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ABSTRACT 

SURFACE CHARGE CHARACTERISTICS OF 

VIRUS ADSORBING FILTERS 

by 

Ray Arnold Wagner 

Surface charge characteristics of filters capable of 

adsorbing viruses were studied. This was accomplished by 

microelectrophoresis of filter particle suspensions. 

The effect of pH on the surface charge properties of 

(1) cellulose nitrate, (2) cellulose acetate, and (3) fi¬ 

breglass/epoxy filter materials was examined. It was dis¬ 

covered that these filter materials exhibited net nega¬ 

tive charges over the pH range 2-7 when suspended in 

KC1/HC1 (or NaOH) solutions of ionic strength 0.02, with 

net negative charge approaching neutrality at the lower 

pH levels. 

The effects of various salts (KC1, MgC^, CaC^, 

AlCl^) on the charge properties of cellulose nitrate were 

examined at pH 3.5 and pH 7.0. It was observed that at 

both pH levels, increasing ionic strength caused the net 

negative charge of the filter material to approach neu¬ 

trality. At a given ionic strength, the divalent and 

trivalent cations were more effective at decreasing the 

net negative charge of cellulose nitrate than the monova¬ 

lent cations. The aluminum cations were actually capable 
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of reversing the net charge of the filter material, from 

negative to positive. It was concluded that trivalent 

cations, and possibly divalent cations, are capable of com- 

plexing with specific groups on the filter surface. 

A mechanism for adsorption of viruses to filter sur¬ 

faces was proposed. Complex formation between multivalent 

cations and specific groups on both viral and filter sur¬ 

faces reduces the zeta potentials. This, coupled with a 

possible ionic strength effect on the configuration of the 

double layers, facilitates the approach of the two surfaces, 

allowing van der Waals attractive forces to exert a signi¬ 

ficant effect. With multivalent cations there is a further 

distinct possibility of cross-complexation between the two 

surfaces. It is proposed that cross-complexation by multi¬ 

valent cations is more important than van der Waals forces 

in promoting attachment of the two surfaces, and that the 

action of the cations might be described in terms of a 

"cationic adhesive" effect. Electrostatic forces would be 

expected to oppose, but not prevent, cation promoted 

adhesion at neutral pH, when both virus and filter exhibit 

net negative charges. However, at pH 3.5, when the virus 

surface becomes net positively charged, electrostatic 

attractive forces would add to the "cationic adhesive" 

effect, resulting in highly efficient adsorption of 

viruses to filter surfaces. 
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1. INTRODUCTION 

1.1 Background 

1.1.1 Viruses in Water 

Over 100 virus types may be excreted by humans via the 

enteric tract, and thus may be present in sewage and even 

drinking water sources (Shuval and Katzenelson, 1972). 

These viruses are predominantly of the Picornavirus group 

and are commonly referred to as enteroviruses. The entero¬ 

viruses include: Poliovirus (3 types), Coxsackievirus A 

(23 types) and Coxsackiovirus B (6 types), and ECHOvirus 

(30 types) (Green, 1969). Adenovirus (31 types) is found 

in feces and may cause respiratory and eye infections, and 

diarrhea. Infectious Hepatitis has been proven beyond 

doubt to be responsible for waterborne epidemics, yet its 

viral characteristics have not been completely elucidated 

(Shuval and Katzenelson, 1972). Reovirus (3 types) may 

also be present in sewage. 

The development of a flow through process for iso¬ 

lating viruses from drinking waters, natural waters, and 

wastewaters during the late 1960's and early 1970's has 

significantly advanced the field of environmental virology. 

For many years, it had been difficult to detect animal 

viruses in water due to the fact that viruses reproduce 

only within host organisms, and once they are excreted into 

the environment, they have no means of increasing their 

population. Indeed, the number of viruses in a given body 
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of water probably decreases with time due to inactivation 

of the virus particles by toxic chemicals. Thus, the 

problem confronting virologists was to concentrate viruses 

from large volumes of water in order that they might be 

grown and quantified in laboratory tissue cultures. 

