsions; protecting machinery from abrasive 

particles; and cleaning perfused and transfused blood. In spite of 

the widespread use of filters, scientific investigation into their 

operation did not began until th~ century, and the greater part of 

the research has been conducted within the past forty years. Today 

there still is not a unified theory which can predict filter efficienies 

and operating characteristics for the variety of applications in 

which filters are used. 

Evidence of the need for additional research with bioparticles 

can be inferred from a comment from Galletti and Brecher's book 

Heart-Lung Bypass (1962): 

In the pioneer years of extracorporeal 
circulation, the usefulness of blood filters 
was often debated .••• Osborne (1955) actually 
observed that in a series of filters of equal 
mesh, more debris was recovered from the last 
filter in the blood circuit than from the first. 

During the past few years, improved blood compatible materials have 

been developed. Although a limited transfer of technology from other 
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areas of filtration research has taken place as well, dispelling 

previous notions that filters act only as sieves, particle capture 

mechanisms remain poorly understood ( Hill et al., 1970). 

The filtration of aqueous suspensions has progressed farther, 

stimulated by the economics of treatment plant operation and increas­

ingly stringent effluent requirements. However, the rational design 

of filters for other than head loss is not possible without extensive 

pilot plant studies or reliance upon previous experience. 

B. Summary of Depth Filtration Research and Medical Applications 

Reviews of deep bed filtration research have been written by 

Camp (1964); Ives and Sholji (1965); Sakthivadivel and Irmay (1966); 

Mintz (1966); O'Melia and Stumm (1967); and Herzig et al. (1970). 

Only recent work not covered by the reviews will be mentioned here 

along with a brief sketch of filtration research and the current state 

of filtration of body fluids. 

B-1. Depth filtration 

The ability of a depth filter to retain particles has been 

modelled in terms of a "filter coefficient" or "impediment modulus." 

Deposition of particles on a filter results in changes in the filter 

coefficient, flow and head loss. To describe the operation of the 

filter a set of coupled differential equations must be solved. This 

set of equations can be solved analytically or numerically depending 

upon the simplifications made in expressing the filter coefficient. 

A stumbling block to this approach has been the attempt to correlate 

experimental data with a single filter coefficient, without identifying 
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all of the capture mechanisms or the conditions under which they apply. 

The capture mechanisms entail two conceptually distinct steps, 

transport of particles to the collector surface and attachment of 

particles to the surface. In early studies (pre-1960's) only physical 

properties of the collector, fluid, and suspended particles were taken 

into account, (particle and grain diameters, viscosity, densities, 

velocity, etc.). Transport mechanisms were not treated as distinct 

processes until aerosol filtration methodology was applied to liquid 

filtration (1960's). During the same period, consideration of colloid 

chemical studies led to physical-chemical theories of particle capture 

(e.g., Mackrle and Mackrle, 1961; Heertjes and Lerk, 1967). Transport 

and attachment were next distinguished as separate steps (O'Melia and 

Stumm, 1967) after surface forces proved to be important for particles 

less than about 30 pm. Earlier investigators tended to lump the dif-

ferent transport mechanisms and attachment step together. As a result, 

the correlations they hypothesized could not be generalized to other 

than their own data. 

Although many transport mechanisms have been identified, there 

is no unanimous agreement as to which are important over a given range 

of variables. The physical-chemical models for attachment have not 

fared any better. A complicating factor has been the difference 

between hydrophobic (clays, latices, oils, etc.) and hydrophilic 

particles (generally of biologic origin such as erythrocytes, bacteria 

viruses, algae, etc.)l. Recent research (Cookson, 1967a, b, 1969,1970; 

1 
The terms "hydrophobic" (lyophobic in general) and "hydrophilic" 

(lyophilic in general) are applied to indicate the affinity of the material 
for water (any given solvent in general). See van 01phen, (l963) for details. 
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Yao, 1968; Yao et al., 1971; Spielman, 1968; Spielman and Goren, 1970, 

1972a, 1972b; Fitzpatrick and Spielman, 1973; Spielman and Fitzpatrick, 

1973; Spielman and Cukor, 1973) has been directed toward evaluating 

each of the transport mechanisms, the physical chemistry of particle 

attachment, and numerical solution of the equations governing the 

clogging process. 

B-2. Filtration of body fluids 

The filtration of body fluids has primarily developed from the 

need to remove debris from transfused or perfused blood. In recent 

years filtration has also been utilized to remove schistosomes from 

the blood stream and cells from lymph fluid (Goldsmith and Kean, 1966, 

1967, 1969; Foss et al., 1963; Fitts et al., 1971). 

The major effort has been to find blood compatible materials 

for use in the filter. Filters have been of the screen variety, 

relying upon sieving action for efficient removal of particles. 

Recently dacron was found to be effective as an implant material and 

has been applied as a wool mat to form effective depth filter to 

prevent the circulation of microemboli and air bubbles (Hill et al., 

1970; Egleblad et al., 1972; Ashmore et al., 1972). Evidence indicat­

ing that microemboli in transfused blood can lead to pulmonary insuf­

ficiency has stimulated re-evaluation of screen filters currently 

used in transfusion sets. A recent study by McNamara et al. (1972) 

indicates that depth filters can be more effective in removing aggre­

gates than screen filters. 
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The National Institutes of Health's program to develop artifi­

cial implantable organs has yielded information about cell contacts 

and adhesion (Fed. Am. Soc. Exp. BioI., Proc., 1971). Other 

research groups have contributed as well (Pethica, 1961; Abramson, 

1964; Ambrose, 1964; Sawyer et al., 1964; Sawyer, 1965; Sawyer and 

Srinivasan, 1970; Brooks et al., 1967; Edmark et al., 1970; Milligan 

et al., 1970; Gileadi, 1972; Djerassi et al., 1972; Majeski et al., 

1972). The myriad of related studies illuminate some of the factors 

involved and have, moreover, delineated the complexity of the problem. 

Currently, bio-particle filter design is largely a trial and error 

procedure. However, the systematic application of the newly gained 

knowledge from many diverse fields (chemical engineering, sanitary 

engineering, surface chemistry, biomedical materials research, and 

immunology) points to many exciting possibilities for selective filtra­

tion of particles. An example would be to selectively filter hepatitis 

virus from banked blood, using differences in the transport properties 

and chemical attachment of viruses and formed elements of blood. 

C. Scope of the Current Study 

The research evolved around two original objectives. The 

applicability of the double layer model to the particle attachment 

step was to be determined by comparing a bioparticle (human red blood 

cell) with a model inert particle (latex sphere). The validity of 

a recently proposed theory (Spielman and Goren, 1970) for particle 

collection by the interception mechanism was to be tested. Such 

experiments might provide a basis for predicting the collection 
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efficiency of both inert and bioparticles in the interception size 

range 0v 1 to 30 pm diameter). 

A plexiglass test section providing steady flow, approximating 

that of a uniform stream, past an isolated cylindrical fiber was 

designed for the studies. The transparent test section permitted 

microscopic observation of the particles depositing in situ. The 

single fiber results can be related to packed fibrous beds by mathe­

matically accounting for changes in the flow geometry (Spielman 

and Goren, 1968a). 

Based on the results of the study, a novel application of 

hollow fibers was envisioned which utilizes the permeability of the 

fiber wall to modify the chemistry of the region near the collector. 

Control of the surface chemistry presents a possibility to enhance 

or diminish the deposition rate of particles on the fiber. Experi­

ments to confirm the conceptual model were performed with the same 

test apparatus. 
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Chapter II 

Theoretical Background 

A. Transport Mechanisms 

A-l. Description of transport mechanisms 

Transport mechanisms recognized to be operating in depth filters 

include: 

a) interstitial straining
l 

- particles moving with the fluid 

may attempt to pass constrictions smaller than their own 

dimensions and be removed from the flow; 

b) bridging - two or more particles can form a "bridge" at 

the same passage causing further deposition upon themselves; 

c) gravitational sedimentation - where density differences 

exist between particle and fluid, the action of gravity 

causes a relative motion between particle and fluid which 

can bring the particle to the collector surface; 

d) inertial impingement or impaction - even in the absence 

of gravity, the inertia of a particle will prevent the 

particle from following curved fluid streamlines and the 

particle may impact upon a collecting surface as the flow 

curves around it; 

lInterstitial straining can be considered a special case of 
interception. It is distinguished because the calculated dependences 
of the filter coefficient upon particle and media dimensions differ, 
as well as the causes for particle retention. 
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e) interception - particles following fluid streamlines can 

be brought within a distance where the finite size of the 

particle results in a collision with the collector; 

f) diffusion - as particles are being convected by the flow, 

random thermal motions of the particles can bring them into 

contact with the collector; 

g) electrostatic or thermoprecipitation - electrical or thermal 

gradients due to charges or temperature differences can 

cause particles to migrate toward collecting surfaces. 

Two additional mechanisms have recently been proposed. Ison and Ives 

(1969) have concluded that "arbitrarily shaped particles," subjected 

to a three dimensional shear field, exhibit a "random drift" which 

results in significant lateral transport of the particles. Agrawal 

(1966) has suggested that electrokinetic effects generate electrical 

fields which can move charged particles toward or away from collect­

ing surfaces. 

Goldsmith and Mason (1961) have found that deformable particles, 

in a shear field generated by a wall, migrate laterally across fluid 

streamlines away from the wall, whereas rigid spheres and discs do 

not. Saffman (1965) found that lateral migration of rigid spheres 

in shear fields is caused by small inertial effects. He computed 

the force acting on a rigid sphere moving in the direction of flow, 

but with a relative velocity with respect to the undisturbed stream­

line which would have passed through the center of the particle. The 

disc-like RBC used in the current study should behave as rigid particles 
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under the small shear fields generated by the fiber. Estimates of 

the lift on the rigid latex spheres used in this study using Saffman's 

(1965) result indicate that the lift force is small compared to 

London-van der Waals or double layer forces for narrow separations 

(h/a «1). Therefore lateral motions resulting from shearing forces 
p 

were not a factor in the experiments. 

Although the magnitude of electrokinetic effects has not been 

predicted, they are expected to be proportional to the streaming 

potential (Agrawal, 1966). For highly porous materials these forces 

should be negligible, and have been disregarded in the single fiber 

experiments. 

The present investigation is limited to studying the initial 

filtration efficiency of dilute suspensions of micron size particles 

~ 1 to 30 pm diameter) through highly porous fibrous media (porosity, 

f> 0.7) at low Reynolds numbers. Therefore inertial impaction, 

interstitial straining, bridging, and thermoprecipitation are negligible 

compared to other mechanisms. Furthermore, except in the immediate 

neighborhood of the surface, large potential gradients cannot be 

maintained on collectors of fixed charge suspended in natural waters. 

Hence, electrostatic precipitation is eliminated as a significant 

transport mechanism. This leaves sedimentation, interception, and 

diffusion as potentially significant transport mechanisms. 

Bioparticles consist primarily of water and have densities 

close to unity. Unicellular particles (bacteria, formed blood 

elements) range from a few tenths of microns to about 10 microns in 
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diameter. For these reasons gravitational sedimentation is generally 

not a significant transport mechanism for them. However, sedimen-

tat ion can be a significant factor for inorganic particles in the 

size range of interest (1 to 30 pm diameter), and are included in 

this discussion even though all experiments reported here were designed 

to avoid sedimentation effects. 

A-2. Analysis of selected mechanisms 

A-2-a. Definition of single collector efficiency and filter coefficient 

The single fiber collector efficiency, ~, is defined to be the 

ratio of the cross-sectional area, perpendicular to the flow, com-

pletely cleared of particles to the cross-sectional area of the 

collector. Assuming every collision of a particle with the fiber 

results in removal, a dimensionless transport efficiency, ~t' can be 

attributed to each transport mechanism. The transport efficiency 

displays the effect of each physical variable on the number of colli-

sions. The product of the fraction of successful collisions leading 

to particle capture, a, and the transport efficiency yields the 

collector efficiency. The single collector efficiency can be related 

mathematically to the different flow geometries prevailing in a 

packed bed or fibrous mat by using various flow models (Spielman 

and Goren, 1968a), and thereby to the filter coefficient, ~. 

Assuming steady conditions and homogeneous media throughout 

any cross section perpendicular to the flow, a filter coefficient, 

~, is defined by the equation 

(II-A-l) 
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where n is the particle concentration at any depth x of the filter. 

The loss of particles through an infinitesimal thickness, dx, of the 

filter is given by the product of the single collector transport 

efficiency, collector area per unit width, number of collectors in 

thickness dx, local particle concentration, and the fraction of par-

ticle collector contacts which lead to capture. For cylindrical 

collectors the loss is given by 

(II-A-2) 

where a f is the cylinder radius, f is the porosity and a is termed 

the collision efficiency, the fraction of particle-surface contacts 

leading to capture. Therefore the filter coefficient is related to 

the collection efficiency by the equation 

2(1-f) 'T1 . 
na f 

A-2-b. Expressions for cylinder transport efficiencies 

(II-A-3) 

As mentioned previously, density differences give rise to 

particle motion relative to the fluid. The collection efficiency due 

to sedimentation, when the flow is laminar and is in the direction 

of gravity, is given by 

'T1G 

v • area cleared 
s 

U • fiber cross-sectional area , (II-A-4) 

where v is the settling velocity of the particles and U is the 
s 

mainstream velocity of the fluid. For spherical particles obeying 

Stokes' law the settling velocity is given by 
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(II-A-5) 

In the above equation, Pp and Pf are the particle and fluid densities 

respectively, g is the acceleration of gravity, and p is the fluid 

viscosity. Since contact occurs when the particles come within one 

particle radius of the fiber, the area cleared is given by the product 

of the particle diameter and fiber length. Equation II-A-4 becomes 

2 
2~ -Pf)ga 

~G p p (l+R) 
9pU 

(II-A-6) 

where R is the ratio of particle to fiber radius, also termed the 

interception parameter. 

Several conclusions can be drawn from the form of the single 

collector efficiency. First, the efficiency decreases rapidly as the 

particles become smaller or as the particle density approaches that 

of the fluid. Second, because the particles are normally much smaller 

than the fiber, the dependence upon fiber diameter is weak. Third, 

there is a moderate dependence upon the flow rate. 

The efficiency computed from the geometric interception model 

(GIM) commonly used in gas filtration differs from the sedimentation 

result. The GIM efficiency can be calculated by integrating the 

contribution of the inward normal velocity at a distance of one 

particle radius over the collector surface. 

When interception is significant in liquid filtration, it is 

often the case that the particles are small compared to the collector 

and the Reynolds number, NRe -based upon the collector diameter, is 
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less than one. Under these conditions, Friedlander (1957) has calcu-

lated the efficiency for isolated cylindrical fibers as 

TJGIM 

where 

2 
2A

F
a 
....E.2 = 
a

f 

1 

(II-A-7) 

(II-A-8) 

is a characteristic of the flow model employed. The derivation of 

Equations II-A-7 and II-A-8 is based upon Lamb's (1932) solution of 

the Oseen equations and assumes that the velocity profile near the 

cylinder surface is accurately predicted by the leading term of the 

expansion of that solution. Spielman and Goren (l968a) present alter-

native expressions for AF for different flow models. 

The GIM assumes that the particles are capable of following 

the fluid streamlines. The assumption is justified for aerosols 

where the low viscosity and molecular density of the carrier gas 

do not result in appreciable fluid dynamic interaction as the gap 

between the particle and collector narrows. However, for viscous 

liquids, Spielman has presented theoretical and experimental evidence 

that hydrodynamic interaction with collectors causes particles to 

deviate from the undisturbed fluid streamlines as the separation 

between particle and collector becomes small. In fact, using con-

tinuum theory for the liquid, one finds that no particles will deposit 

on the collector in a finite amount of time unless acted upon by 

an external force! The attractive force needed to overcome the 
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increasing fluid resistance with narrowing gap width is believed to 

be the London-van der Waals dispersion force. 

Spielman and Goren's (1970) analysis, hereafter termed the 

hydrodynamic retardation model (HRM) is based upon the following 

assumptions: 

i) the collector is cylindrical and the particle spherical; 

ii) the undisturbed flow field about the cylinder is given by 

the leading term of Lamb's solution for the stream function 

2 
(r-a

f
) 

'f = 2A U sin e 
F 

with the appropriate A
F

; 

(II-A-9) 

iii) the flow field in the neighborhood of a small moving particle 

is governed by the incompressible creeping flow equations 

2~ 
V'p = Jl V' v 

~ 

(II-A-IO) 

where p is the pressure and v the vector velocity, the 

velocity field far from the collector is given by the 

undisturbed flow; 

iv) the particle is small compared to the collector so that the 

cylinder may be treated as a plane wall when the streamlines 

begin to deviate from the undisturbed pattern; 

v) London-van der Waals and hydrodynamic forces are the only 

ones acting on the particle, i.e., gravitational, electro-

static and random thermal forces are negligible. 

The linearity of the creeping flow equations and the additivity of 

the boundary conditions are used to resolve the particle motion into 
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radial and tangential components. Applying dimensional reasoning to 

the equations of motion and the boundary conditions, the ratio of the 

HRM to GIM transport efficiencies is found to be a function of two 

dimensionless groups, 

(II-A-ll) 

where the Hamaker constant, Q, and the characteristic wavelength of 

the dispersion forces, A are material properties of the particle 
w 

and collector. The first dimensionless group on the right hand side 

has been termed the adhesion number, 

(II-A-12) 

and accounts for the correction to the GIM resulting from hydrodynamic 

and dispersion forces. The second dimensionless group is a correction 

to the calculated dispersion force taking into consideration the 

finite propagation velocity of electromagnetic waves. Fibrous mat 

data have been successfully correlated ignoring the electromagnetic 

correction (Spielman, 1968; Fitzpatrick and Spielman, 1973). 