1.1.2 Detection of Viruses in Water 

The Wallis-Melnick virus concentrator (Wallis, Homma, 

and Melnick, 1972a & 1972b; Wallis and Melnick, 1972; Homma, 

Sobsey, Wallis, and Melnick, 1973) consists basically of a 

filter which serves as a virus adsorbent. The water to be 

analyzed is first clarified with non-adsorbent filters 

(optional - depending on water quality), then it is ad¬ 

justed to pH 3.5, followed by optimal addition of multi¬ 

valent sales (AICI3). The water is then passed through a 

depth wound cartridge filter, a pleated membrane cartridge 

filter, or a flat membrane filter. The viruses adsorb to 

the filter and a virus free filtrate is passed out of the 

apparatus. The adsorbed viruses are then eluted from the 

filter with small volumes of high pH buffer. The effect is 

to concentrate viruses from many gallons of sampled water 

into volumes of one liter or less. 

The nature of the adsorption mechanism on which the 

virus concentrator is based has received little study. It 

has been speculated that electrostatic forces probably play 

a major role in the adsorption of viruses to filter surfaces 

(Mix, 1974). However, salt enhancement of virus adsorption 
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may indicate other forces are operating in the virus con¬ 

centration system. 

1.2 Virus Interactions with Filter Surfaces 

1.2.1 Review of the Literature 

An extensive body of literature describing virus inter¬ 

actions with filter surfaces has been developed, especially 

in recent years. However, this interaction was reported as 

early as 1930 when Elford recommended that bacterial viruses 

should be suspended in protein diluents to avoid loss of 

virus during filtration through colloidon membranes made 

of cellulose nitrate (Elford, 1930). During the late 1940's 

and early 1950's, several investigators described the use of 

gauze pads to detect animal viruses in sewage. Melnick, 

et.al. (1954) found that gauze pads placed in flowing 

sewage for three days or seven days adsorbed significant 

quantities of Coxsackievirus, which could be eluted from 

the gauze pads with normal NaOH. The viruses in the eluents 

were then concentrated by precipitation with protein and 

ultracentrifugation. In all experiments, the gauze pad 

method yielded more Coxsackie isolates than protein pre- 

cipitation/ultracentrifugation of grab samples of sewage. 

The gauze pad method is significant in that it represents 

the first attempt to adsorb and recover viruses from a 

filter-like surface. 

More recently, advances in polymer science have re¬ 

sulted in the development of a wide array of filter ma- 
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terials and types. Metcalf (1961) reported the use of 

membrane filters to recover viruses from aqueous suspensions. 

He discovered that influenza virus could be retained on 

Millipore membranes (Type HA, VM, VF) despite the fact that 

membrane porosities exceeded the diameter of the virus. 

Viruses were recovered by grinding the membranes in a mortar 

and pestle and resuspending the pulp. Metcalf suggested 

that this technique might have application as a diagnostic 

procedure (i.e., analysis of throat washings for virus). 

Cliver (1965) reported that Poliovirus type 1 and 

Coxsackievirus B-2 were adsorbed to Gelman (cellulose 

acetate) and Millipore (cellulose nitrate) membranes. 

Cliver was primarily interested in filtering debris and 

bacteria from food extracts so that the extract might be 

assayed for virus. Adsorption of viruses to the filter was 

thus not desirable, and methods were examined to prevent this. 

It was found that treatment of the membrane with serum or 

gelatin effectively prevented viral adsorption. 

Cliver reported at the Symposium on Transmission of 

Viruses by the Water Route in 1965 (proceedings published 

1967) that enteroviruses (polio, coxsackie, echo) could be 

adsorbed to Millipore membranes in the course of filtration 

of experimentally contaminated deionized water, tapwater, 

phosphate buffered saline, urine, or throat washings. The 

adsorbed viruses could be eluted from the filter surfaces by 

treatment with PBS plus 30% agamma chicken serum. 
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Wallis and Melnick (1967a) reported the first applica¬ 

tion of virus adsorbing filters when they described a tech¬ 

nique for concentrating enteroviruses from crude virus 

harvests by adsorption onto Millipore membranes. These 

microporous membranes, made of cellulose nitrate, have 

porosities (0.45 micron) which exceed the virion diameter 

(poliovirus-0.025 micron). They found that viruses could 

be efficiently adsorbed to these membranes in the presence 

of salts (Earles Salt Solution, NaCl, or MgC^) if the crude 

virus harvests were first treated to remove the organic 

components in a virus harvest that interfere with virus 

adsorption. The viruses could be eluted from the membrane 

by washing with small volumes of whole fetal serum, and in 

most cases 80 to 100 fold concentrations were achieved. 

In a subsequent publication, Wallis and Melnick (1967b) 

reported that viruses could be concentrated from sewage by 

adsorption onto Millipore membranes. Interfering organics 

were removed by treatment of the sewage with anionic resins 

prior to filtration. Salts (MgC^, 0.05 M) were then added 

to the resin treated sewage to enhance virus adsorption to 

the filter surface. The viruses were eluted by homogeniza¬ 

tion of the filter in Melnicks Medium B containing 10% bovine 

fetal serum. Using this technique, 2795 enteroviruses were 

recovered from 10 concentrates of 1 gallon of sewage during 

a 7 month period in 1966. During the same period, only 4 

isolates were recovered from unconcentrated sewage. This 
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report represents a significant advance in environmental 

virology in that it represents the first application of the 

virus adsorbing potential of microporous membranes to detect 

human enteroviruses in polluted waters. 

Cliver (1968) surveyed virus interactions with 28 types 

of membrane filters. Filters that he tested included Milli- 

pore cellulose nitrate and nylon filters, and Gelman cellu¬ 

lose triacetate and vinyl filters. Results ranged from 

virtually no adsorption by cellulose triacetate filters to 

highly efficient adsorption by cellulose nitrate filters, 

in the absence of interfering substances. 

Rao and Labzoffsky (1969) suggested that low concentra¬ 

tions of viruses could be detected in large volumes of clean 

water by the membrane filter technique. In this laboratory 

study, Millipore membrane filters (types HA and AP25) were 

used as the viral adsorbant. Calcium salts (200 ppm) were 

added to the water samples (500 ml.) to enhance virus ad¬ 

sorption. Beef extract (3%) was used as the eluent. The 

filter pads were eluted in situ. 

Liu, et.al^. (1971) studied a flow through gauze sampler 

for recovering viruses from tapwaters and seawaters. It 

consisted of 16 layers of fine mesh surgical gauze in a pyrex 

tube. Virus adsorption was enhanced by addition of NaCl (3%) 

to the tapwaters. The elution procedure involved repeated 

washings with basic buffer (pH 8-9). Maximum virus recovery 

efficiency obtained was 47%. 
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Berg. et.al. (1971) reported a technique for recover¬ 

ing small quantities of enteroviruses from clean waters on 

Millipore cellulose nitrate membranes. Their method con¬ 

sisted of adding Na2HP0^ (final concentration 0.05 M) to 

the water and sufficient citric acid to produce a pH of 7. 

Viruses were eluted from the filters by sonication of the 

membranes in 3% beef extract. 

Wallis, Henderson, and Melnick (1972) studied the 

effects of various salts on adsorption of enteroviruses to 

Millipore membranes. They discovered that trivalent salts 

(AICI3) could be used effectively to enhance viral adsorp¬ 

tion at only 1% the concentration required for divalent 

salts. In this report, they also described a reconcentra¬ 

tion procedure whereby viruses recovered from filters are 

readsorbed to smaller diameter filters and eluted with 

smaller volumes of eluent. The eluent used in these ex¬ 

periments was 0.05 M glycine adjusted to pH 11.5 with NaOH. 