Spielman and Fitzpatrick (1973) carried out numerical integra-

tions of the particle trajectories using uncorrected dispersion forces 

for spherical, cylindrical, and rotating disc collectors. They 

obtained the ratio of the interception efficiencies as a function of 

the adhesion parameter in quantitative form and satisfactorily corre-

lated several sets of data for granular packed bed filters with it 
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(Fitzpatrick and Spielman, 1973). The computed curve for cylindrical 

collectors has been reproduced in Figure II-A-l. Spielman and Cukor 

(1973) have extended the numerical integrations to include diffuse 

double layer interactions near spherical and rotating disc collectors. 

They found the interesting result that there is no abrupt change in . 

the rate of collection as one passes from secondary minimum to primary 

minimum capture. Furthermore, the dependence of the collection 

efficiency on the parameter characterizing repulsion is practically 

discontinuous for large adhesion numbers. The explanation for the 

discontinuous behavior is that at large adhesion numbers the hydro-

dynamic forces are very small compared to double layer and dispersion 

forces. Then the criterion used for collection, zero net force 

acting on the particle at the point where the potential energy barrier 

becomes zero, does not depend strongly on the flow field. This 

corresponds to the Verwey-Overbeek (1948) method for determining the 

critical coagulation concentration of lyophobic sols. 

Under conditions of negligible repulsion, the ratio of the 

model efficiencies, ~HRM/~GIM' has roughly a one-quarter power depen­

dence upon the adhesion number, NAd f' over a wide range of values. , 
Natanson (1957a) integrated the particle trajectory assuming only 

Stokes drag and dispersion forces and obtained an analytic solution. 

The asymptote shown for large NAd f is his result and has a one-third , 
power dependence. 

For instructive purposes, assume that the one-quarter power 

dependence represents the true functional dependence. Then the 

approximate dependence of the HRM efficiency upon the different 
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variables may be clearly seen, 

(II-A-13) 

Note the weak dependence upon the flow (~-1/4, u- 1
/ 4 ) and the material 

composition (Ql/4), absent in the GIM. Also note the moderate effect 

of the flow geometry (AF
3/4) and particle size (ap)' and most interest­

ing, the effect of fiber size (a
f
3/2

). In contrast with transport 

by sedimentation, there is a strong increase in efficiency by decreas-

ing the collector size. 

The media size in sand filters (400 ~ to 2,000 ~) has been 

limited by the media stratification which occurs with backwashing. 

As a result, sedimentation dominates interception for the flowrates 

under which typical sand filters are operated. Multi-media filters 

with increased efficiency have extended the size range to about 150 ~ 

by using high density materials. Fibrous media filters are not 

subject to the same limitation and can be made more efficient by 

decreasing fiber diameters, the ultimate limitation being either 

fiber strength or manufacturing costs. 

One does not usually think of diffusion as a significant trans-

port mechanism outside the sub-micron range where it dominates 

(Cookson, 1967b, 1970 and Yao et al., 1971). Yet Yao et al. (1971) calculate 

that for a single spherical collector diffusion is non-negligible 

compared to transport by the GIM mechanism for particle diameters 

approaching 2 or 3~. Its role in removing particles in the micron 

size range is considered here. 
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The expression for the transport of point particles diffusing 

to cylinders from low speed flows has been derived independently by 

Friedlander (1957) and Natanson (1957b), 

~ = C A 1/3 (~'2/3 = C A 1/3N -2/3 
D ~ 1 F dfU / ~ 1 F Pe 

(II-A-14) 

where Dp is the diffusion coefficient of the particle, and df is the 

diameter of the fiber. The Peclet number, Npe ' appearing in the 

above expression is a measure of convective to diffusive transport. 

Both Natanson and Friedlander utilize the fact that even though a 

hydrodynamic boundary layer does not exist, a concentration boundary 

layer does. The coefficient Cl was calculated to be 1.17 by Natanson 

using "thin" concentration boundary layer approximations while a 

value of 1.035 was found by Friedlander using an integral boundary 

layer method. 

The diffusion efficiency is seen to increase with decreasing 

particle size, i.e., higher diffusion coefficients, decreasing fiber 

diameter and decreasing velocity. 

Spielman and Friedlander (1973) have included the effects of 

double layer forces on the diffusion of point particles to spherical 

and cylindrical collectors. By including the gradient of the poten-

tial energy of the particle in the convective diffusion equation, 

an analytic solution was obtained (in the form of an integral) for 

the collection efficiency as a function of a single parameter, ~. 

Using their notation, the collection efficiency is given by 
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Th~ parameter, ~, depends upon the ratio of the potential to the 

thermal energy of the particle. The effect of ~ on the collision 

efficiency, cr =I/~, has been reproduced from their work in Figure 

II-A-2. 

The potential energy can be calculated from the Verwey-Overbeek, 

Derjaguin-Landau (VODL) theory. The results of an approximate calcu-

lation are shown in Figure II-A-3 using values from experiments with 

2.0 ~lm latex particles depositing on glass fibers. An assumed value 

of the Hamaker constant of 3 x 10- 20 joules was used. Increasing the 

Hamaker constant slightly displaces the curve in the direction of 

lower concentrations. Details of the calculation are given in 

Appendix B. Interestingly, the curve does not exhibit the discon-

tinuous behavior of the interception solution. The distribution of 

particle energies is subtly accounted for in the theory. 

A-2-c. Relative contribution of transport mechanisms 

Figure II-A-I shows that for large adhesion numbers, NAd,f' 

the HRM efficiency becomes greater than the GIM efficiency. The 

particles must therefore be displaced from their original streamlines 

toward the collector. Physically, it is difficult to imagine disper-

sion forces moving particles the distances needed (on the order of 

o 
microns ~ 10,000 A) to increase the efficiency by factors of 2 to 10. 

Schenkel and Kitchener (1960) state that an electromagnetic retardation 
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correction must be applied to particles of microscopic dimensions 

-2 0 
at separations less than 2 x 10 pm « 200 A). The correction 

increases the power dependence of the attractive force. Therefore, 

it is unlikely that the HRM efficiency calculated neglecting electro-

magnetic retardation is correct in the large NAd,f region and agree­

ment with experimental data in this region must be regarded as 

fortuitous. 

Fitzpatrick and Spielman (1973) correlated data for packed beds 

of spheres in the high NAd,s region using the unretarded dispersion 

expression for the force and neglecting diffusion. However, all of 

the experimental data with ~HRM/~GIM > 1 were gathered under conditions 

where the single collector diffusion efficiency was at least comparable 

if not greater than ~HRM' The neglect of diffusion was justified 

for some data points on the basis that the flow geometry, AF' in 

packed beds or fibrous mats, increases the interception contribution 

(~HRM cr AF2/3 to AF3/4) relative to diffusion (~D cr AFl/3). In 

single fiber experiments, there is no uncertainty about the flow 

model used to correlate the data. If the experimentally determined 

efficiency should be appreciably larger than the GIM efficiency, 

then this must be attributed to diffusion since all other mechanisms 

are negligible by experimental design. 

Comparing the dependence of ~D' ~HRM' and ~G on particle size, 

it is apparent that there exists a particle size with minimum contact 

opportunity (Friedlander, 1967a; Yao et al.,197l). A plot of the sum 

of the efficiencies contributed by the three mechanisms is shown in 

Figure II-A-4. The minimum occurs for particles about 1 or 2 ~ in 
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diameter depending upon ~he collector diameter. The magnitudes of 

diffusion and interception are about the same for that size range. 

Particle suspensions found in practice generally have broad 

size distributions so that more than one removal mechanism may be 

important. Yao et a1. (1971) found fair agreement with measured 

filter efficiencies by simply summing the theoretical efficiencies. 

Friedlander (1967a,b) presented an empirical correlation for combined 

diffusion and interception based upon convective diffusion theory, 

incorporating interception in the boundary condition. No rigorously 

correct technique for combining the various efficiencies exists. 

Summing the individual efficiencies, properly weighted by the size 

distribution, appears to be the best practical technique for predicting 

the initial filtration efficiency. 

B. Attachment Processes 

In aqueous media, surfaces become charged by a number of 

different mechanisms including chemical reaction, lattice imper­

fections and substitutions, and specific ion adsorption (Stumm and 

Morgan, 1970). The presence of clouds of counterions in solution 

shields the charged surfaces so that charge effects are only appre­

ciable at close approach. The diffuse electrical double layer proposed 

by Verwey-Overbeek, Derjaguin-Landau (VODL) attempts to describe the 

interaction energies of surfaces, taking into account charges and 

dispersion forces. 

The VODL theory is analyzed in detail by Verwey and Overbeek 

(1948), Kruyt (1952), and Adamson (1967) among others. Its role in 
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the attachment step for both hydrophobic and hydrophilic particles 

is discussed here. 

B-1. The VODL model predictions 

Hogg et a1. (1966) have derived an expression for the repulsive 

potential energy due to like charges on two dissimilar spheres) 

+ In ~ -exp (-2J(h1l 

(II-B-I) 

where the subscripts refer to particle 1 or 2 and Wo is the surface 

potential) K is the reciprocal of the double layer thickness) h is 

the separation between sphere surfaces along a line joining their 

centers, e is the dielectric constant, and 4neO is a constant used 

to convert electrostatic units to S.l. units. 1 The sphere-plate 

energy is readily derived by taking the limit as one radius tends to 

infinity, 
.. 0, 

I 

( 1 + exp (_Kh)J + 1 n 

\.1 - exp (-Kh) 

~ -exp(-2'h~j 

(II-B-2) 

These approximations are believed to be accurate for thin double 

layers (Ka »1) and low to moderate potentials « 50 - 60 mv). p 

Ie 0 is the ~ermittivity constant of "free space" and has the 
value 8.85 x 10- 1 farad/meter. 
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The attractive energy caused by the unretarded dispersion forces 

are given by Adamson (1967) for the case of two unequal spheres, 

Again, taking the limit as one sphere grows indefinitely one obtains 

r 

Q.) 2ap (ap +h) 

6'ih(2a +h) 
1 p (

2a + h) ,: 1 p , 
In h ( 

I,: 

(II-B-4) 

which for h «a becomes 
p 

Qa 
~ 
6h (II-B-5) 

Equations II-B-2 and II-B-5 were added to give the total potential 

energy of interaction of a sphere and plate 

Qa 
V =- ~+ 

T 6h 

4 o~ + V o~l~ 2 (V 01 V 02) (1 + exp (_Kh)j (, ;jl 
4:rr€€0 I~ 2 2 In +In ,I - exp(-2Kh)1 

\ 4 I (VOl +V 02) \1 - exp(-Kh) J 
L -

(II-B-6) 

Typical curves of the potential energy versus separation are shown 

in Figures II-B-l and II-B-2. They were calculated to correspond to 

conditions used in 2.0 pm polyvinyl toluene latex particle (PVTL) and 

100 pm glass fiber experiments and will be referred to again in the 

lThere are typographical errors in the expression given by 
Adamson (1967) for the sphere-plate interaction. 
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1 
discussion of experimental results. 

The zeta potentials, C, based on mobility measurements were 

used in place of the surface potential, ~ , in the above calculations. 
2 

o 

This corresponds to assuming that the total repulsive energy is 

adequately represented by the zeta potential. Justification for 

such an assumption comes from earlier coagulation studies (Watillon 

and Joseph-Petit, 1966; Ottewill and Shaw, 1966; Hunter and Wright, 

1971) where the same assumption has been successful in some cases. 

Equation II-B-2 is an expression of double layer interaction at 

constant potential. The question of whether constant charge or 

constant potential should be used is still open to debate. Spielman 

and Cukor's (1973) numerical calculations show that they are quali-

tative1y the same. The constant charge assumption makes the repulsive 

energy decay slightly faster with distance. 

Figures II-B-l and II-B-2 show definite secondary potential 

energy minima. Although the minima occur at distances less than 

o 
100 A when ion concentrations are high, it is likely that they are 

overestimated. The large attractive energies result from the sphere-

plate geometry assumed for micron-sized particles without electro-

magnetic retardation corrections. If the minima truly are as deep as 

lIn calculating the double layer thickness, K-
l

, the usual 
assumption was made that the counterion contribution dominates, since 
the electrolyte was not of the 1:1 variety. 

2 
Calculation of the zeta potential was performed using the 

Helmholtz-Smoluchowski equation for large particles with large radii 
of curvature (Abramson, 1964). Diffuse double layer relaxation and 
retardation corrections were not applied since they are small « 10% 
for Ka > 100) (Wiersma et al., 1966). 
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those calculated from Equation 11-B-5, particles would be expected 

to be captured in a secondary minimum and dragged by the fluid toward 

the rear stagnation point of a cylindrical collector. It is not 

known whether the secondary minima are deep enough to "accelerate" 

particles over the potential energy barriers into primary minima. 

B-2. Stern model corrections 

Where interaction energies other than those due to charge and 

dispersion are significant, the Gouy-Chapman model of the double 

layer cannot be directly applied. Such systems include those where 

specific ion adsorption or chemical binding occurs or where the 

surfaces are hydrophilic (e.g., polyelectrolytes, complex forming 

species, and hydrated metal oxides, respectively). The experiments 

reported here confirm that the diffuse double layer model predicts 

the approach of particles reasonably well, but not their attachment 

to the surface. Further refinements such as the Stern model of the 

double layer must be incorporated into the VODL theory if advances 

are to be made. 

Basically, the Stern model accounts for the finite size of 

ions and their specific sorbability. The number of available adsorp­

tion sites in the Stern layer is a function of the chemical nature 

of the surface and the size of the adsorbing species. The distri­

bution of sorbable species between the surface sites and solution is 

assumed to be governed by a Boltzmann distribut ion of the free energy 

of that species. In turn, the Gibbs free energy is composed of a 

coulombic and chemical term 
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(II-B-7) 

where z is the valence of the species, e is the electronic charge, 

~6 is the electric potential of the Stern layer, and ~ is the chemical 

energy of adsorption. Difficulties in the experimental evaluation 

of the chemical energy, number of adsorption sites, effective ion 

size, and dielectric constant within the Stern layer have been draw-

backs to this approach. However, the amount of available data has 

been growing. Stumm et a1. (1970) outlined a method for treating 

hydrated metal oxide surfaces, Kasper (1971) treated destabilization 

of particles by po1yelectro1ytes of opposite charge using the Stern 

model, and James and Healy (1972) have calculated adsorption energies 

of ions at oxide-water interfaces. 

The VODL theor~ even with Stern-type corrections applied, does 

not take into account several other phenomena which may influence 

deposition. The fluid mechanical behavior of the interfacial region 

as two surfaces intimately contact one another is not described. This 

might depend upon whether there is energetically significant structur-

ing of the liquid phase in the region near the surface (Derjaguin, 

1966; Johnson et al., 1966). Heterogeneity of surfaces and surface 
o 

roughness on the order of interaction distances « 100 A) may also 

be important, even for apparently uniform surfaces (Marshall and 

Kitchener, 1966; Hull and Kitchener, 1969). The first two phenomena 

can present barriers which appear to be present in studies reported 

by Swift and Friedlander (1964), Marshall and Kitchener (1966), 
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Hull and Kitchener (1969), Fitzpatrick and Spielman (1973) and in 

the current study. 

Although the VODL theory was not designed to answer all the 

questions posed above, it has provided a successful semi-quantitative 

approach to understanding a larger class of surface interactions than 

purely hydrophobic ones. 
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Chapter III 

The Hollow Fiber Filter 

A. The Hollow Fiber Concept 

Hollow fibers with permeable membrane walls are relatively new 

products. Selective separations of both gas and liquid phases have 

been achieved using hollow fibers (Cole and Genetelli, 1970; Salyer 

et al., 1971; Cohen et al., 1972; Chemical Engineering, 1971). 

In solid or solute-liquid separations, e.g., reverse osmosis, the bulk 

of the liquid to be treated is passed through one side of a membrane 

wall; the "purified" product appears on the other. For solid-liquid 

separations of dilute suspensions, treatment of the bulk liquid by 

"ultrafiltration" is economically unwarranted unless exceptionally 

particle-free liquids are demanded. 

Particles can be removed efficiently without processing the 

bulk of the flow through the fiber wall by using hollow fibers of 

small diameter. These can be used to construct a filter mat of high 

specific surface area, similar to conventional fibrous filters. The 

flow of liquid around the individual filter elements transports the 

particles to the fiber surface; the novel feature is the use of the 

permeability of the fiber's membrane wall to increase the collection 

efficiency of the fiber. 

The basic idea behind using the permeability of the fibers to 

increase the collection efficiency is to allow ionic species to diffuse 

from the concentrated electrolyte solution inside the fiber through 

the membrane wall (Figure III-A-l). Thus, a high concentration of 
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ions is obtained at the fiber surface where it has the greatest effect. 

The osmotic pressure imbalance which arises from the concentration 

gradient forces the solvent between the particle and fiber surface 

through the wall into the fiber interior, thereby reducing the resis­

tance to motion in the radial direction. The solution within the 

fiber is constantly renewed by pumping a fresh electrolyte through 

the fiber interior. With more porous membranes, polyelectrolytes of 

high molecular weight could be allowed to diffuse outwardly through 

the walls and adsorb onto the surface. In that case a mechanically 

induced pressure imbalance can be used to drive the fluid through the 

walls. 

A chemical feed system of this design not only increases the 

collection efficiency of the fiber, but could potentially reduce the 

amount of chemical needed to destabilize the particles and the amount 

escaping in the effluent stream. It might also serve to eliminate 

problems of "overdosing" with specifically sorbable ionic species. 

Overdosing can result in charge reversal of both surfaces, and hence, 

restabilization. Only the fiber surface should reverse its charge 

if hollow fibers are used. 