Wallis had previously described elution of viruses with in¬ 

organic salt solutions at high pH (Wallis, 1971). The 

basic glycine was an extremely effective eluent, enabling 

recovery of up to 100% of adsorbed viruses by passing small 

volumes of the pH 11.5 glycine through the filters. The 

significance of this report lies in the fact that it des¬ 

cribed new procedures which facilitated the processing of 

large volumes of water for the determination of entero¬ 

virus contamination. This becomes apparent when one con- 
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siders the low concentrations of salts needed to enhance 

adsorption, the highly efficient elution procedure, and the 

concentration/reconcentration procedure with which high con 

centration factors could be achieved. 

Simultaneous with this work was the development of a 

portable virus concentrator for testing water in the field 

(Wallis, Homma, Melnick 1972a & 1972b; Wallis and Melnick 

1972; Homma, Sobsey, Wallis, Melnick 1973). The 1972b 

model was a flow through apparatus capable of processing up 

to 300 gallons of water, depending on the water quality. It 

consisted chiefly of a series of non-adsorbent clarifying 

filters (Commercial Filters "Fulflo" fiber depth-wound cart 

ridge filters; Type 39R Tween 80 treated), followed by a 

virus adsorbing filter (Fulflo, Type K-27 fiberglass, or 

Type W-10A cellulose acetate). Due to the large surface 

area of these filters, large volumes of water could be 

processed before clogging of the filters occurred. Salts 

(MgCl2 added to a final concentration of 0.05M) were in¬ 

jected prior to the viral adsorbent to enhance adsorption. 

Viruses were eluted from the filter in situ with one liter 

volumes of glycine (0.05 M) adjusted to pH 11.5. Eluates 

from the virus adsorbent were reconcentrated on smaller 

cellulose nitrate membranes, which could be eluted with 

small volumes (approximately 20 ml) of pH 11.5 glycine. 

Using the concentration/reconcentration procedure, the 

virus concentrator was capable of recovering 80% of ex¬ 

ogenously added viruses during laboratory processing of 
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300 gallons of tapwater. The 1973 model was modified 

slightly in that the water sample was adjusted to pH 3.5 

prior to filtration through the viral adsorbent (K-27 fibre- 

glass) . AlCl^ (0.005M) was used in place of MgC^ to en¬ 

hance viral adsorption. This virus concentrator was capable 

of recovering 81% of viruses added (high multiplicities) to 

60 liters of sewage. 

Hill, et. ad. (1972) also reported on the development of 

a technique for concentrating viruses (low multiplicities) 

from large volumes (100 gallons) of tap water and estuarine 

water. Millipore MF cartridge filters (cellulose nitrate) 

were used to adsorb viruses; MgC^ (final cone. 0.05M) was 

added to enhance virus adsorption; and pH of the water sample 

was adjusted to 4.0. Filters containing adsorbed viruses 

were eluted with 0.05 M carbonate-bicarbonate buffer at pH 

9.0. Eluates were reconcentrated by the aqueous polymer two 

phase separation technique. Using this procedure 67% of the 

exogenously added viruses could be recovered. 

In a subsequent report, Hill, et.ad. (1974) report the 

recovery of poliovirus from turbid estuarine water on micro- 

porous filters by the use of Celite. In this process, the 

pH of the water sample was adjusted to 3.5 and AlCl^ was 

added to a final concentration of 0.005M. Celite, a filter 

aid, was then added to a concentration of 0.01% and mixed 

thoroughly. The water was passed through either a HE Cox 

M 780 microporous filter (fibreglass/epoxy) or a Millipore 
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cellulose nitrate membrane. Viruses were eluted from the 

Celite-filter complex at pH 9 with 5X nutrient broth. Virus 

recovery ranged from 1 to 74%. The advantage of this system 

lies in the greatly improved filtration-fluxes, and signifi¬ 

cant reduction of premature clogging of the filter. 

Isolation of viruses from seawaters has also been ex¬ 

tensively studied by Metcalf, Wallis, and Melnick (1973) 

using a virus concentrator described by Wallis, et.al. 