B. Hollow Fiber Theory 

To evaluate the effectiveness of hollow fibers, the rate of 

transfer of electrolyte to solution and of particles to surface must 

be estimated for a single fiber. Then the total amount of electrolyte 

added can be calculated for a desired particle removal by summing the 

contributions of each fiber over the entire filter. If the total 
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amount of electrolyte approaches that amount which would be needed 

to destabilize the bulk suspension, the advantage of using hollow 

fibers is diminished. 

As the electrolyte diffuses from the membrane surface, it is 

convected by the flow toward the rear of the collector, forming a 

concentration boundary layer. A design goal is to keep the boundary 

layer as thin as possible, while allowing enough time for a particle 

approaching the surface to have its double layer compressed by the 

high ion concentration. In this manner a minimum amount of chemical 

destabilizing agent would be added. 

The convective diffusion equation 

governs the mass concentration ni of species "i". The velocity field 

~ 

v, for an incompressible fluid is given by the solution of the Navier-

Stokes equation 

(III-B-2) 

where p is the pressure and p is the absolute viscosity. The Navier-

Stokes equations are subject to the boundary conditions 

~ ~ 

v ::: J V on the collector surface, r w 
~ 

0 the collector surface, v = on e 
~ ~ 

v = U far from the collector, 

~ ~ ~ 

where vris the radial velocity, ve is the tangential velocity, J w 
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is the flux of solvent and V is the molar volume of the sOlvent. l 
w 

Equations III-B-l and III-B-2 are coupled through the boundary condi-

tions which depend upon the activity of the solvent and hence upon 

the concentrations of the species "..e". The solution of this system 

of equations is difficult, and the following simplifying assumptions 

are employed to arrive at an estimate of the mass transfer coefficients: 

1. The two dimensional steady solution is sought. 

2. The Reynolds numbers, N
Re

, of the flow is small so that 

the solution of the Oseen equations gives the velocity 

field around the cylinder. 

3. The concentrations of dissolved species are low so that 

the fluid properties may be assumed constant (p, P
f
). 

4. The osmotic flow of solvent is small so that its effect 

on the flow field and ion distribution may be neglected, 

thereby decoupling the Navier-Stokes equations from the 

convective diffusion equation. 

5. The Pecl~t number, Npe ' is large so that thin concentra­

tion boundary layers of particles and ionic species are 

formed around the fibers. 

The justification for assumptions 2, 3 and 5 is that the operat-

ing conditions of liquid filters generally satisfy the stated restric-

tions. Assumption 4 can be justified on the basis that the fluid 

withdrawal rate of all fibers must be small compared to the total 

lSee Appendix F for a discussion of the boundary conditions. 
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flowrate in order to achieve efficient operation of the filter. 

The withdrawal rate will be determined by a combination of membrane 

permeability and driving force (concentration or pressure gradient) 

which can be controlled by proper membrane design and filter operation. 

The simplifying assumptions lead to the following set of equa-

tions and boundary conditions for the fluid with the coordinates 

described in Figure III-B-l: 

~ ~ 1 2~ 
U . \Iv = - - \lp + v\l v (III-B-3) 

Pf 

and boundary conditions 

~ 

v = 0 on r = a f 
~ ~ 

v == U as r~C:O 

The solution has been given by Lamb (1932) in terms of the stream 

f 
. 1 

unct~on. For the thin concentration boundary layer analysis only 

the first term, describing the flow near the cylinder, is retained 

2 
(r-a

f
) 

2A
F

U sin e . 
a

f 
(III-B-4) 

The convective diffusion equation takes the form: 

(III-B-S) 

lThe velocity field is defined by the stream function by the 
relations: 
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and the boundary conditions 

n = n as r ~ ~ 
i, i,,~ 

but 
J (8) = -D -t i, Or 

<:Pm i, 
=~ 6n 

6 m,i, 
m 

at r 

where <:P n is the permeability of the membrane, 6 
m,~ m 

the thickness of 

the membrane and ~ n the concentration difference across the 
m,~ 

membrane wall. The flux can readily be controlled by varying wall 

thickness, permeability and internal ion concentration, 

The second boundary condition causes difficulty in obtaininr 

an analytic solution since it is determined by the solution of the 

concentration field. Two special cases will be considered here which 

permit evaluation of the functional dependence of the ratio of the 

mass transfer coefficient of the particles to that of the electrolyte. 

Consider the case when the flux through the surface is a known 

constant, J t , This corresponds to the situation where the major 

resistance to diffusion of the electrolyte is contributed by the 

membrane, Define an average mass transfer coefficient, k n ,by 
~,av 

the equation 

I n = k 6n 
){J i"av bl,t , (III-B-6) 

where kt is the average transfer coefficient and ~bl n is the ,av ,~ 

concentration difference across the boundary layer. J1, must be large 

enough to maintain a minimum value of the surface concentration to 

destabilize the entire surface of the fiber. Therefore the mass 

transfer coefficient can be estimated by 

k = i, ,av minimum 

I n •• 
~,ml.nl.mum = 
6~l t , 
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where 6
bl

, the concentration boundary layer thickness, is approximately 

proportional to 
d 

2/3 1/3 
f 

D 
P 

The mass transfer coefficient for the particles is proportional to 

k 0: 'I'J • U 
p,av 

(III-B-8) 

Therefore, the ratio of the two coefficients when interception is 

important (using 'l'J
CIM

) is 

k 
p,av 0: 

k 1. ,av d 4/3 D 2/3 
f 1-

(III-B-9) 

For efficient operation the goal is to maximize the ratio while 

maintaining a minimum concentration of "i." at the surface of the fiber. 

This can be done by choosing less rapidly diffusing electrolytes, 

smaller fiber diameters and higher flow velocities. 

The second case to be considered is that of a constant concen-

tration surface as the boundary condition in Equation III-B-5. This 

corresponds to the case where the membrane has very low resistance 

to diffusion compared to diffusion to the the bulk solution. A 

solution to this problem has been given by Friedlander (1957) for the 

conditions assumed here. Only the result is presented. Friedlander 

found that the Nusse1t number, NNu' a dimensionless transfer coef­

ficient, was given by 

( III-B-lO) 

Since the average mass transfer coefficient is related to the Nusse1t 

number by 
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k £,av 
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(III-B-ll) 

The ratio of particle to electrolyte transfer in this case is 

k 
p,av ~ 

k 
£,av 

(III-B-l2) 
d 4/3 D 2/3 

f £ 

The behavior of the real system should be between the two 

extremes represented by Equations 111-B-9 and 111-8-12. The functional 

dependences do not differ so that the following criterion may be 

established: 

When the ratio of mass transfer coefficients is large, 

(as given by Equations 111-B-9 and 111-B-12) the use 

of hollow fibers will decrease the amount of electrolyte 

which needs to be added to the solution and increase the 

collection efficiency. 

Presumably, the membrane permeability can be tailored to meet 

the requirements of the destabilizing agent. For SUnple electrolytes, 

membranes with low molecular weight cutoffs would be needed to prevent 

rapid loss of electrolyte. For heavier po1ye1ectro1ytes more porous 

membranes could be used. An advantage of a more porous membrane is 

that it might reduce manufacturing costs, since membrane defects would 

be less critical. 
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Chapter IV 

IV. Experimental Design, Apparatus and Procedures 

A. Design of Experiments 

A test section was designed to permit control of the hydrodynamic 

and chemical conditions of the experiments. The flow past a single 

fiber mounted in the test section approximated that of a uniform 

stream past an isolated cylinder of infinite length, with the fiber 

axis oriented transverse to the direction of flow. Flow conditions 

were laminar. During particle deposition experiments the fiber 

Reynolds number was maintained less than unity to prevent circulating 

eddies and vortex shedding on the downstream portion of the fiber. 

Red blood cells (RBC) were chosen as the bioparticle because of 

their interest in blood filtration. Styrene-divinylbenzene copolymer 

latex (SDVBL) spheres of approximately the same size (7.6 ~) were 

used for comparison. Both types of particles were deposited from 

dilute suspensions on the single fiber collectors under a variety 

of surface chemical conditions. 

The hydrodynamics of single collectors has been thoroughly 

studied, hence the transport efficiencies could be calculated (see 

Section II-A) without the additional assumptions needed for packed 

beds or arrays. Fibers were used because they are inherently easier 

to handle and are a common filter material. 

Dilute suspensions prevent complicating interactions of particles 

with one another and the flow. Dilute suspensions are of interest 
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because they represent the usual conditions under which filters are 

operated. In the case of whole blood, however, the volume fraction 

of the cells is about 40% so that dilute suspensions are a large 

departure from reality. The primary interest in RBC here was the 

effect of surface chemistry on deposition rates. 

The particle deposit was counted with a microscope as a function 

of time in situ. This prevented changes in the deposit which occurred 

if the fiber was removed from the test section for counting. The 

particle concentration was simultaneously measured with a Coulter 

Counter. Experimental collection efficiencies could then be calcu­

lated and compared with theoretical values. The effects of changes 

in surface chemistry were reflected in the deposition data. Visual 

observation of the particles depositing also provided information 

about the transport and attachment mechanisms. 

The VODL theory was tested using 2.0 pm polyvinyltoluene 

latices (PVTL) depositing on a flint glass fiber. A simple 

electrolyte (cation Na+) was used to vary the ionic strength of 

the solution at fixed pH (phosphate buffer). Deposition rates were 

measured and concentrations determined as in the previous experi­

ments. The zeta potentials of the glass and PVTL surfaces were 

determined from mobility measurements and checked against the range 

of reported literature values. Using the zeta potentials, total 

potential energy curves were calculated by the method described in 

Section II-B. It should be possible to relate the experimental 

data to theory if the VODL model applies. 
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The 2.0 ~ PVTL spheres were used because they have smooth 

surfaces compared to the SDVBL spheres (Figure IV-B-8). This should 

permit them to conform to the theoretical assumptions more closely. 

A pH of about 7.0 pH units was chosen since at this pH the ionizable 

groups of the latices are believed to be fully dissociated (Kasper, 

1971;Ottewill and Shaw, 1967). A phosphate buffer which did not appear 

to interfere with the surface properties of either material was used 

to maintain constant pH. 

Hollow fiber experiments were designed to study the effect of 

simple electrolyte (NaCl) addition, through the membrane wall, on the 

deposition rate of a variety of latex particles (2.0 ~ PVTL; 3.5, 

5.7, 7.6, 9.5 and 25.7 ~ SDVBL). Two different cellulose-acetate 

fibers were used. One had a low molecular weight cutoff, 200-300 MW 

(CA-a), while the other had a higher value 30,000 MW (CA-c). The low 

molecular weight fiber allowed slow diffusion of the electrolyte to 

the particle suspension. Concentrations of electrolyte on either 

side of the membrane were varied systematically to study the effects 

of concentration differences on the flow field as well as on the 

double layer. The CA-c fiber was used to study the effect of the 

flow field on deposition and to provide a vivid demonstration of the 

importance of surface chemical effects (see Section V-C-l and Figure 

V-C-3). The accumulated deposit was measured as a function of time 

in similar fashion as previous experiments. The distribution of 

particles over the fiber surface was also noted as a qualitative test 

of the boundary layer model. 
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Data from the experiments with negligible double layer repulsion 

could be used to check the HRM. The adhesion number could be calcu-

lated using a value for the Hamaker constant based on VODL theory and 

the 2.0 pm PVTL expertffients. The Hamaker constant could be checked 

against the range of values reported by Gregory (1969). The plot of 

efficiency ratio, ~ /~ ,versus adhesion number, NAd f' could 
UP ~M , 

be compared with the theoretical curve of ~ HRM/~ GIM versus NAd,f' 

as a test of the correctness of the theory. Additional data points 

gathered under a variety of conditions by varying the flowrate and 

pH of the suspension could also be used to test the HRM. 

The CA-c hollow fiber was used to test whether hydrodynamic 

resistance truly is a factor in retarding the deposition rate of 

particles. This was accomplished by withdrawing fluid into the fiber 

interior at a known rate and measuring the change in the deposition 

rate. An increase in the deposition rate, above that which could be 

accounted for by particles convected to the surface by fluid with-

drawal, would be evidence for hydrodynamic retardation. 

B. Description of Expertffiental Apparatus and Materials 

B-1. The test apparatus 

A transparent water tunnel (Figure IV-B-l) was constructed 

entirely out of plexiglass. Its depth was governed by the working 

distance of the microscope objectives used (Leitz UMK 32X "high dry" 

objective; American Optical lOX objective). The length and breadth 

of the tunnel were adequate to ensure fully developed Poiseuille flow 
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in the test section. l A coarse diffuser was placed at the entrance 

of the tunnel to prevent jets from propagating into the test section. 

By throttling the flowrate from a constant head tank, the maximum 

velocity at the mid-depth of the test section could be smoothly varied 

or maintained constant. 

Rotameters were calibrated volumetrically and placed between 

the constant head tank and the tunnel. The centerline velocity in 

the test section could then be calculated from the assumed Poiseuille 

velocity profile. An independent check of the centerline velocity 

was performed using a hydrogen bubble marker technique.
2 

The tests 

gave results consistent with the calculations (less than 2% difference). 

A fixture for holding the fibers was constructed from plexiglass 

and copper wire or stainless steel tube supports (Figure IV-B-2). 

Glass fibers were mounted through holes drilled in the "0.027" diameter 

copper wires and tacked in place with a diluted solution of "Liquid-

3 
Tape". Teflon fibers were threaded through 0.025" (outside) diameter 

hypodermic needle tubing and tacked in place with "Liquid-Tape". 

Hollow fibers were mounted in 0.028" (outside) diameter annealed 

stainless steel (304) tubing. A watertight seal was formed using 

1 
Entrance lengths were computed from formulae given by Schlicting 

(1968) • 

2Details of the technique are given by Schraub et al. (1965). 

3Liquid insulating material, a product of G. C. Electronics, 
Rockford, Illinois. 
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"Silastic 140" silicone rubber adhesive. l 

The fixtures were mounted in ports drilled in the test section 

and fit flush with the test section wall. The fibers were positioned 

at the mid-depth of the test section. They were oriented with their 

axes parallel to the apex of the parabolic velocity profile. Since 

the fiber diameters were much smaller than the depth of the test 

section and the velocity gradients low at the apex of the parabola, 

the flow approximated that of uniform flow past a cylinder (Figure 

IV-B-3). 

The tunnel itself was clamped to the microscope stage with the 

test section containing the fiber in the field of view of the micro-

scope (Figures IV-B-4 and IV-B-5). The microscope was tilted 90
0 

relative to its normal orientation so that the action of gravity 

was along the fiber axis. A system of counterweights balanced the 

weight of the tunnel so that the stage could be positioned freely. 

A microscope illuminator built into the base provided adequate back 

lighting. This could be supplemented by external lighting when needed.
2 

Convection due to heating was negligible when the fluid was flowing, 

but was noticeable when the flow was stopped. As a precaution, the 

IThe hollow fibers had to be kept moist or else they would dry 
and shrivel up irreversibly. The silicone rubber adhesive has the 
advantage of being able to cure under water. "Silastic 140" is a 
product of Dow Corning, Midland, Michigan. 

2The fibers used all had refractive indices close to that of 
water so that they appeared transparent. 
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illuminator lamp was turned off between observations. Particle counts 

were made normal to the direction of flow over a region which was 

not influenced by the fiber supports. 

A peristaltic pumpl transported the particle suspension from 

the magnetically stirred reservoir to the constant head tank. From 

there, the suspension either passed through the rotameter and tunnel 

back to the reservoir or directly back to the reservoir through the 

overflow line. The tunnel, tubing, constant head tank and reservoir 

formed a closed recirculating system. It was possible to thermostat 

the reservoir, but this was found to be unnecessary since the reservoir 

temperature did not change by more than one or two degrees centigrade. 

A second variable speed peristaltic pump2 was connected to the 

hypodermic needle supports to pass electrolyte through the hollow 

fiber interior. The electrolyte was pumped from a reservoir at a 

high rate to minimize concentration differences between the inner 

surface of the membrane wall and the bulk electrolyte. The mechanical 

pressure difference was small compared to the osmotic pressure dif-

ference. In cases where the interior and exterior electrolyte concen-

trations were equal, pumping was discontinued. 

IThe Masterflex tubing pump head was driven by a Bodine speed 
reducing motor with Minarik speed control. 

~olter Company, Bridgeport, Connecticut. 



56 

B-2. Suspension characteristics 

The suspension pH was measured with a Beckman Model G pH-meter 

standardized against commercial buffers of known value.
l 

Conductivity 

was measured with a Radiometer conductivity meter of known cell 

constant. These samples were taken from the reservoir. The pH 

measurements indicated no significant changes during the course of 

any runs. The conductivity measurements were made during hollow 

fiber runs to estimate the rate of addition of electrolyte. This also 

served as a check against leaks in the fiber-support system and in-

correct preparation of solutions. 

The osmolarity of the buffer solution used for maintaining red 

blood cells (RBC) was determined with a freezing point depression 

osmometer. The Osmette 2007
2 

was calibrated against commercial 

standards of 100 and 500 milliosmols. Reproducibility to ±3 milli-

osmols was achieved routinely. With special care better precision 

can be achieved. 

Electrophoretic mobilities were measured using the procedure 

of Black and Smith (1962). Palladium electrodes described by Neihof 

(1969) were used in the horizontal rectangular Briggs cell. The 

palladium electrodes have the advantage of not giving off gas bubbles 

even with high ionic strength solutions. Mobilities were measured 

as a function of time lapsed after preparation of the particle 

1 
Calomel and glass electrodes were used. The pH values reported 

are the raw readings. 

2 
A product of Precision Systems. 
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suspensions. The glass fibers were ground with a mortar and pestle 

in order to obtain glass particles whose mobilities could be measured. 