(1972b). Viruses added to artificial seawater could be re¬ 

covered quite efficiently ( >90%) using this virus concen¬ 

trator. In a more extensive study, Metcalf, et.ad. (1974a & 

1974b) examined environmental factors influencing isolation 

of enteroviruses from polluted surface waters. Field studies 

were undertaken to isolate viruses from sewage, polluted 

estuarine water (Houston ship channel), and estuarine water 

(Galveston Bay). The most important environmental factor 

affecting virus concentration was the degree of organic con¬ 

tamination of the water. It is important to note that the 

salt content of saline waters did not replace the need for 

salt enhancement (AlCl^ or MgC^) of virus adsorption. 

Sobsey, el:.ad. (1973) described a modified version of 

the virus concentrator procedure described by Wallis, et.al. 

(1972b). It was found that viruses in large volumes of 

tapwater could be efficiently adsorbed to a fibreglass 

depth filter (Type K-27) + Cox epoxy/fibreglass membrane 

filter in series, by acidification of the tapwater to pH 
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3.5 prior to filtration. Salts were not needed to enhance 

virus adsorption. Elution of the filter series was accom¬ 

plished with a one liter volume of pH 11.5 glycine. The 

eluate was reocncentrated on a smaller diameter Cox filter 

series C5u porosity + 0.45 u) and eluted with 7 ml. glycine 

(pH 11.5), resulting in a 40,000 fold concentration of 

viruses (low multiplicities) from 100 gallons of tapwater. 

In a more recent publication, Far rah, et.al^. (1976) 

report that viruses can be concentrated from tap waters 

using Filterite epoxy/fibreglass pleated membrane cartridge 

filters. The pleated filters have large surface areas, 

enabling the processing of large volumes of tapwater before 

clogging. In this investigation, it was discovered that 

the addition of AlCl^ to the acidified (pH 3.5) tapwater 

enhanced virus adsorption at high flow rates. In the 

Sobsey study, lower flow rates were used. 

Hill, et.aT. (1976), compared four microporous virus- 

adsorbent media as to their sensitivity for reliably de¬ 

tecting low levels of poliovirus in large volumes of tap- 

water. The virus adsorbent media tested were (1) Millipore 

MF cellulose nitrate membrane filters, (2) AA Cox epoxy¬ 

fibre-glass-asbestos filters, (3) Fulflo K-27 yarn wound 

fibreglass depth filters, and (4) Balston epoxy-fibreglass 

filters. Viruses were adsorbed to the media at pH 3.5 (no 

salts added) and eluted with glycine buffer at pH 11.5. At 

mean virus input levels of 1 to 2 plaque forming units per 

380 liters of tapwater, the detection reliability was 66% 
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in 76 samples of 1900 liter volumes of the water. 

1.2.2 Factors Influencing Virus Adsorption to Filters 

Upon reviewing the literature concerned with virus/ 

filter interactions, it becomes apparent that many factors 

influence this adsorption phenomenon. Cliver (1968) sug¬ 

gested in his study of virus interactions with 28 different 

membrane filter types (i^.e. differences in filter materials 

and porosities), that factors of primary importance in¬ 

cluded : 

1. Chemical composition of the filter 

2. Ratio of pore diameter to the diameter of the 

virion 

3. Presence of substances such as those occurring in 

serum which interfere with virus adsorption 

More recent investigations indicate that several other im¬ 

portant factors must be considered: 

4. Presence or absence of salts in the suspending 

medium, and valency of ions present 

5. pH of the suspending medium 

6. Flowrate of the suspending medium through the 

filter 

7. Type of virus present in the suspending medium 

Hill, Akin, and Benton (1971) report that the membrane 

adsorption technique for concentrating and detecting viruses 

in water holds considerable promise for becoming a standard 

method. This is reasonable when one considers that large 

volumes of water may be processed through virus adsorbing 

filters and adsorbed viruses may be efficiently recovered 
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from these filters. The major disadvantage of this tech¬ 

nique relates to the presence of substances in water which 

may interfere with virus adsorption. 

Understanding the phenomenon of virus adsorption to 

filter surfaces requires careful consideration of the nature 

of the viral and filter surfaces. Prior to a discussion of 

these surfaces, it is important to understand theoretical 

interpretations of the origin and distribution of charge on 

particle. 

1.3 Theoretical Discussion of the Origin and Distribution 

of Charge on a Surface 

1.3.1 Interactions Between Solution Ions and Surface Groups 

The surface charge of a particle is dependent upon the 

degree of ionization of surface components and the adsorption 

of ions to the surface (Brinton and Lauffer, 1959). Binding 

energies between ionized groups and ions in solution are 

generally low (around 2.3 kcal/mole) when compared with 

hydrogen bonds (5 kcal/mole) and covalent bonds (50-100 kcal/ 

mole) (Weber, 1972). The result is the establishment of a 

thermodynamic equilibrium between bound and solution ions. 

In general, ionization is dependent upon the gain or loss of 

hydrogen ions (H+), and obviously pH is of major importance 

to this process. The hydration of ions and ionized groups 

is also important, with greater amounts of bound water re¬ 

sulting in less ion adsorption to the surface (Brinton and 

Lauffer, 1959). 

1.3.2 The Electrical Double Layer 
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Gouy and Chapman derived a mathematical model des¬ 

cribing the effect of ions in solution on the electrical 

potential at the surface of a particle. They conceptual¬ 

ized a double layer consisting of the charged particle 

surface and a diffuse layer of ions of opposite charge 

(counterions) closely associated with the surface. This 

diffuse layer of counterions is maintained in the vicinity 

of the surface by electrostatic forces which overcome 

thermal agitation. The Gouy-Chapman model predicts that 

the electrical potential will decrease exponentially in 

the diffuse layer out from the surface (Metcalf and Eddy, 

1972) . 

In a modification of this theory, Stern has divided 

the region near the particle surface into two parts. He 

conceptualized a fixed layer of counterions adsorbed at the 

surface, forming a compact layer (Stern layer). Beyond 

this compact layer is the diffuse layer of ions (Gouy layer). 

In this interpretation, Stern has accounted for the finite 

size of ions and the possibility of their specific adsorb- 

ability, particularly from van der Waals interactions 

(Stumm and Morgan, 1970). Stern developed a mathematical 

expression relating the ratio of counterion occupied to non- 

occupied sites on the particle surface to the mole fraction 

of ions in solution times an adsorption term, or: 

n (zF’i' + $ )/RT (1) 
  — = n -n_ o s c 

where n_ is number of counterions of valence z adsorbed per 
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2 
cm. of particle surface area from a bulk ion concentration 

of mole fraction XQ; n^ is the number of possible adsorp¬ 

tion sites on the surface; F is the Faraday, y is the 
— —o 

potential at the solution side of the boundary of the Stern 

layer; and $ is the energy of specific adsorption due to 

non-electrostatic forces. In this equation, -(ZFÿ. + $) 
0 

has the significance of a standard free energy of adsorp¬ 

tion with zFfrepresenting the electrostatic (or coulombic) 

force and $ representing the non-electrostatic forces (Stumm 

and Morgan, 1970). According to Stern, the potential drops 

linearly from the particle surface to the boundary of the 

compact layer, and then decreases exponentially through the 

diffuse layer to the zero potential of the bulk solution (see 

Figure 1). 

As a particle moves through the liquid medium, a shear 

plane forms a boundary between that portion of the solution 

around the particle that moves with the particle, and the 

portion which can move independently of the particle. The 

potential at this shear plane is referred to as the zeta 

potential (ç). The potential at this shear plane depends on 

the particle velocity and the characteristics of the liquid 

medium. If an ion happens to be inside the shear plane, it 

will travel along with the particle; the force of attraction 

between the particle surface and the ion may serve to pull 

the ion inside this boundary layer. 