Concentration samples were obtained from a point Dmmediately 

downstream of the fiber. Sampling was accomplished using a hypodermic 

needle and syringe. The sampling rate was slow enough to prevent 

break-up of any aggregates by shearing forces in the needle. The 

samples were diluted and counted with a model B Coulter Counter 

(Figure IV-B-6) 0 The Coulter Counter was initially checked 

against hemocytometer measurements and gave excellent agreement. 

The large particles were sized optically with a filar micrometer 

eyepiece (American Optical lOX) calibrated against a stage micrometer 

(Edscorp 0.01 mm divisions). This was done primarily to check the 

particle manufacturer's specifications. Generally, the geometric 

mean size
l 

agreed with the stated size within the limits of statis-

tical error, but the geometric standard deviations were somewhat 

2 larger. Late in the study, a particle sizing amplifier 

and multichannel analyzer were added to the Coulter Counter. Size 

distributions obtained using this system agreed with the optical 

measurements. They could be approximated by a log-normal distribution 

lThe size distributions were fitted by a log-normal size distri­
bution. 

2Inquiries into the method of measurement used by the manufac­
turer suggest that particles "obviously" differing in size from the 
mean are not included in the distribution. This included doublets . 
and larger aggregates. These were found to constitute roughly 5-1d% 
of the particles. The reason for this is presumed to be because the 
latices are used for electron microscope calibrations. In that case 
the mean size must be accurately known. Singlets of the same apparent 
size would be used as the standard. 
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except in the upper tail of the distribution. The mean size of the 

latices was taken to be that given by the manufacturer because they 

reported a larger number of measurements. However, the standard 

deviations used to estimate size distribution effects were taken to 

be those measured optically and by the Coulter Counter. 

B-3. Cellulose Acetate-c permeability measurement 

To conduct the fluid withdrawal experiment, it was necessary 

to measure the flux of solution through the CA-c membrane as a func­

tion of the applied pressure difference. A convenient means for doing 

this proved to be to seal a section of fiber between two pieces of 

polyethylene tubing (0.023" inside diameter). One piece of tubing 

was closed off while a vacuum was applied to the other. The exposed 

fiber was immersed in solution in a plastic petri dish mounted on 

a microscope stage (Figure IV-B-7). An air bubble trapped in the 

polyethylene tube served as a marker. The advance of the bubble was 

measured as a function of time using a filar micrometer eyepiece and 

a stopwatch. Knowledge of the fiber dimensions and polyethylene 

bore permitted calculation of the flux. A mercury manometer was 

used to measure the pressure differential. 

This technique requires a few precautions in order to achieve 

accurate reproducible results. First, the fiber and all associated 

tubing must be allowed to equilibrate under the applied pressure 

before making any measurements. Second, dissolved gases should be 

removed either by boiling or reduced pressure before the solution 

is used. Third, "cold" lighting should be used to prevent thermal 



T
H

R
E

E
 

W
A

Y
 

V
A

L
V

E
 

S
IL

IC
O

N
E

 -
~
 

R
U

B
B

E
R

 
S

E
A

L
 

P
E

T
R

I 
D
I
S
H
-
~
 

~
 ! 

TO
 

A
T

M
O

S
P

H
E

R
E

,-
-
--

-
w

 
~:

1T
~I

Er
~(

;T
:l

fi
l"

" 
.\ .

....
....

....
 ts

t\I
ZU

I{i
li:

 

TO
 

S
O

L
U

T
IO

N
 

R
E

S
E

R
V

O
IR

 
P

E
R

M
E

A
B

L
E

 
H

O
L

L
O

W
 

F
IB

E
R

 

T
R

A
V

E
L

L
IN

G
 

M
IC

R
O

S
C

O
P

E
 

TO
 

M
A

N
O

M
E

T
E

R
 

A
N

D
 

V
A

C
U

U
M

 
P

U
M

P
 

~
 

T
R

A
P

P
E

D
 

A
IR

 
B

U
B

B
L

E
 

IM
P

E
R

M
E

A
B

L
E

 
T

U
B

I N
G

 

F
ig

u
re

 
IV

-B
-7

 
S

c
h

e
m

a
ti

c
 

o
f 

H
o

ll
o

w
 
F

ib
e
r 

P
e
rm

e
a
b

il
it

y
 M

e
a
su

re
m

e
n

t 
A

p
p

a
ra

tu
s 

(
j\

 

o 



61 

expansion effects. The advantage of the apparatus described was that 

single fibers could be measured, then mounted in the test section. 

As it turned out, sampling of the fibers indicated that the perme-

ability was uniform within the experimental error of the measurement. 

B-4. Materials 

All chemicals used in the study were of analytical reagent 

grade. All solutions were prepared with distilled deionized water 

(DDH 20) and subsequently filtered with 0.45 pm millipore filters. 

The RBC buffer ingredients and proportions are listed in Table IV-B-l. 

The buffers used in the varying cation concentration experUnents 

were equUnolar solutions of sodium phosphate, di-hydrogen (NaH2P04) 

and sodium phosphate, monohydrogen (Na2HP0
4
). They are reported in 

terms of the total cation concentration. 

The source of red blOOd cells was either banked blood preserved 

with acid citrate dextrose and refrigerated at 40 C or fresh blood 

drawn by finger puncture. The fresh blood was diluted with the 

isosmolar,pH 7.4 buffer during collection in order to prevent coagu-

lation. The cells were centrifuged and the buffy coat removed. 

They were then mixed with at least ten times their volume of buffer, 

shaken and centrifuged after which the supernatant was drawn off. 

This was repeated five tUnes.
l 

The washed cells were allowed to stand 

IThe washing procedure caused the particles to become crenated. 
Incubation with adenosine was found to restore their shape; however, 
the treatment was abandoned as it was feared that it might affect the 
surfaces of the cells and fiber. 
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* Ingredient Amount 

NaC1 17.60 gms 

KH 2P04 5.40 gms 

Na
2
HP0

4 32.15 gms 

"k 
To make 4 liters of isosmolar buffer, 294 milliosmols; 

pH "'7.4. 

Table IV-B-l RBC Isosmolar Buffer Recipe 
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at room temperature until they were needed (normally less than a few 

hours). 

All but one of the latices used in these experiments were 

obtained from the Dow Chemical Company, Midland, Michigan. The 9.5 pm 

SDVBL was obtained from Duke Standards, Palo Alto, California. The 

known properties of the latices and RBC are listed in Table IV-B-2. 

The method employed to grow the PVTL and SDVBL particles to their 

final size differs,l and this results in a difference in the surface 

roughness as determined by electron microscopy (Figure IV-B-8). The 

latices were not dialysed before use. This may have resulted in the 

latices acting as hydrophilic rather than hydrophobic surfaces. 

Several different fibers were employed in the deposition 

experiments. The 4-mil teflon monofilaments are a copolymer of 

2 
tetrafluoroethylene and hexaf1uoropropylene (FEP). The glass fibers 

were drawn from soft glass rod (flint glass). Hollow fibers were 

3 
composed of cellulose acetate with different molecular weight cutoffs. 

The fiber properties are summarized in Table IV-B-3. 

The order of the roughness of the teflon fiber was about a few 

microns. Whether the surfaces were smooth between rough spots was 

IThe PVTL are believed to be grown by emulsion polymerization 
(Vanderhoff, 1972) whereas the SDVBL are probably grown by a com­
bination of coagulation and polymerization (Wiley, 1954). 

2A product of DuPont, Wilmington, Delaware. 

30smolyzer (CA-a,200 MW) and Ultrafilter (CA-c, 30,000 MW) are 
products of Dow Chemical Company distributed by Bio-Rad Laboratories, 
Richmond, California. 
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not known. The glass and cellulose-acetate fibers appeared to be 

1 smooth down to the limit of resolution of the optical system employed 

~ 0.5-l.0~. They are expected to be smooth because they are formed 

under the action of surface tension forces. The pores in the cellulose­

acetate fiber were less than 100 X in diameter. 
2 

C. Experimental Methods and Procedures 

C-l. Preparation of particle suspensions 

The particles were suspended in the appropriate solutions with 

concentrations of the order of 103_ 105 particles per cubic centimeter 

(see Section IV-B-4 for recipes). The buffered RBC were transferred 

to the reservoir (capacity ~ 1.7 liters for RBC and 2.0 ~ latex 

experiments, ~ 0.9 liters for hollow fiber experiments) by pipette 

while the latex particles were added directly from their lQ%-solids 

solutions either by dipping a clean glass rod into the solution or 

adding drops. The particles were quickly dispersed and the reservoir 

slowly stirred to prevent settling. No appreciable coagulation 

occurred during this step or during the course of the run. 

C-2. Preparation of fibers 

Teflon and glass fibers were cleaned overnight by soaking in 

a concentrated chromic-sulfuric acid solution. The glass fibers 

lArnerican Optical 45X objective N. A. 1.25 with condenser N. A. 
1.25. 

2private communication with Mr. J. Davis, Dow Chemical Co., 
Walnut Creek, California. 
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were rinsed with copious amounts of DDH20 and oven dried at > lOOoC. 

Then they were carefully mounted in the fixture with clean stainless 

steel tweezers, handling the fibers only by their ends. The teflon 

fibers were cleaned on their fixtures. On one occasion a teflon fiber 

was cleaned in a boiling nitric acid reflux apparatus to remove 

residual metal ions. The fiber was mounted after cleaning because 

the nitric acid fumes attacked the plexiglass fixture. It was impos-

sible to thread the fiber into the stainless steel supports without 

handling extensive regions of the surface. 

Hollow fibers were too fragile for acid cleaning and it was 

feared that normal solvents might change their properties in an un-

known way. As an alternative, they were cleaned, after mounting, 

by prolonged soaking in a 1% solution of DDH
2
0 and formaldehyde 

(added as a bacteriocide). Then they were placed in an ultrasonic 

1 
bath with DDH 20 for final cleaning about an hour before the run. 

There was a maximum power which could be applied to an intact 

fiber without causing it to crack. This proved to be an effective 

means for detecting damaged fibers since the "fractures" propagated 

from the damaged sites at much lower power levels. It was necessary 

to have several fibers ready for use since only about one in two 

survived the ultrasonic treatment. The fibers cleaned by this proce-

dure appeared to be clean under the 45X objective. 

1L and R Manufacturing Company, Kearney, New Jersey. 



69 

C-3. Preparation of Coulter Counter 

The procedure followed for counting the particles was that 

1 
detailed in the Coulter manual. Spielman and Goren (1968b) have 

pointed out that finer resolution can be achieved in size distribu-

tion measurements by "hydrodynamic focusing," but for counting purposes 

this was not necessary. A Faraday cage surrounding the sample stand 

was helpful in decreasing noise generated by the vacuum pump. Dis-

connecting the stirring motor also helped reduce stray noise. Samples 

were swirled between counts with the largest particles used to prevent 

settling losses. Enough counts were taken so that in the worst case 

(25.7 ~ SDVBL) a 4% standard deviation might be expected. Usually 

the accuracy was better than l~. 

Dilutions of the samples withdrawn from the test section were 

used to prevent large coincidence corrections and to increase solution 

conductivity if it was low. The particles were counted in ~ 1% NaCl 

solutions. The 70 ~ aperture was used for all but the 25.7 ~ latex 

particle runs in which case a 140 ~ aperture was used. 

A blank of the filtered solution used to prepare the particles 

was run, then the initial reservoir concentration was counted 

followed by samples at 10, 20, 35, and 50 minutes after the start 

of the run. Samples were taken at twenty minute intervals thereafter 

for the duration of the run. 

lCoulter Electronics Industrial Division, Hileagh, Florida. 
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C-4. Preparation of tunnel and flow circuit 

The tunnel was filled and stored with deionized water between 

runs. Before each use it was vigorously shaken and flushed with 

deionized water several times followed by a final rinse with the 

solution used to make the particle suspension. The ends were stoppered 

and the tunnel filled with solution through the test section port. 

The mounted fiber was replaced sealing the tunnel. The tunnel was 

then clamped to the microscope stage, counterweighted and given a 

very slight tilt. The seal was removed from the entrance line and 

connected to the rotameter. Trapped air bubbles could be removed 

with a hypodermic needle and syringe through a serum bottle stopper 

located at the entrance to the test section. The tunnel was dismantled 

and cleaned with a test tube brush whenever particle sizes were changed. 

The constant head tank and rotameter were also kept Unmersed 

in deionized water between runs. They were flushed with solution 

and filled prior to each run. On occasion, incomplete rinsing after 

a run resulted in algal growths. A 50% ethanol - 3N hydrochloric 

acid solution was effective in killing the growths. The system was 

flushed for extended periods before the run to prevent loose filaments 

from entering the tunnel. Thorough rinsing of all components of the 

circuit with deionized water was practiced thereafter. 

C-5. Deposited particle counts 

A section of the fiber free from the influence of the supports 

was selected for counting. The length of this region was measured 

by the filar micrometer eyepiece. The background count on the fiber 
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was duly noted. Particles caught by the fiber were counted while the 

suspension was flowing. The midpoint of the period required to 

count the particle was recorded with the number deposited. The 

transparency of the fibers used permitted the total deposit to be 

counted by focusing back and forth through the fiber. 

Doublets depositing on the fiber were counted as single particles 

since their presence could be accounted for by the size distribution 

I 
data. Distinguishing between doublets and two singlets apparently 

in contact with one another was not difficult during the initial 

stages of filtration. (It was possible to "remember" whether a doublet 

was formed from two single particles by their position on the fiber.) 

As the surface coverage became greater (more than a hundred particles 

in the field viewed) doublets posed a problem because the probability 

of two particles depositing in the same place increased as well as 

the difficulty in "remembering" whether a particle was originally 

a singlet. This may have resulted in a slight decrease in the counts 

as a function of time. Fortunately, the initial rates could be 

determined before this became a severe problem. 

C-6. Initiation of the experiment 

After all the preparatory steps and flow circuit connections 

had been completed, the run was started. The throttling valve was 

opened fully to allow particles to reach the test section in a 

I 
The HRM comparison (Figure V-D-I) does not have size distri-

bution corrections applied. They are probably 10-20% high as 
indicated by the unequal length error bars. 



72 

minirntnn amount of time. As soon as the particle "front" was observed 

at the location of the fiber, a stopwatch was started and the flow­

rate set to the desired value. Particle deposits, concentration counts 

and suspension properties were measured as previously noted. In the 

event hollow fibers were being used, an initial period of deposition 

with no internal flow through the fiber was allowed. Then the Holter 

ptnnp was turned on and electrolyte pumped through the fiber interior. 

Runs were terminated after a sufficient ntnnber of particles for 

drawing meaningful conclusions had been deposited. 

The entire sequence of events has been listed in Appendix C. 

This sequence was generally followed with the appropriate changes 

in procedure where noted. 
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Chapter V 

Experimental Results, Discussion and Conclusions 

The data were collected in three groups of experiments. The 

goal of the first group was to compare the deposition of red blood 

cells (RBC) and 7.6 micron (pm) styrene divinylbenzene copolymer 

latex (SDVBL) suspensions on 4-mil teflon fibers (tetrafluoroethylene­

hexafluoropropylene copolymer, FEP). In the second group, a study 

was made of the effect of varying the cation concentration of an 

electrolyte on the collection of 2.0 pm polyvinyl toluene (PVTL) spheres 

by glass fibers. In the last set of experiments, permeable hollow 

fibers were employed to study the effect of modifying the solid­

solution interface on deposition. The results of each of the three 

groups of experiments are discussed separately. In addition, the 

experiments from each group applicable to the hydrodynamic retarda­

tion model (HRM) are dealt with as a separate unit. A summary of 

conclusions appears at the end of the chapter. 

A. Comparison of RBC and 7.6 pm Latex Deposition 

A-I. Experimental results 

The original motivation for the experiments with red blood 

cells was to compare RBC with "inert" particles and to determine the 

applicability of double layer concepts to blood filtration. This 

goal was modified after it was realized that protein adsorption by 

the fiber markedly complicated the system. 
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Initial experiments were conducted with RBC and 7.6 pm latex 

suspensions flowing past a 4-mil teflon fiber collector in the test 

section. Although the estimated errors range from ±lO to ±5o%l, 

significant trends can be discerned. 

Differences between the RBC and 7.6 pm latex particles were 

observed even though both particles have negative electrophoretic 

mobilities and comparable major dimensions (Table IV-B-2). Data 

are plotted in Figures V-A-l through V-A-3 as the logarithm of the 

deposit per unit length of fiber normalized to a concentration of 

1000 . 1 b' . f . 2 h 1 part1c es per cu 1C cent1meter a suspenS1on, versus t e oga-

rithm of the time. A slope of 45
0 

indicates constant deposition rate. 

Theoretical values calculated for the geometric interception model 

(GlM) without size distribution corrections are drawn in the same 

figures. Table V-A-l shows the conditions corresponding to the dif-

ferent runs. 

RBC deposition rates on both glass and teflon decrease sharply 

with time (Figure V-A-l). Changing the acid used to clean the teflon 

fiber from chromic-sulfuric to nitric acid resulted in a lower deposi-

tion rate. The nitric acid treatment should have removed any traces 

of metal ions. The time dependence observed with both treatments 

suggested that substances, probably protein in nature, were depositing 

lSee Appendix A for a discussion of the errors of measurement. 

2This particular normalization permits some "physical feeling" 
for real situations. 
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on the teflon surface. To check this, the teflon fiber was dipped 

into a dilute plasma solution and rinsed with a filtered, buffered, 

isotonic saline solution before the run. The low deposition rate 

obtained supports that hypothesis (Figure V-A-2). 

When a comparison run was made with the 7.6 pm latex particles 

and a plasma-coated teflon fiber, a low deposition rate was expected 

because of the similar charge characteristics of the particles. 

Instead, the rate was much higher, reaching the maximum rate predicted 

by the interception theory (Figure V-A-3). 

To test the effects of a positively charged surface with RBC, 

the teflon filter was coated with Purifloc C-412,a high molecular 

weight cationic polymer. The collection efficiency increased to 

roughly the value predicted by the GIM for spherical particles with 

7.5 pm diameters, and the time dependence was much less pronounced. 

A-2. Discussion 

The initial collection efficiencies were calculated from the 

first data points obtained in each run. The tabulation appears in 

Table V-A-2 along with the theoretical efficiencies predicted by 

the GIM, assuming 7.5 pm diameter for the RBC and 7.6 pm diameter 

for the latex. Correction for size distribution was applied to the 

latex particles only.l The correction for the RBC was not significant 

because of its narrower size distribution. Comparison with the HRM 

lSee Appendix D. 

2A high molecular weight polymer, product of Dow Chemical Co. 
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efficiency for 7.6 pm mono-sized particles is made only for latex 

particles because the RBC have varying radii of curvature. The RBC 

radius that is significant in hydrodynamic interactions with the sur­

face is not known. 

The nature of the solid-solution interface plays a major role 

in determining the efficiency of a collecting surface. This is so 

even under conditions of high ionic strength (thin double layers and 

theoretically negligible repulsion energies). Tenney and Stumm 

(1965) have discussed the significance of this fact as it applies to 

hydrophilic biocolloids such as bacteria, algae, and REC. Experi­

ments with RBC corroborate the finding that non-coulombic energy 

barriers are important with hydrophilic surfaces. On the other hand, 

other studies indicate that double layer concepts are applicable to 

biocolloids. These include: 

a. Boddy, et ale (1965), who deposited REC on platinum and 

gold electrodes by controlled polarization of the electrodes; 

b. Brooks et ale (1967), who hypothesize aggregation of REC 

in secondary minima; 

c. Cookson (1967a,b), who studied virus adsorption on activated 

carbon; 

d. Rubin and Hanna (1968) and Rubin et ale (1969), who found 

that E. coli follow the Schulze-Hardy rule for coagulation. 

The apparent contradiction can be explained if one takes into 

account the specific adsorption energy of ions and the hydration 

energy of water molecules at the surface of hydrophilic solids. The 
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hydration energy must be added to the double layer repulsion energy 

and is expected to act at molecular distances (~1-10 X», whereas 

the specific ion adsorption energy will alter the ion distribution 

and surface potential. The latter can be described by modified 

Stern models of the double layer. Therefore, at distances greater 

than about 10 X the VODL theory can still be expected to apply. 

Secondary minima predicted by VODL theory exist at distances 

o 
greater than 10 A and could explain the applicability of theory 

to the biocolloids studied, particularly in light of the reversibility 

of aggregation reported by each of the investigators. Coagulation 

into primary minima would preclude reversibility. 

According to VODL theory, without additional energy barriers, 

the high electrolyte concentration (0.198 M cations) of the RBC 

suspensions should compress the double layer sufficiently for deposi-

tion into primary minima. The deposition rate should approach the 

maximum predicted by interception theory (Table V-A-l). However, 

for both chromic-sulfuric and nitric acid cleaned runs the data do 

not support this view. Some deposition did occur but not at the 

predicted rate. Evidently favorable sites for deposition, possibly 

of reduced or opposite charge, did exist. Other investigators (Hull 

and Kitchener, 1969) have found similar behavior even on apparently 

uniform surfaces. If currently predicted VODL interactions are the 

only ones allowed, the entire surface should have been suitable for 

deposition. 

The chromic-sulfuric acid cleaned fibers were cleaned on the 

p1exiglass holder by dipping only the fiber into the acid. Chromium 
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ions either adsorbed or permeating from the fiber interior probably 

enhanced deposition on chromic-sulfuric acid cleaned teflon. Sub-

sequent boiling of the teflon fiber with nitric acid in a reflux 

apparatus to remove residual metal ions reduced the deposit, but it 

remained non-zero. Handling of the fiber when it was mounted after 

cleaning probably resulted in some surface contamination which may 

have enhanced the deposition. 

Plasma adsorption by the teflon markedly reduced RBC collection, 

but significantly increased latex collection, indicating that the RBC 

can chemically distinguish the surface coating. Rapid adsorption of 

plasma proteins by surfaces has been reported by Vroman et al. (1971). 

Experiments conducted by Edmark et al. (1970) with different blood 

proteins adsorbed on glass indicate that the surface potential of the 

teflon would have been lowered but not reversed. However, they also 

found that gamma globulin could reverse the surface charge making it 

positive. The strong collection of latex suggests that both positively 

and negatively charged plasma elements were adsorbed. 

Using the experimental value for the Hamaker constant calculated 

1 -20 from the 2.0 pm PVTL-glass system, 3 x 10 joules, the theoretical 

collection efficiency calculated from the HRM (Figure II-A-l) is 

approximately 75% of the GLM value. The corresponding experimentally 

observed efficiency was 106% of the GIM value for 7.6 pm SDVBL particles 

depositing on plasma coated teflon. The agreement is better than could 

lSee Section V-B-2. 
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be expected considering the experimental uncertainties. In contrast, 

deposition of 7.6 pm SDVBL particles on uncoated teflon was considerably 

lower, 28% of the GIM value. This low value cannot be explained by 

experimental uncertainty. This suggests that there was a barrier 

to deposition even under conditions of negligible double layer 

repulsion. 

Design of these experiments permitted direct observation of the 

depositing particles. Several qualitative observations having direct 

bearing on the results of the experiments should be pointed out. The 

RBC, upon entering the shear field generated by the fiber, began to 

tumble. The tumbling action caused the effective size for collection 

to coincide with the major dimension of the cell. Collection of RBC 

by a Purifloc-coated fiber approached the GIM efficiency predicted 

for a 7.5 pm sphere, the major dimension of the RBC employed. Further­

more, the adhering RBC appeared to be oriented by the flow with the 

disc face parallel to the surface. Happel and Brenner (1965) reported 

that a disc near a wall in Couette flow (uniform shear field) exper­

iences a torque when the edge is normal to the wall. In whole blood 

the high concentrations of cells will cause complicating interactions, 

but for dilute suspensions of non-spherical particles, the RBC result 

suggests a method for predicting the proper size for use in intercep­

tion calculations, namely using hydrodynamic predictions for the 

envelope of the particle motion. 

RBC and 7.6 pm SDVBL particles deposited primarily on the for­

ward half of the fiber, a few being caught on the rear half. On one 
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occasion a latex particle which was apparently adhering to the surface, 

broke loose and rolled around to the back half of the fiber. To be 

consistent with the low Reynolds number GIM model, deposition must 

occur only on the front half of the fiber. Deposition on the rear 

cannot be explained without assuming local asymmetries of the fiber, 

radially directed force fields such as the London-van der Waals attrac­

tion or significant Brownian diffusion. 

B. 2.0 ~ PVTL-Glass Fiber Experiments 

B-1. Experimental results 

Varying surface characteristics greatly affected the deposition 

rate of suspended particles in the RBC-latex experiments, but the result 

could not be explained completely by diffuse double layer theory. For 

this reason a series of experiments was designed with a system in 

which double layer theory should apply. The quantitative data gathered 

from such a system would test whether double layer theory could be 

applied to particles larger than a micron. 

PVTL particles 2.0 pm in diameter were deposited on flint glass 

fibers approximately 100 )lm in diameter to determine the effect of 

electrolyte concentration on the deposition rate. Figure V-B-l 

summarizes the results of those experiments and Table V-B-I the run 

conditions and GIM predictions. The ordinate represents the ratio 

of the experimental to the GIM value of the collection efficiency 

while the abscissa gives the logarithm of the sodium ion concentration. 

The sodium phosphate buffer concentration was varied over the range 
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3 -1 
~ 10- M to 10 M while pH was maintained at ~ 7.0. In one run the 

pH was lowered to 1.19 to test the effect of that variable. Separate 

measurements of the PVTL particles and ground-up glass fibers' mobi1i-

ties were made using the Briggs cell previously described (Chapter 

IV-B-2). Zeta potentials (b) were calculated from mobility measure-

ments using the He1mho1tz-Smo1uchowski equation. No attempt was made 

to correct for double layer relaxation or retardation effects which 

were small. The values obtained are compared with the range of 

literature values obtained for similar materials and various e1ectro-

1ytes in Figures V-B-2 to V-B-5. 

The mobility of the latex particles decreases with time after 

initial dilution (Figure V-B-2), probably because of desorption of 

emulsifier. To calculate zeta potentials, the mobility of the particles 

one hour after the initial dilution was used. Glass particles from 

ground up fibers had constant mobilities. 

The particle deposit over the entire surface of a known length 

was periodically counted in situ with a microscope. Figure V-B-6 

presents data from a typical run; the ordinate gives the deposit per 

unit length of fiber normalized to a particle concentration of 1000 

particles per cubic centimeter on a logarithmic scale, while the 

abscissa gives the time on a logarithmic scale. 

The time dependence of the deposition rate probably results 

from adsorption of the latex emulsifier at the glass surface. The 

initial deposition rates were calculated from the deposit at ten 

minutes, a period long enough for the effects of initial mixing to 
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disappear, yet short enough so that the rate did not diminish appre-

ciably. Error bars appearing on the data points are an estimate of 

systematic, personal and random errors of measurement. 

Deposition of the particles occurred over the entire surface 

of the fibers. In contrast with the case of the 7.6 ~ SDVBL and 

RBC, only a few percent of the larger particles deposited on the 

downstream half of the fiber, whereas the smaller 2.0 ~w PVTL particles 

were distributed much more evenly over the forward and rear. 

B-2. Discussion 

The marked dependence of the collection efficiency on counterion 

concentration qualitatively agrees with the VODL theory of the elec-

trical double layer. Quantitative agreement with the VODL theory was 

not obtained using measured mobility data and a value for the Hamaker 

constant calculated from refractive index data. However, the calcu-

lation of Hamaker constants is not known to better than an order of 

magnitude. 

The deposition rate increased sharply over the range of sodium 

ion concentrations from 0.03 M to 0.08 M. The corresponding measured 

zeta potentials of glass and PVTL without double layer retardation 

and relaxation corrections were found to be C; f -44 mv, C; = -70 mv, p 

and C; = -30 mv and, = -57 mv respectively. Using the values 0.03 M f p 

and 0.08 M as the limits of the range over which deposition into 

primary minima occurs, one can compute an effective value of the 

Hamaker constant needed to render deposition possible. This method 

parallels that discussed in Verwey and Overbeek (1948) for the 
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stability of flat plates except that sphere-plate interaction energies 

are used (see Appendix B). The "effective" Hamaker constants calcu­

lated by this method range from 3-8 x 10-
20 

joules. The theoretical 

Hamaker constants estimated from the method given by Gregory (1969) 

are about a factor of five lower. Considering that reported experi­

mental values range from about I x 10-
21 

joules to 2 x 10- 20 joules 

-20 
for polystyrene-polystyrene in water and 6 to 11 x 10 joules for 

quartz-quartz in air, the range of values calculated from the stability 

criterion agrees within the experimental error. 

The curve shown in Figure V-B-l for simple salt addition suggests 

that the maximum collision efficiency had almost been reached. This 

was not the case. In another experiment in which the pH was lowered 

the collision efficiency was about three times greater. 

Using the lower value calculated for the Hamaker constant by 

the stability criterion, 3 x 10-
20 

joules, the HRM efficiency ratio, 

~HRM/~GIM' was equal to 2.5 for the low pH run (run #46 in Table V-D-l). 

The corresponding experimental efficiency ratio, ~EXP/~GIM' was 3.4. 

The agreement is within the experimental error. On the other hand, 

the maximum experimental efficiency ratio obtained for indifferent 

electrolyte addition did not agree with theory within experimental 

error, but was about a factor of three lower. This suggests that 

there was a barrier to deposition at close range in addition to 

hydrodynamic retardation. 

The existence of a barrier which prevents particles from adher-

ing at maximum theoretical values has been reported by Swift and 

Friedlander (1964), Marshall and Kitchener (1966), Hull and Kitchener 
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(1969), and Fitzpatrick and Spielman (1973). The observation of 

Fitzpatrick and Spielman, that the latices destabilized by simple 

salts deposit at a lower rate than those destabilized by lowering 

pH, led to the pH experiment performed here. 

Glass can serve as an ion-exchanger for sodium and hydrogen 

ions (Eisenman, 1965; Allen and Matejevic, 1969, 1970). Depending 

upon the exact composition of the glass, hydrogen ion more or less 

strongly dominates in the competition for available sites for pH 

lower than about 8. It is believed that under the conditions of 

the experiments hydrogen ion probably behaved as a potential-deter­

mining ion and the sodium' ion as a relatively "indifferent" ion. 

Although the exact nature of the barrier is not known, it appears 

to be connected with adsorbed layers on the surfaces. A plausible 

explanation for the effect of pH is that, lowering the pH lowered the 

charge on the latex and glass. Extrapolation of zeta-potential 

measurements from the literature (Rutgers and DeSmet, 1945; Fitzpatrick 

and Spielman, 1973) indicates that the zero point of charge for both 

substances occurs in the pH range 1 to 2. Hence at pH 1.19 there 

was less charge on the surfaces. Therefore, water and adsorbed 

counterions were less tightly bound. 

At high pH, the surfaces were highly charged. Sodium ions used 

to destabilize the particles and water molecules were strongly adsorbed. 

These layers interfered with one another at close approach. Hollow 

fibers exhibited high collection efficiency (see Section V-C-l) with 
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sodium ion addition because of their porosity. The adsorbed 

layers did not interfere with one another. In fact, the 

adsorbed layer on the particle may have simply "fit" into a pore so 

that only a small amount of the adsorbed layer needed to be displaced! 

Spielman and Cukor (1973) have made numerical computations 

for particle collection by single spherical collectors using the HRM, 

accounting for double layer forces. They found that for spherical 

collectors, particle deposition exhibits a sharp transition between 

conditions of collection and no collection with varying ionic strength. 

The change is practically discontinuous for large values of the 

adhesion parameter NAd,f This means that the curve of theoretical 

efficiency versus ionic strength would look like a step function, 

rather than the S-shaped curve shown in Figure V-B-l. Similar numer­

ical computations for a cylindrical collector neglecting hydrodynamic 

interactions indicate that the collection efficiency is practically 

discontinuous for the conditions of the present experiments. 

Several factors may have contributed to the continuous variation 

of collision efficiency with cation concentration, rather than a 

step increase as might be expected from VODL theory. These include 

variability of surface charge on the latex particles and over the fiber 

surface, Brownian movement, and a distribution in the size of the 

particles. These factors can be expected to result in a distribution 

of repulsive energies and Brownian diffusivities, and hence, in a 

smooth dependence on cation concentration. In Section II-A-2, a 

smooth curve was observed when the VODL theory was applied to collec­

tion by diffusion. 



98 

Further investigation shows that for thin double layers, and 

moderate dispersion and double layer forces, the flow field plays a 

major role only in the integration of the particle trajectory, and 

not in the stability criterion. If collection of particles results 

from primary minima only, the criterion for collection reduces to 

requiring double layer repulsion to be negligible. 

For particles larger than about 1 pm, pronounced secondary 

minima are predicted to occur under conditions of moderate to high 

ionic strength. Figures II-B-l and II-B-2 show the depth of the minima 

in kT. Some coagulation experiments support secondary minimum capture 

(Brooks et al., 1967; Rubin and Hanna, 1968; Rubin et al., 1969). 

Particles trapped in secondary minima should be moved by hydrodynamic 

forces and should be swept to the rear of the collector. Spielman 

and Cukor (1973) point out that the theoretical collection efficiency 

does not change as one moves from primary minimum collection to 

secondary minimum collection. 

Calculation of the tangential velocity of a particle trapped 

o 
at a separation distance of 50 A indicates that a slow movement 

should have been observed on the time scale of these experiments. 

Experimentally, the PVTL did not move toward the rear of the collector, 

but appeared to attach abruptly and remain attached. Furthermore, 

even after flushing with deionized water the particles continued to 

adhere. Had they been trapped in secondary minima, the low ionic 

strength should have caused them to be reversibly removed. Moreover, 

as the ionic strength was increased, no significant change in the 

way the particles were being caught was observed. VODL theory predicts 
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that at some point, secondary minimum collection should have been 

possible as the ionic strength was increased. At that point slow 

movement of the particles should have been observed. If VODL theory 

gives a correct description, then some mechanism, such as that proposed 

by Marshall and Kitchner (1966) or Hull and Kitchener (1969), which 

does not require surmounting an energy barrier must exist allowing 

particles to contact the fiber surface. 

The zeta potential of the latex particles as well as the collec­

tion efficiency of the fiber decreased with time, perhaps because 

the emulsifier desorbing from the latex was adsorbed by the fiber. 

The time chosen to compute the collection efficiency does not affect 

the dependence on ionic strength, although it does affect the magnitude 

of the efficiency. The collection efficiencies in Figure V-B-l 

were those measured at ten minutes. Choice of the ten minute period 

was based upon the highest observed deposition rate for which initial 

mixing did not play an appreciable role. 

Deposition of particles on the downstream side of the fiber 

could have been due to attraction by dispersion forces, Brownian 

diffusion or a combination of both. The Brownian diffusion contribu­

tion can be estimated from the theoretical value calculated by Spielman 

and Friedlander (1973) for diffusion in a force field using Equation 

II-A-B. In the case of negligible replusion (~ = ro in Equation II-A-15) 

the result reduces to that calculated by Friedlander (1957) and 

Natanson (1957a) for point particles diffusing to a cylinder. Assum­

ing negligible repulsion, the calculated values for the diffusion 
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-5 transport efficiency, ~D' cluster about 5.1 x 10 in these experi-

ments. An estimate of the hydrodynamic retardation by the method of 

Spielman (1970) indicates that this value should be lowered 

by about 10-15%. The GIM efficiency on the other hand was 8.5 x 10-5 

while the HRM efficiency with an assumed Hamaker constant of 3 x 10- 20 

-5 
joules results in a value about 30 x 10 • Therefore, it appears 

that diffusion probably contributed to the collection efficiency of 

the fiber but of itself cannot explain the observed results. 