1.4 Experimental Determination of Surface Charge 

Properties 
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double layer (Metcalf and Eddy, 1972). 
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1.4.1 Microelectrophoresis 

Surface charge properties of particles in suspension 

may be experimentally determined by the microscope method 

of electrophoresis (microelectrophoresis). Microelectro¬ 

phoresis depends on the direct observation of microscopic¬ 

ally visible particles as they migrate in an electric field. 

The particles are suspended in a suitable buffer and placed 

in a glass (or plastic) cell through which an electric 

current is passed. The particles are in a thermodynamic 

equilibrium with ions in solution. Thus the surface charge 

of a particle actually fluctuates as a function of time. 

However, these fluctuations are shorter than the time 

necessary to measure a particles mobility. The result is 

that a statistical time average of surface charge is given 

by electrophoresis (Brinton and Lauffer, 1959). Electro¬ 

phoresis yields no information on "local" surface charges 

of particles. Local surface charges may play a role in 

the adsorption of a virus to a host cell (Puck and Tolmach, 

1954) . 

1.4.2 Equations of Particle Motion 

Several equations of particle motion have been devel¬ 

oped to express electrophoretic data. The Helmholtz- 

Smoluchowski equation of electrophoretic mobility is as 

follows : 

a = ÇD (2) 
4irn 

where is electrophoretic mobility; K is zeta potential, 

defined as the potential difference between the surface of 
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shear and the bulk of the solution; D is the dielectric 

constant of the suspension medium; and n is the viscosity 

of the suspending medium. The Helmholtz equation describing 

zeta potential is as follows: 

ç = 4irnV (3) 
HD 

where V is particle velocity; and H is field strength. 

Substituting Equation 3 into Equation 2 results in the 

following expression: 

= V (4) ft 
H 

Thus electrophoretic mobility is particle velocity/unit 

field strength. However particle velocity is: 

V = d 
t 

(5) 

where d is distance of particle migration in the microscope 

field; and t is the time required for particles to migrate 

through distance d. Field strength may be expressed in the 

following relationship: 

R I' 
H = s (6) 

X 

where R is specific resistance of the suspending medium; 
s 

1/ is electrical current applied across the electrophoresis 

cell; and X is cross sectional area of the electrophoresis 

cell. Thus electrophoretic mobility may now be expressed 

by the following equation: 

ft = dX (7) 
tR I' 

s 
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Substituting units of measurement for terms in the above 

equation results in the following expression: 

Q _  (microns) (cm^)  
(seconds) (ohm-cm) (amps) 

Reducing this expression results in the following: 

ft _ (microns) (cm) = microns/second/volt/cm 
(seconds) (volts) 

By experimentally determining values for terms in Equation 

7, an electrophoretic mobility value may be calculated and 

ex pressed in units described above. Obviously, if a 

particle in a microelectrophoresis cell migrates toward 

the negative pole, it must have a net surface charge that 

is positive. Thus it would have a positive electro¬ 

phoretic mobility value. Similarly, if a particle migrates 

toward the positive pole, it has a negative electrophoretic 

mobility valve. 

Ideally, the size of the particle should not effect 

its electrophoretic mobility; rather mobility is a function 

of the density of surface charge. However due to hydraulic 

shear forces operating in the microelectrophoresis cell, the 

system must be considered as. non-ideal. The Helmholtz- 

Smoluchwski equation does not account for size and shape of 

the particle, and several corrected equations of electro¬ 

phoretic mobility have been proposed (Brinton and Lauffer, 

1959) . 

1.4.3 Effects of pH and Ionic Strength on Surface Charge 
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It is important to note the effect of pH on the sur¬ 

face charge of a particle. As mentioned previously, ioniza¬ 

tion of surface groups is dependent on gain or loss of 

hydrogen ions. At low pH (high H+ concentration), cationic 

groups tend to retain H+, and at high pH, anionic groups 

tend to lose H+ ions to the bulk solution. Obviously, as 

pH drops, anionic groups will tend to lose their negative 

charge and cationic groups will began to exhibit a posi¬ 

tive charge character. At a specific pH point, the number 

of negative charges will equal the number of positive 

charges, resulting in a net neutral surface charge. The 

pH point at which this occurs for a given particle is re¬ 

ferred to as the isoelectric point or zero point of charge 

of the particle. Isoelectric points of particles in sus¬ 

pension can be easily determined using microelectrophoresis 

by determining electrophoretic mobilities over a wide range 

of pH values. The pH point at which the particles have a 

zero velocity corresponds to the isoelectric point of the 

particles. 