C. Experiments with Permeable Hollow Fibers 

C-l. Experimental Results 

Permeable hollow fiber membranes offer the possibility of 

reducing double layer repulsion and fluid resistance to particle 

deposition. Passing electrolyte solutions through the fiber results 

in outward diffusion of electrolyte and inward diffusion of solvent 

because of osmotic effects. The increased concentration in a thin 

layer near the fiber surface should compress the double layer, reduc-

ing the repulsive energy barrier and, simultaneously, the fluid 

suction should reduce the hydrodynamic retardation resulting from 

"squeezing fluid" out of the gap. 

Commercially available hollow fibers made from cellulose acetate 

with a molecular weight cut off of about 200 (Osmolyzer-CA-a) were 

used in a series of experiments to study the effect of varying internal 

ion concentration.
l 

Unbuffered sodium chloride solutions flowed 

lSee Section IV-B-4 for a description of materials used. 
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through the fiber interior while latex particles in deionized distilled 

water (DDH20) flowed past the fiber exterior. When calcium chloride 

was used as electrolyte, the flow of solvent into the fiber rapidly 

diminished indicating blockage of the membrane pores. This "blinding" 

was irreversible and did not occur when using DDH 20 alone. The latex 

emulsifier may have formed a complex or precipitate with Ca+2 ions on 

the membrane pores. There was no evidence of "blinding" when sodium 

chloride was used. 

The data collected consisted of: 

a. the total number of particles initially "captured" as a 

function of time and internal ion concentration 

b. the regional distribution, that is forward stagnation, 

rear stagnation, or lateral surfaces 

c. the total number of particles retained after flushing the 

interior of the fiber with DDH20 and 

d. the regional distribution of the retained particles. 

Not all of the initially captured particles adhered to the fiber 

surface. Some were held solely because of the osmotic flow into the 

fiber. When the driving force was removed, that is, when the osmotic 

flow was stopped by flushing the interior of the fiber with DDH20, 

particles were released by the fiber. After flushing, the flowrate 

past the fiber was increased by about a factor of four rapidly and 

stopped completely in a cyclical manner twice, then reset to the 

original flowrate. Particles retained by the fiber "adhered firmly" 

and were recorded under category C. 
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From the initial capture rate, the fiber efficiency could be 

calculated and its ratio to the GIM efficiency computed as a function 

of ion concentration inside the fiber. These results are plotted 

in Figure V-C-l and the run conditions summarized in Table V-C-l. 

By measuring the increase in the suspension conductivity and assuming 

constant surface concentration, an estimate of the surface concentra­

tion could be made from the mass transfer theory of Friedlander 

(1957). The resulting value was about 0.1 M NaCl at the fiber surface 

for 1 M NaCl fed through the fiber interior. 

Scatter in the data resulted from an inability to clean the 

fragile fiber surfaces thoroughly enough to ensure uniformity of the 

surface. The cleaning procedure used is described in Section IV-C-2. 

Deposition was defined in the above procedures as the percent­

age of particles firmly adhering. This was plotted as a function of 

ionic strength in Figure V-C-2. Most of the particles in the low 

adhesion region were collected at the rear of the collector and 

were released when the osmotic flow ceased. Some particles were 

captured on the lateral surfaces of the fiber. This number increased 

with cation concentration. Few of those particles adhering to the 

lateral or forward surface of the fiber were released when the osmotic 

flow ceased. This indicates strong capture does occur for some of 

the particles on favorable sites--an observation previously made with 

solid fibers. 

A particularly striking example of this collection phenomena 

is plotted in Figure V-C-3. In this case the fiber used was a 
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commercial cellulose acetate fiber with a molecular weight cutoff of 

about 30,000 (Ultrafilter-CA-c)1. The 5.7 pm particles were suspended 

in DDH20. A pressure gradient was used to drive the fluid into the 

fiber. Collection occurred but primarily on the rear stagnation 

region. Under the microscope one could see a jerky zig-zag motion 

of the particles in close proximity to the fiber as they moved from 

the front to the rear of the fiber. When suction was released, the 

particles were released. 
2 However, when CaCl

2 
was added , the particles 

were not released. This direct evidence of the importance of surface 

chemical forces for non-colloidal particles indicates that they 

must be considered in any comprehensive treatment of filtration. 

Several sizes of latex particles were used in these high interior 

concentration runs. The 2.0 pm PVTL and 5.7 pm SDVBL deposited over 

the entire surface of fiber. However, the 25.7 pm SDVBL deposited 

almost entirely on the rear stagnation region with the remainder 

depositing near the forward stagnation line. In other suction 

experiments with 9.5 pm SDVBL particles, deposits were observed on 

the lateral surfaces as well. This indicated that hydrodynamic 

shearing forces were of significant magnitude to prevent the larger 

particles from adhering to the lateral surfaces. 

lSee Section IV-B-4 for description of materials used. 

2 
CaC1 2 was permeable to the Ultrafilter Fiber and did not cause 

"blinding" of the larger pores. 
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A second series of experiments was performed in which the 

external ion concentration was varied while the internal ion concen-

tration was maintained at 1 M NaCl. Those results are expressed 

as the ratio of the experimentally observed efficiency to the 

geometric interception efficiency versus the cation concentration 

in Figure V-C-4. The corresponding run conditions are given in 

Table V-C-2. 

For tap water, the ion concentration is the value equivalent 

to the concentration of sodium chloride required to produce the 

conductivity of the tap water. The conductivity serves as a rough 

estimate of the ion concentration and, that in turn, of the driving 

force for the solvent through the membrane wall. The ionic species 

present in tap water, other than sodium and chloride, generally have 

higher mobilities and some carry multiple charges. Hence the conduc­

tivity overestimates their contribution to the osmotic pressure. 

As the external ion concentration increased, the ratio of 

efficiencies decreased, leveling off at about unity. The runs with 

tap water exhibit greater variation. An analysis of water entering 

the distribution system on those two days was performed by the Cal tech 

physical plant. For the 5.7 pm SDVBL tap water run, the total Ca+2 

and Mg+2 content expressed as mg/liter of CaC0
3 

was 240 mg/liter. 

The 2.0 pm PVTL tap water measured only 90 mg/liter. In view of 

the previous experience with membrane clogging, this might have 

been the cause of the difference observed. 

The proportion of particles depositing on the forward half of 
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the fiber increased with external ion concentration. This indicated 

that the concentration near the surface was greater toward the rear 

of the fiber. 

C-2. Discussion 

Figure V-C-2 strongly resembles Figure V-B-l (for 2.0 pm PVTL 

particles and glass fibers), particularly if it is noted that the 

electrolyte concentration at the hollow fiber surface was about an 

order of magnitude lower than the concentration inside the fiber. 

This indicates that adhesion was controlled not by hydrodynamic 

forces generated by the osmotic gradient, but by double layer repul-

sion. 

However, the primary mechanism for the initial capture of 

particles in the runs with varying internal ion concentration and 

(distilled deionized water, DDH
2
0, particle suspensions) was the 

osmotic flow of solvent into the membrane. Essentially the membrane 

acted as a sieve. Under conditions of low ion concentrations, the 

double layer repulsion was strong enough to prevent adhesion except 

at a relatively small number of favorable sites. Therefore the flow 

swept the particles to the rear stagnation line where the hydrodynamic 

drag diminished and the particles were held in balance by the "suction" 

and double layer repulsion. 

Simultaneously, a concentration boundary layer formed from 

ions diffusing out through the membrane wall. As the interior 

concentration increased, the concentration in the boundary layer 

region became sufficiently high to depress the double layer repulsion 
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allowing adhesion of the particles (Figure V-C-2). The concentration 

boundary layer thickens as one moves downstream. This explains 

why particles began to adhere at the rear of the fiber. The particles 

became unstable with respect to one another as well as to the fiber 

surface. As the concentration was increased the region of negligible 

repulsion moved toward the front of the fiber. 

As the external ion concentration increased, the driving force 

for the solvent diminished. The ion concentration on the fiber 

surface was high enough for adhesion to occur and the proportion of 

particles caught on the forward half of the fiber increased. The 

total number of particles carried to the fiber surface decreased and 

the experimentally observed efficiency approached the interception 

value of the latex particles (Figure V-C-3). 

The concentration boundary layer model described in Chapter III 

qualitatively describes the ion distribution outside the double layer. 

The model provides a means for determining the best operation of the 

fiber in terms of electrolyte species and flow parameters. 

Dimensional analysis of the governing differential equation 

reveals that the relevant parameter describing optimum operation of 

the hollow fiber filter is the ratio of the mass transfer rate of the 

particles to the fiber versus the mass transfer rate of electrolyte 

to the suspension, 

(IU-B-l2) 

Here d is the diameter of the smallest particle in the interception p 
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range whose removal is desired. This ratio should be maximized for 

high efficiency and low additive concentration. If the ratio is less 

than about one, then the use of hollow fibers will not substantially 

reduce the amount of electrolyte which needs to be added. Smaller 

fibers, smaller electrolyte diffusion coefficients and higher filtra­

tion rates improve collection by interception. 

The hollow fibers should not be operated as sieves, or ultra­

filters in the conventional terminology. In a filter bed, the total 

withdrawal by all fibers should be only a small fraction of the bulk 

flow; otherwise a significant energy expenditure to pump the fluid 

through the walls would be incurred. Only a small withdrawal of 

fluid at the wall is needed to diminish the hydrodynamic retardation, 

which builds up as the particle approaches the surface, before dis­

persion forces become effective. 

D. Hydrodymanic Retardation Model Experiments 

D-I. Experimental results 

Data used to test the hydrodynamic retardation model (HRM) 

(Spielman and Fitzpatrick, 1973) are summarized in Table V-D-1. 

Teflon, glass, and both types of cellulose acetate fibers were used 

as the collecting surfaces. The particle sizes range from 2.0 ~ 

PVTL to 25.7 ~ SDVBL spheres. The ionic strength of the suspensions 

was kept high to reduce double layer forces to theoretically negligible 

values. Where hollow fibers were employed, the osmotic pressure was 

maintained constant across the fiber wall by having the same solution 

on both sides of the membrane. 



114 

Figure V-D-l shows the data plotted as the ratio of the experi-

mental (~EXP) to geometric interception model (~GIM) efficiency 

1 
versus the adhesion number (NAd,f). The error bars shown in the figure 

represent the statistical, systematic and personal errors of the 

experiment. The GIM efficiency has been calculated using the geometric 

mean diameter without correction for size distribution. The adhesion 

number, NAd,f' proposed by Fitzpatrick and Spielman (1973) requires 

that a value for the Hamaker constant, Q, be supplied. A value of 

-20 3 x 10 joules, determined from the stability criterion discussed 

in Section V-B-2, has been used throughout. This value lies above 

-20 -20 
the range of values (0.3 x 10 - 0.7 x 10 joules) theoretically 

calculated from refractive indices by the method outlined by Gregory 

The solid curve in Figure V-D-l represents the HRM theoretical 

correlation when diffusion and gravitational settling may be neglected, 

the solid straight line the asymptotic value for large adhesion numbers, 

and the dashed straight line the GIM efficiency. The data are seen to 

fall into two bands, one agreeing with the HRM theory closely, while 

the other band lies about a factor of three lower. All data in the 

lower band (open symbols) were collected using solid fibers and 

simple salts. 

lDefinition of the different transport efficiencies, collision 
efficiencies, overall collection efficiency, and filter coefficient 
have been given in Chapter II. 

2See Appendix E for details of the calculation. 
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The same data are shown in Figure V-D-2 replotted with the 

dimensionless correlation suggested by Friedlander (1967a,b) for 

particles in the diffusion and interception range. The Friedlander 

correlation has been used successfully in aerosol filtration where 

the Stokes drag assumption is acceptable. The upper end of the curve 

is the region where interception dominates while in the lower portion 

diffusion controls. The same set of symbols are used for the data. 

The arrows appearing on the 2.0 pm PVTL data represent where the 

data would appear if the collision efficiency were three times greater. 

The data agree well in the diffusion-interception region if the 

factor of 3 increase is used. However, for the larger particles 

where diffusion is not so important, the data are lower than the 

semi-empirical correlation. 

To test the concept of hydrodynamic retardation, a known flux 

of solution was drawn through the surface of an Ultrafilter
1 

fiber. 

The induced flow should reduce the hyrodynamic resistance experienced 

by the particle as it approaches the surface, thus raising the 

observed efficiency. The measured Ultrafilter permeability for a 

given applied pressure is shown in Figure V-D-3. These data were 

taken using three different fibers with both distilled deionized 

water and I M NaCI solutions under ambient conditions (about 22°C). 

No decrease in the flux was measured even with NaCI added, indicating 

that the NaC! was highly permeable to the membrane. The effect of 

applying a slight suction to a fiber during a filtration run can be 

1Molecular weight cutoff 30,000, CA-c. 
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seen in Figure V-D-4. In this case 9.5 pm SDVBL particles were used. 

An arithmetic plot of the particle deposit per unit length and 

concentration of particles versus time is shown. The additional 

deposit caused by the flow of solution through the wall has been 

calculated from the applied pressure, permeability data and particle 

concentration. It lies well below the observed deposit. 

D-2. Discussion 

The data in Figure V-D-l fall into two groups, both of which 

follow the trend of the HRM theory. The group of points falling 

below the curve (open points) were obtained with solid fibers and 

simple salt addition. The low efficiencies probably resulted from 

additional energy barriers associated with adsorbed counter ions and 

water of hydration (see Section IV-B-2). When the barriers were removed 

by plasma adsorption or reduction of surface charge, the solid fiber 

data fell in the same band as the hollow fiber data (filled in points). 

The hollow fibers are probably better collectors even with "indifferent" 

electrolyte addition because they have "pores". Less of the adsorbed 

layer has to be displaced before the adhesive force becomes strong 

enough to bind the particle firmly. 

The data in Figure V-D-2 make it clear that diffusion contributed 

to the experimental collection efficiency of the 2.0 pm latex particles. 

The good agreement with the HRM model for adhesion numbers much greater 

than unity was probably fortuitous and was not caused by the disper­

sion forces. 
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Fluid withdrawal at the fiber surface provided the final test 

of the HRM theory. For low adhesion numbers fluid withdrawal should 

lead to sizable increases in the collection efficiency, from the 

HRM value to about the GIM value. The increase in Figure V-D-4 was 

from 0.77 to 1.3. This cannot be accounted for by the amount of 

fluid sucked into the fiber, and resulted from reduction of hydro­

dynamic retardation. 

Fitzpatrick and Spielman (1973) found that the packed bed 

data they obtained for low adhesion numbers fell below the theoretical 

curve. Visual observations of the largest particles 25.7 pm indicate 

that there is a strong dependence upon the velocity because of hydro­

dynamic shear forces on the particles. Increases in the flow rate 

resulted in removal of particles which had already been captured. 

Furthermore, very few particles were caught on the lateral sides of 

the fibers where the shearing forces are largest. This dependence 

was not studied in detail, but the workof Visser (1970) may be of use 

in predicting the importance of shearing forces. 

E. Conclusions 

Adhesion of RBC on both hydrophilic (glass and plasma-coated 

teflon) and hydrophobic (teflon) surfaces cannot be fully described 

by double layer theory (VODL). Additional energy barriers and pos­

sibly specific chemical reactions influence bioparticle deposition. 

Moreover, plasma proteins in whole blood coat surfaces within a short 

time after exposure, changing the nature of the original surface. 

The RBC seem to be able to recognize the surface coating. They 
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exhibit stability with respect to the protein-coated surfaces. They 

were also stable under conditions of high ionic strength. 

In contrast, the collection efficiency of inert particles 

(2.0 pm PVTL) by solid fiber collectors (glass) depended strongly 

upon the electrolyte concentration, in qualitative agreement with 

VODL theory. However, no evidence for predicted secondary minimum 

deposition was found for the latices, while the literature suggests 

that secondary minimum collection occurs for bioparticles (RBC, E. 

coli). The 7.6 pm SDVBL carried charges of the same sign as the 

RBC, but were captured rather than stabilized by the protein-coated 

surface. 

In agreement with RBC experiments, it is necessary to postulate 

additional energy barriers for inert particles as well as bioparticles. 

The nature of the barriers on the inert surfaces appears to be related 

to hydration and counter ion adsorption on exposed surface charges. In­

creased collection efficiencies observed with porous-wall hollow fibers, 

plasma-coated solid fibers, and low charge density solid fibers (low 

pH) suggest that the adsorbed layers result in steric interference 

as the particle and fiber surface attempt to contact one another. 

Furthermore the small but finite deposition rate of RBC and latex 

particles, even in the presence of theoretically large double layer 

repulsion, indicates that there is surface heterogeneity, possibly 

imperfections, which lead to favorable deposition sites. 

The complexity of the surface chemistry of biocolloids makes 

difficult a unified treatment of their stability with respect to 
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filter surfaces. Collection efficiencies generally will be higher 

for destabilization with polyelectrolyte additives than simple 

electrolytes, which rely solely upon electrostatic forces for effec­

tiveness. Double layer concepts can still predict particle interac­

tions at a distance and are useful in describing and understanding 

hydrophobic as well as hydrophilic particle interactions. 

The current VODL theory must be modified to account for adsorbed 

layers, secondary minima, and deposition in the presence of energy 

barriers. Incorporation of additional energy barriers by Stern-type 

corrections to VODL theory might explain the role of adsorbed layers, 

but data needed for quantitative comparison are lacking. Surface 

imperfections have been suggested as the probable cause for deposition 

in the presence of energy barriers. No satisfactory explanation for 

the role of secondary minimum capture has been set forth. 

The uncertainty in calculating the Hamaker constant does not 

permit accurate prediction of the optimum electrolyte concentration 

required to destabilize the particle-filter media system. This can 

best be accomplished by bench scale tests in which particle suspensions 

of varying electrolyte concentration are passed through the filter 

media. 

From a combination of bench scale tests and measurements of 

particle and filter media zeta potentials, an effective value of the 

Hamaker constant can be calculated from the VODL stability criterion. 

This value can be used in the HRM model to predict the maximum removal 

efficiency by the interception mechanism. When Hamaker constants 
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can be evaluated more precisely, direct application of the value in 

the VODL stability criterion and the HRM may be possible. 

Zeta potential measurements can further be used to evaluate 

the importance of potential-determining ions. For bioparticles, the 

hydrogen ion can be expected to be a potential-determining ion and 

alteration of the pH may be beneficial in raising the collection 

efficiency to the theoretical maximum. 

Hollow fiber experiments confirm the solid fiber result that 

electrostatic interactions playa significant role in the collection 

of micron-size particles. The permeable wall can be utilized to 

control interfacial conditions at the hollow fiber surface. Each 

collision could be made to result in particle capture by providing 

a high ionic concentration in a thin surface boundary layer coupled 

with a slight amount of solvent withdrawal through the fiber wall. 

The single fiber experiments correlate well with the hydro­

dynamic retardation theory. The range of values calculated for the 

Hamaker constant by the stability criterion is consistent with the 

HRM. The evidence for non-negligible hydrodynamic interaction with 

particles in the interception size range is convincing. 

When non-spherical particles are involved, the proper radius 

to use in the HRM correlation is not clearly defined. In such cases, 

the GIM theory may be applied instead. The envelope of the particle 

motion in a two-dimensional laminar shear field can be predicted for 

a similarly shaped particle from hydrodynamic theory. The dimension 

of the envelope normal to the direction of flow can then be used in 
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the GIM calcualtion. 

The experiments indicate that it may be possible to develop 

materials which reduce the fluid resistance and increase the initial 

collection efficiency. Lowered resistance may be achieved by 

"drainage" of the fluid into the fiber interior by osmotic or mecha-

nical pressure gradients. 

o 
The existence of tiny pores « 100 A) in the collector surface 

may also increase the collection efficiency by minimizing adsorbed 

layer interference. Extremely porous fibrous materials might permit 

some fluid to flow right through the fiber and bring about the same 

effect as drainage. A fiber of this type would combine the best 

qualities of ultrafilters (high removal efficiencies) and conventional 

depth filters (low pressure losses and large particulate load capac-

ities). The need for pore size uniformity decreases as the pores 

become larger and should improve the economics of fiber manufacture. 
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Chapter VI 

Practical Applications of Hollow Fibers 

A. Statement of Problem 

Fibrous media are used extensively in the industrial filtration 

of 1iquidso Fibers may be woven into cloths, compressed into papers 

or used as mats. Typically fibrous media are highly porous and have 

low pressure losses. In cloths, the fibers operate primarily in the 

sieving mode while in papers and mats depth filtration occurs as well 

and may be the dominant removal mechanism. It is in the area of depth 

filtration that the results of this study are particularly applicable. 

The filtration of particles from suspension can be considered 

a two step process. First,the particle must be transported to the 

vicinity of the collector surface where capture can occur. Second, 

the particle must become attached to the collector. 

Filtration of liquid suspensions differs from that of gases in 

two important respects. In the transport step, the molecular density 

and viscosity of liquids results in non-negligible fluid mechanical 

interactions between particles and collecting surfaces o In the attach­

ment step, surface chemical effects, not found in gases, are often 

important. 

The hydrodynamic interaction involved in transporting the 

particle to the collecting surface had largely been neglected until 

the work of Spielman (1968). His results, those of Fitzpatrick and 

Spielman (1973) and the current study demonstrate that the hydro-
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dynamic forces are significant, reducing collection efficiencies up 

to an order of magnitude below those predicted by the geometric 

interception model currently used for small and mean size particles 

(~ 1 pm - 30 ~m)o 

The importance of surface chemical effects has been recognized 

for a considerably longer period. In aqueous suspensions where the 

high dielectric constant of water supports highly charged surfaces 

and large numbers of mobile ions, the effects are particularly pro­

nounced. Specific chemical adsorption, surface reactions and hydra­

tion may additionally affect particle capture. 

Since most surfaces become negatively charged in the neutral 

pH range (6-8), it is necessary to overcome the electrical double 

layer repulsion. Addition of chemical coagulants to the bulk solu­

tion is the method used most ofteno Simple electrolytes, highly 

charged hydrolyzable floc-forming metal ions, polymers and poly­

electrolytes have been used to destabilize the suspensions. However, 

with increasingly stringent effluent requirements, reductions in the 

amount of chemicals added would be valuable o 

To further complicate the problem of filter design the removal 

efficiency of different size particles differs and has a minimum value 

around 1 pm in aqueous suspensions o Since filter specifications usually 

require removal of a certain weight fraction of solids or removal of 

a minimum fraction of a given size, and since particles are generally 

non-uniform, information about the size distribution must be obtained. 

This musl be used to weight the contributions of the different removal 



129 

mechanisms. Fortunately, many naturally occurring size distributions 

can be adequately described by a log-normal distribution. Mathematical 

techniques for manipulating log-normal distributions are treated in 

monographs treating the measurement and classification of particles 

(Orr and Da11ava11e, 1959; Smith and Jordan, 1964). 

There are additional problems associated with the calculation 

of the pressure drop, filter efficiency, and rate of clogging as 

functions of time. These areas require further study before accurate 

models can be developed. The design recommendations presented here 

are limited to the initial filtration efficiency of hollow fibers when 

interception is the dominant removal mechanism. 

B. Design Recommendations 

Fibrous media have several advantages over other filter materials. 

These include: a wide selection of materials and properties, relatively 

low fluid resistance, very fine fiber dimensions, and convenient gra­

dation if desired. 

The advantage of using fine fibers can be seen from the approxi­

mate dependence of the HRM efficiency on fiber size (Equation II-A-13 

and Figure II-A-l). The dependence varies from about the inverse 

1.3 power at high adhesion numbers to inverse 1.9 power at low adhesion 

numbers. As the fiber dimension approaches the particle dimension 

or becomes smaller, the hydrodynamic effects become less pronounced 

and the geometric interception model predicts an inverse 2.0 power 

dependence upon fiber diameter. Experimentally one finds roughly 

an inverse 1.0 to 105 power dependence upon fiber diameter. Therefore, 
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the filter coefficient has a 2.0 to 2.5 power dependence (Herzig, 

1970; Spielman, 1968; Fitzpatrick and Spielman, 1973). 

The pressure loss across a bed of fibers may be calculated from 

various flow models. A discussion of these models was given by 

Spielman and Goren (1968a). For a given porosity and overall removal, 

the pressure loss decreases as the inverse 0 0 0 to 1.0 power of the 

fiber diameter. Therefore, finer fibers lead to lower head losses 

which have a direct effect upon operating costs. 

Decreasing the mat porosity improves the theoretical filter 

efficiency slightly (Spielman and Goren, 1968a) and results in smaller 

overall dimensions for the mat. However, the particulate load carry-

ing capacity of the filter is sacrificed and the risk of blinding the 

filter with particles the size of the openings in the fiber mat is 

increased. Should blinding occur, the pressure drop would rapidly 

increase and surface rather than depth filtration would result. The 

concept of grading filter media has been applied successfully in modern 

multimedia sand filters to prevent blinding and extend filter runs. 

The principle should apply equally well to fibrous media. For this 

reason grading the filter with less closely packed or larger fibers 

near the inlet and more closely packed or finer fibers near the outlet 

merits consideration. 

Hollow fibers share the inherent advantages mentioned above. 

Moreover, their potential use as a simple highly efficient filter 

and chemical feed system has been demonstrated during this study. 

The criterion for successful application of hollow fibers can be 
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established from the ratio of the mass transfer coefficients of 

particle to fiber and chemical to solution defined by the equation 

k 
p,avex: 

k 
f" av 

d 4/3 D 2/3 
f f, 

, 
(III-B-12) 

for particles in the interception size range (~ 1 ~m - 30 ~m). When-

ever the ratio is greater than unity, chemical addition through per-

meab1e fibers will be more efficient than addition to the bulk solution, 

roughly in proportion to the magnitude of the ratio. 

One notes that the parameters over which the designer exercises 

control are the mainstream velocity (U), the diffusion coefficient 

of the chemical added (D£,), and the fiber diameter (d
f
). There is 

only a weak dependence on the parameter characterizing the flow model, 

AFo Therefore, the orientation of the fiber axes, as long as they 

are perpendicular to the flow, does not exert a significant influence. 

Higher flowrates, higher solute diffusion coefficients and smaller 

fiber diameters contribute to more efficient operation. Table VI-B-l 

gives values of the ratio under different conditions. 

The calculations in Table VI-B-1 demonstrate that for most 

conditions simple electrolytes are not suited for use with hollow 

fibers. The electrolyte diffuses from the surface too rapidly, with 

the result that the mass transfer ratio becomes larger than unity. 

In that event, the effluent concentration of electrolyte will become 

as great or greater than that needed to destabilize the suspended 

particles. Furthermore, with simple electrolyte addition, the 

available high ionic strength sites would be occupied after a monolayer 
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of particles has been collected; therefore the fiber efficiency would 

diminish rapidly. 

The high diffusion losses mentioned above should be remedied 

by using higher molecular weight solutes such as polyelectrolytes. 

The larger diffusion coefficient supports a thinner concentration 

boundary layer with lower losses to the bulk flow. Even after an 

initial monolayer of particles has been collected, it is believed 

that the polyelectrolyte can continue to diffuse, coat the collected 

particles, and thereby renew the capacity of the filter. 

In certain cases, even when the mass transfer ratio is less than 

unity, the use of hollow fibers may be indicated, particularly if 

they are being used for surface rather than depth filtration. The 

total electrolyte flux from the fibers (J
t

) divided by the flowrate 

through the filter gives the average concentration in the effluent. 

The criterion then is that the average effluent concentration must 

be less than the concentration required to destabilize the particle-

collector system. The calculation uses Friedlander's (1957) mass 

transfer analysis for the conditions of interest, i.e., low Reynolds 

/ 
numbers and moderate to large Peclet numbers. 

The hydrodynamic resistance can be reduced by withdrawing water 

through the fiber wall or by using polyelectrolytes that stick out 

from the surface. The withdrawal of water can be accomplished either 

by mechanical (hydrostatic pressure) or chemical (osmotic pressure) 

means depending upon the permeability of the fiber employed. 

The withdrawal rate should be small compared to the total flow-

rate. No attempt was made to determine an analytical relationship 
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between collector efficiency and withdrawal rate. As a guideline, 

it is suggested that the normal velocity at the fiber wall should be 

a fraction of the fluid velocity at one particle radius from the wall. 

The particle radius used in the calculation should coincide with 

that of the minimum size particle whose removal is desired. 

c. Alternative Uses of Hollow Fibers 

Hollow fibers have several potential uses in filtration other 

than those identified above. They allow control of the surface chem­

istry. Theoretically they can be used to prevent as well as to promote 

deposition. In blood filters, heparin could be allowed to diffuse 

from the fiber to reduce the formation of emboli and thrombi. 

If selective hollow fiber membranes can be developed, separation 

of dilute emulsions by fibrous media would be highly attractive. In 

oil-water separation, for example, suspended droplets which are too 

dilute to be coagulated and too small to settle rapidly are coalesced 

by porous media. However, the medium becomes clogged and larger glob­

ules are released. These are settled out downstream of the filter. 

With selective hollow fibers an immiscible solvent could be passed 

on the interior of the fiber and the coalesced droplets drawn into 

the fiber with the solvent. This would reduce pressure losses, obviate 

the need for an after-filter settling tank, and provide a filter with 

constant filtering efficiency. 

As the size of the filtering element becomes smaller, the inter­

ception efficiency improves. If the filtering element was also made 

highly porous some of the flow might pass through the element, increas-
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ing the filter efficiency. The success of one brand of diatomaceous 

earth has been attributed to this propertylo In the past, the limiting 

factor has been the strength of such materials. However, it appears 

that the technology to produce strong porous fibers is now available. 

A filter mat composed of such fibers would really act as two filters 

in one. Each element serving as a micro-straining device as well as 

contributing to the depth filtration of the unit. 

l"celatom" filter aids - a product of Eagle-Picher Industries, 
Inc., Cincinnati, Ohio. 
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Chapter VII 

Sununary 

An experimental apparatus was constructed to permit visual 

observation of the deposition of micron-size particles on a single 

fiber from aqueous suspensions. Chemical and hydrodynamic conditions 

were controlledm conform with the assumptions of theoretical models 

for particle transport and attachment. 

The following set of experiments was performed: 

1) Deposition of a bioparticle (human erythrocytes-RBC) and 

a "similar" inert particle (7.6 }lm styrene divinylbenzene 

latices-SDVBL) on several different fiber surfaces (teflon, 

glass) was compared. 

2) The applicability of the VerweY-Overbeek, Derjaguin-Landau 

(VODL) theory of the electrical double layer to micron-size 

particles was tested by observing the deposition rate (2.0 J.1ID 

polyvinyl toluene latices - PVTL on glass fibers) as a function 

of the counter ion concentration of an unsynunetric electro-

lyte. 

3) Tests of a recently proposed theory (hydrodynamic retarda­

tion model - HRM) which incorporates hydrodynamic and disper­

sion forces to predict particle capture by the interception 

mechanism were conducted. 

4) Using the permeable membrane walls of hollow fibers, the 

effects of electrolyte addition and fluid withdrawal on 
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particle deposition were examined. 

B. Summary of Results and Conclusions 

Although RBC and SDVBL carry a net charge of similar sign, the 

RBC displayed stability toward plasma-coated teflon surfaces while the 

SDVBL were completely destabilized by the same surface. On the other 

hand, the RBC were destabilized by a cationic polyelectrolyte coating. 

In that case the RBC reached the same overall collection efficiency 

as that predicted by the geometric interception model (GIM) for 7.5 ~ 

spheres with a 100% collision efficiency. 

The effective size to be used in calculating the GIM efficiency 

can be estimated from the RBC experiments. The effective "diameter" 

of the particle is given by the envelope of the particle motion normal 

to the direction of flow as calculated from the hydrodynamics of par­

ticle motion in a shear field. The ability of the RBC to "recognize" 

the plasma-coated surface indicates that the evaluation of the colli­

sion efficiency of bioparticles will generally require study of each 

class of surface. Current VODL theory cannot predict the collision 

efficiency of bioparticles, but still describes the approach of charged 

particles toward charged surfaces. 

Experiments with 2.0 pm PVTL particles depositing on glass fibers 

demonstrated that some particle collection occurs even in the presence 

of theoretically (VODL) large energy barriers. Although the deposi­

tion rate did increase rapidly over a narrow range of counterion 

concentration, it did not reach the predicted maximum value with 

simple electrolyte addition. The data were examined in terms of 
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sphere-plate interaction potentials and yielded an effective value of the 

Hamaker constant in the range from about 3 x 10-
20 

to 8 x 10-
20 

joules. 

The experimental evidence suggests that either VODL theory must 

be modified or new theories proposed in order to explain particle 

attachment. In particular a new mechanism to explain particle deposi-

tion in the presence of large repulsive energy barriers needs to be 

developed. Stern-type corrections incorporated into the VODL theory 

would probably be able to explain a large class of hydrophilic surface 

interactions. Currently, the paucity of adsorption energy data prevents 

successful application of the corrections. Furthermore, there appears 

to be a statistical nature to particle capture which may be caused 

by discreteness of charge, surface roughness or surface heterogeneity. 

This cannot be explained by VODL theory even with Stern-type correc-

tions. Quantitative predictions may not be possible without a statis-

tical data base for a particular type of filtering material and 

particle suspension. VODL theory does, however, predict the onset of 

rapidly increasing deposition rate in at least a semi-quantitative 

manner. This provides a basis for selecting physical-chemical methods 

to increase collision efficiency. 

The HRM theory for collection of particles was tested by vary-

ing particle diameters, fiber diameters, flow velocities and collect-

ing surfaces. The ratio of the experimental collection efficiency 

to GIM efficiency was plotted against the adhesion number, NAd f' , 
suggested by Spielman (1968) and Spielman and Goren (1970). The 

-20 
lower value of the Hamaker constant (3 x 10 joules) calculated 

from the VODL stability criterion was used in computing the adhesion 
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number. The data were also compared with numerical calculations for 

single cylindrical collectors given by Fitzpatrick and Spielman (1973). 

An independent test of the influence of hydrodynamic retardation was 

made by withdrawing fluid at a known rate through a hollow fiber and 

observing the change in the deposition rate of the particles. 

The increased rate of deposition found in the fluid withdrawal 

experiment could not be explained by the rate of fluid withdrawal. 

The additional increase in the deposition rate was attributed to a 

decrease in the hydrodynamic resistance. 

Good agreement between the HRM and experiments was found. The 

agreement could be improved by choosing a slightly larger value of 

-20 the Hamaker constant than that used (3 x 10 joules) to calculate 

the adhesion number, but the theoretical curve fell within the range 

of experimental error of most data points. The collection efficiency 

of latices from suspensions destabilized by a simple salt 

were consistently about a factor of three lower, but followed the 

theoretical trend. The porous nature of the hollow fiber surface, the 

projection of plasma proteins from the coated teflon surface and the 

absence of strongly adsorbed layers in the low pH, PVTL-glass experi-

ment resulted in a maximum collision efficiency. This suggested that 

steric interference between adsorbed layers on the particle and fiber 

surface hindered particle attachment. 

The HRM theory presents a correct description of particle capture, 

but adsorbed layers may interfere with particle attachment. Inter-

ference may be reduced by reducing adsorption energies or reducing 

the area of adsorbed layer interference. 
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By varying the electrolyte concentration inside the hollow fiber, 

the surface concentration and osmotic flow through the fiber wall 

could be controlled. particle capture due to osmotic flow occurred, 

but the particles were released by subsequent flushing of the fiber 

interior with distilled deionized water unless the counterion concen-

tration near the surface was sufficiently high. Increasing the 

electrolyte concentration outside the fiber reduced the amount of 

osmotic flow o particles were made to deposit at the maximum intercep-

tion rate by using hollow fibers. 

Hollow fiber filters may be used to control the filtration 

efficiency by modifying the surface chemistry of the fiber. Experi-

mental observations were satisfactorily interpreted in terms of 

concentration boundary layer theory. Using a boundary layer solution, 

an approximate criterion was developed which predicts when hollow fibers 

may be usefully employed to reduce the amount of chemical addition 

required to destabilize particleso 

Co Suggestions for Further Research 

Several questions were raised by the inadequacy of current 

VODL theory to predict observed deposition patterns 0 In particular 
• 

further research is needed to devise a quantitative model for particle 

collection in the presence of electrostatic barriers. More data for 

energies of adsorption on different surfaces must be gathered before 

Stern-type corrections to VODL theory can be applied to particle 

adhesion. 

The effects of shearing forces need to be studied further. 
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Visual evidence indicated that shearing forces became important for 

particles larger than ~ 10 ~ for the range of operating conditions 

currently used in water filters. The role of surface chemistry on 

the adhesion of particles in the gravitational settling size range 

should be studied simultaneously. 

The potential advantages of hollow fiber filtration should be 

explored. Experiments should be conducted to find compatible poly­

electrolyte-hollow fiber combinations o Longer runs should be made to 

study whether polyelectrolytes diffusing from the fiber can be made 

to adsorb efficiently on previously deposited particles, thereby form­

ing new collecting surfaces. Packed bed experiments are also needed 

to check the effects of electrolyte diffusion throughout the depth 

of the bed. Accurate prediction of the optimum amount of electrolyte 

addition can be made from numerical solutions of the convective 

diffusion equations with the appropriate porous wall boundary condition o 

Such studies might predict that concentration polarization would be 

beneficial in minimizing electrolyte losses. 

Conceptually, hollow fibers may be particularly valuable in the 

separation of liquid-liquid suspensions of low droplet concentrationso 

A hollow fiber filter could maintain high constant filtration effi­

ciencies if the membrane can be made selectively permeable to the 

droplet phase. The hollow fibers may also be useful in blood filtra­

tion. Studies should be conducted to determine the effects of heparin 

diffusion from the fiber surface. 
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Appendix A 

Discussion of Experimental Error 

The largest experimental error was incurred in counting the 

number of particles deposited on the fiber. The statistics of the 

particle deposition rate are described by the Poisson distribution. 

The standard deviation, 0, of such a distribution is given by 

(A-i) 

where E is the expected value of the particle deposit. 

The actual number of particles, N, counted probably does not 

coincide with the expected value of the distribution. Therefore, the 

standard deviation calculated by substituting N for E serves only as 

an estimate of the statistical error. A better method is to apply 

confidence limits to the data. The symmetrical 95% confidence limits, 

L, for a Poisson distribution are given by Wilson (1952) as 

L = N + 1.92 +: 1.96 /N+1.0 • (A-2) 

These were applied to the 2.0 pm PVTL data and the data used to check 

the HRM model. 

Another source of error might have crept in through experimental 

bias (personal error). The counting procedure affords an opportunity 

for bias to enter because it is a visual rather than a mechanical 

measurement. A photographic record of the deposits might have inlproved 

the situation, but the number of photographs required for a through-



144 

focus series of shots at each data point was prohibitive, and the time 

resolution would have been poor. Instead, every opportunity was taken 

to prevent foreknowledge of the theoretical deposition rate. This 

included preparing particle suspensions of unknown concentration 

immediately before each run, counting deposits at irregular intervals, 

and making calculations only after a series of runs had been completed. 

This caused occasional inconvenience (very high or very low deposition 

rates), but was deemed necessary in order to minimize the possibility 

of bias. 

Further errors could have entered in the values used for fluid 

properties, flowrates, fiber dimensions etc., but these were compara­

tively small even on a cumulative basis. The error bars shown in 

Figures V-B-l, V-B-6, V-C-2 and V-D-l, are the combined estimate of 

personal, systematic and statistical errors. 
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Appendix B 

Calculation of Collection Efficiency of a Fiber for 

Particles Diffusing Through an Energy Barrier 

The parameter ~ appearing in Equation II-A-15 is given by 

Spielman and Friedlander (1973) as 

1r (1) ;1\ 1/3 1 
3 \3 \i) A 1/3 

F 
(B-1) 

where r is the Gamma function, AF is given by Equation II-A-8, and 

D is the diffusion coefficient of the particle. The parameter k' 
p 

accounts for the height of the energy barrier to deposition and the 

random thermal energy of the diffusing particle and is given by 

Equat ion II-B-6, 

Qa 
V

T 
= -~ + 4:rt€ € 

6h 0 

k' 

D 
p 

J"ooo (VT/kT ) e -1 dh 

2 2 \ r 
~Ol +~02 \12(~01~02) 

4 j; 2 2 
/ ~ (~Ol +~02 ) 

+ In (1 - eXpC-Kh») 1 
\ I 

J 

! 1 + exp ( -K h) \ 
In i 

\1 - exp( -Kh) J 

(B-2) 

which assumes unretarded dispersion forces and low to moderate diffuse 

layer potentials C~ < 50-60 mv) was used to describe the potential o 

energy of the diffusing particles. 

Equation B-2 was evaluated approximately. The integral appear-

ing in the denominator was assumed to be given by the triangular 
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region defined by the maximum of the potential energy barrier, and the 

two points where the potential energy curve passes through zero. The 

height of the potential energy barrier and the roots of the potential 

energy curve where determined by successive iteration on a desk 

1 calculator. For extensive calculations requiring changes in the 

values of many different variables, use of a digital computer is 

recommended. 

lCompucorp Model 122 with l28-step programmable memory. 
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Appendix C 

Experimental Sequence 

Description of step 

1. Prepare solution 

2 h k 1 ' 1 • C ec pH, osmo ar~ty 

3. Mount fiber in fixture l ,3 

4. Clean fiber
l 

50 Prepare stock of RBC
l 

6. Prepare Coulter counter 

7. Prepare constant head tank and rotameter 

8. Clean fiber2,3 

9 'f' 2 • Mount ~n ~xture 

10. Prepare tunnel 

11. Mount tunnel and connect to rotameter 

12. Coulter count blank 

13. Prepare particle suspension 

14. Complete flow circuit connections 

15. Take initial sample 

16. Begin flow, start timer 

17. Measure particle deposit, concentration, pH, 
temperature, conductivity 

3 18. Start electrolyte flow 

1 
included These steps 

2 
with RBC or Teflon fiber 

Reference 

Secto 

" 
It 

" 

" 

" 

" 

" 
11 

" 

" 

" 
It 

Fig. 

Sect 0 

" 

" 

" 

III-B-4 

IV-B-2 

IV-B-l 

IV-C-2 

IV-C-1 

Iv-C-3 

IV-C-4 

IV-c-2 

IV-C-1 

IV-C-4 

IV-C-4 

IV-C-3 

IV-C-1 

IV-B-4 

IV-B-2 

IV-C-6 

IV-C-5, 
C-3,B-2 

IV-C-6,B-l 

experiments. 

These steps included with glass fiber experiments. 
3 These steps included with hollow fiber experiments. 
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Appendix D 

Size Distribution Correction 

The particle size distributions were determined from optical 

or Coulter Counter measurements. The cumulative frequency distribu-

tions versus size were plotted on logarithmic-probability paper. 

The geometric mean diameter, M , and the geometric standard deviation, 
g 

0 g , could be obtained from the linear plots as the 50% size and the 

ratio of the 85.1]6 to 50% size respectively. 

These parameters are related to the GIM efficiency of the distri-

but ion by the equation 

l1GIM dist. (D-l) 

The form of the equation was given by Hatch and Choate (1929), but 

was not derived explicitly for this case. The following outline of 

the derivation is supplied for those unfamiliar with the mathematics 

of logarithmic-normal distributions. 

The GIM efficiency for any size particle, x, is given by 

Tl (x) 
GIM (D-2) 

The efficiency resulting from a distribution of sizes is given by 

l1GIM dist = Jl1(y) p(y) dy (D-3) 

over the entire range of y, where p(y) is the probability density 

function. For a log-normal distribution, the density function is 
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1 
p(y) = 72n ln 0 . exp 

g 

2 !_ (y - ln Mg) 

2 
2 ln 0 

g 

(D-4) 

Substituting Equations D-2 and D-4 into Equation D-3) and making the 

change of variable) 

the following integral is obtained: 

00 

11 = f 2A exp (2y) 1 
GIM dist _00 F d 2 • j 2n ln 0 

f g 

I (y -lnM )2-1 - g 
. exp, 2 I d y) CD - 5 ) 

_ 2 ln COg) J 

for particle sizes) x) ranging from 0 to 00. The integral can be 

evaluated with the aid of a table of definite integrals to give 

Equation D-l. 
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Appendix E 

Calculation of Hamaker Constants from 

Refractive Index Data 

Hamaker constants were estimated from refractive index data 

using the equations given by Gregory (1969): 

(€o - 1) 2 
27 Q12 64 hV v 

I (E-l) \€o + 2 

and 
2 

(E-2) € n 

Here n is the index of refraction, € is the dielectric constant, h 

is Planck's constant, v is the characteristic dispersion frequency, 
v 

and (,:0 is the square of the limiting refractive index in the visible 

wavelength region. The Hamaker constant for two different materials 

1 and 2 in water 3 was taken to be 

Q (E-3) 

The values of the refractive index and characteristic wave-

length are given in Table E-l. The values used for cellulose-acetate 

and polyvinyl toluene latex are crude estimates based upon a knowledge 

of the structure of the molecules. The Hamaker constants calculated 

- 20 - 20 by this method range from 0.3 x 10 to 0.7 x 10 joules. 
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Substance Refractive Index Characteristic Frequency 

1.323 3.35 x 1015 -1 
Water sec 

Glass 1.57 3.78 x 1015 11 

PVTL 1.581 2.62 x 1015 11 

DVBSL 1.563 2.62 x 1015 11 

CA-a, c 1.46 3.4 x 1015 11 

Table E-l Values of Refractive Index and Characteristic Frequency 

used in Hamaker Constant Calculation 
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Appendix F 

Discussion of Boundary Conditions for 

Permeable Walls 

The permeability of the hollow fiber wall permits both solvent 

and solute flux under applied pressure and concentration gradients. 

The mechanisms by which solvent and solute pass through the membrane 

depend upon the type of membrane used. Solvent and solute flow through 

the cellulose acetate membranes used in these experiments probably 

proceeded as a combination of diffusion and viscous flow. 

The flux of solvent (subscript "w") and solute (subscript "s") 

are proportional to the driving forces. The chemical potentials, 

Pw and Ps' were the motive forces. Fluxes are given by Thompson 

(1967) as 

J L 6p + L 6p 
w ww w ws s 

and J = L 6p + L 6p , s sw w ss s 
(F-I) 

where the L's are the phenomenological coefficients and the Onsager 

reciprocal relation requires L = L 
ws sw 

The linear laws should be 

good approximations when the gradients are small. 

For small concentration differences the chemical potentials 

are given by Thompson (1967) as 

6p RT 6ln a + v 6p v (6p - 6:rr) w w w w -n v 
and 6l-l RT 6ln + - 6p ..::L.J!.. 6:rr + v 6p (F-2) a v s s s n s s 
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where the v's are the partial molar volumes, ~p is the applied pressure 

d Off A 0 h 0 dOff ( __ RT L erence, UTI LS t e osmotLc pressure L erence, V w 
and n's are mole fractions. 

~ln a ) , 
w 

The activities of the solvent and solute on the particle sus-

pension side of the membrane can be seen to depend upon the solute 

distribution, which in turn depends upon the solution of the hydro-

dynamic equations and boundary conditions. The boundary conditions 

(Equation 111-B-2) involve the flux of solute. Therefore the equa-

tions are coupled. 

To develop a reasonably simple criterion which could be applied 

to describe efficient operation of hollow fibers, the following 

reasoning was applied to the relative importance of the fluxes. For 

efficient operation, the solvent flux must be small compared to the 

flow past an individual fiber, otherwise the fiber would act as a 

sieve and a large fraction of the suspension would be processed through 

the fiber wall. Therefore, the assumption that the impermeable wall 

solution for the velocity field given by Lamb (1932) (Equation 111-B-l) 

is justified in developing the criterion for efficient operation. 

The solution of the convective diffusion equation with its 

boundary conditions provides an estimate of the surface concentration. 

This can in turn be used to calculate the flux of solution through 

the membrane wall if the membrane permeability to solvent is known. 

Thus a check on the assumption of negligible solvent flux can be made. 

No measurements of solvent permeability were made with the 

cellulose acetate membranes. Literature values indicate that simple 

electrolyte addition using cellulose acetate membranes developed for 
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reverse osmosis would not satisfy the criterion. However, reverse 

osmosis membranes are designed for maximum solvent (water) passage 

and do not represent ideal membranes for hollow fiber filtration. 

Several other effects which may be important in the operation 

of hollow fiber filters have been neglected. These include charge 

effects, coupled flows for higher order systems, and the applicability 

of a uniformly permeable membrane boundary condition. These effects 

are treated in texts dealing with membrane transport and the thermo­

dynamics of irreversible processes (Prigogine, 1961; Lakshminarayanaiah, 

1969). 
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Appendix G 

Calculation of an Effective Hamaker Constant 

The stability criterion proposed by Verwey and Overbeek (1948) 

takes as the condition for the onset of rapid coagulation, the point 

at which the max~um in the potential energy curve passes through 

zero. The potential energy of the sphere-plate double layer inter-

action is given by Equation II-B-6, 

Qa 
V --~ + T - 6h (

1 + exp (-Kh) j-
In 1 _ exp (-Kh) +In (1 - exp (-Kh» 

for unretarded dispersion forces and low to moderate diffuse layer 

potentials (~O < 50-60 mv). The equation was solved directly for VT 

for the experimentally determined values of particle radius a , 
p 

-1 
surface potentials ~Ol and ~02' double layer thickness K ,and varying 

values of gap width, h, and Hamaker constant Q. A desk calculator 

1 
was used to generate the curves shown in Figures II-B-l and II-B-2. 

An estimate of the effective Hamaker constant could be read from the 

graphs directly. 

1 
Compucorp Model 122 with 128-step programmable memory. 
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NOTATION 

Each symbol used in the text was defined when first used. Only 

symbols appearing throughout the text are listed here for convenient 

reference. 

Symbol Definition 

English Upper Case 

parameter characterizing flow model 

-10 
Angstroms (10 meters) 

CA-a cellulose acetate-a, 200 MW cutoff 

CA-c cellulose acetate-c, 30,000 MW cutoff 

D diffusion coefficient (with subscripts) 

distilled deionized water 

fluoroethylene propylene 

ern geometric interception model (also used as subscript) 

H~ hydrodynamic retardation model (also used as subscript) 

J flux; also denotes joules 

M moles per liter 

MW molecular weight 

Adhesion number for fiber collector 

Nusselt number (based on diameter) 

Pee let number (based on diameter) 

Reynolds number (based on diameter) 

polyvinyl toluene latex 

Q Hamaker constant 

R interception parameter 



SDVBL 

T 

U 

v 

VODL 
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styrene divinylbenzene latex 

absolute temperature, degrees Kelvin 

approach velocity of fluid 

potential energy of interaction 

Verwey-Overbeek, Derjaguin-Landau theory of diffuse 
electrical double layer 

English Lower Case 

a 

d 

e 

f 

g 

h 

k 

n 

p 

r 

~ 

v 

v 

z 

radius (with subscripts) 

diameter (with subscripts) 

-19 
electronic charge (1.6 x 10 coulombs) 

porosity 

gravitational acceleration 

sphere-plate gap width 

mass transfer coefficient or Boltzmann's constant 
(1.38 x 10- 23 joules/degree Kelvin) 

concentration (with subscripts) 

pressure 

radial coordinate 

vector velocity 

velocity component (with subscripts) 

charge number of ion 

Greek Upper Case 

stream function 
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Greek Lower Case 

€ 
o 

B 

K 

p 

\) 

p 

Subscripts 

A 

D 

EXP 

G 

R 

T 

collision efficiency 

parameter characterizing convective diffusion 
through an energy barrier 

dielectric constant 

-12 
permittivity of free space (8.85 x 10 farads/meter) 

zeta potential 

collection efficiency; with subscripts signifies 
transport efficiency 

angle measured counterclockwise 

reciprocal of "double layer thickness" also called 
reciprocal "Debye length" 

"filter coefficient" also called "impediment modulus" 

absolute viscosity 

-6 
microns (10 meters) 

kinematic viscosity 

density (with subscripts) 

membrane permeability 

electric potential (with subscripts) 

attractive 

diffusion 

exper imental 

"gravity" also termed "sedimentation" 

repulsive 

total 



f 

m 

p 

r 

s 

t 

w 

e 

o 

co 
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fiber 

spec ies "1," 

membrane 

particle 

radial direction 

settling velocity, sphere, or solute as appropriate 

transport 

solvent 

location of Stern layer or membrane thickness as 
appropriate 

tangential direction 

value at a surface 

value far from a surface 
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