The degree of interaction between ions in solution and 

the particle surface will vary as a function of the ionic 

strength of the solution. Ionic strength is an extremely 

useful concept for assessing the combined effects of the 

activities of all ions in solution on a given electrolyte 

(Garrels and Christ, 1965) . Ionic strength may be defined 

as : 

I = 1/2 zciz2 
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where is the molarity and z^ is the charge of the ith 

ion in solution, the summation being taken over all ions, 

positive and negative. A particle's zeta potential, and 

hence electrophoretic mobility, will drop markedly, ap¬ 

proaching zero, as ionic strength increases (Abramson, 

Moyer, and Gorin, 1964). 

1.5 The Viral Surface 

Animal viruses consist predominantly of a nucleic acid 

core, surrounded by a protein or a protein-lipid shell 

(Goodheart, 1969). The physical and chemical character¬ 

istics of viruses are in many ways similar to those of pro¬ 

teins (Hill, Akin, and Benton 1971). Proteins consist of 

long chains of amino acids linked together by peptide bonds. 

Many amino acids contain side groups or "R-groups" which 

are ionizable, such as carboxyl groups or amine groups. 

These groups may become protonated or deprotonated, depend¬ 

ing on the pH of the medium in which they are suspended: 

COOH COO" COO" 
R ^ * Rr RX 

\ v ' \ 
NH+ NH+ NH2 

Ionizable phosphate groups ( -PO^) may also be present on 

the surface of some viruses. 

Hydrogen bonding between surface groups and ions in 

solution may also contribute to the surface charge of the 

virion. A hydrogen bond may be generally represented by 

A—H...Y where A and Y are atoms with electronegativity 

greater than that of hydrogen (C, N, P, 0, S, Se, F, Cl, 
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Br, I) 

C =0 

(Joesten and Schaad, 1974) . Groups such as 
\ 
N—H ; 
/ 

8 — OH ; —S—H ; or 
H 

surfaces, and may participate in hydrogen bond formation 

between themselves, or with carboxyl groups, amine groups, 

phosphate groups, water molecules, and perhaps inorganic 

cations and anions (Watson, 1970). 

Mandel (1971) characterized Poliovirus type 1 by elec¬ 

trophoretic analysis. Unfortunately, other enteroviruses 

havenot been characterized in this manner. By electro- 

phoresing Poliovirus 1 over a broad pH range, he was able to 

construct a curve relating electrophoretic mobility rate 

(mm/min) to pH. This curve is reproduced in Figure 2. 

Examination of this curve reveals that a pH 3.5 (optimal for 

virus adsorption to filter surface), the virion is positive¬ 

ly charged, and at pH 7.0 it is slightly negatively charged. 

The significance of this will be discussed in detail later 

in this report. 

1.6 Proposed Mechanisms of Virus Adsorption to Surfaces 

1.6.1 Electrostatic Attraction 

It has been speculated that electrostatic forces prob¬ 

ably play a major role in the adsorption of viruses to filter 

surfaces. Electrostatic forces are generally considered to 

be long range, acting over greater distances than either Van 

der Waals attractive forces or hydrogen bonding (Mix, 1974). 

One possible mechanism for electrostatic attractio be¬ 

tween two surfaces requires the two surfaces to be oppositely 

charged. Thus, if the viral surface exhibits a net positive 

OH may be found on biological 
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Figure 2. Electrophoretic mobility rate 
versus pH for type 1 poliovirus (Mandel, 
1972) . 
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charge at pH 3.5, a negatively charged filter surface would 

be required for electrostatic attraction to occur. 

Another possible mechanism depends on electrostatic 

interaction between local groups on the two surfaces. 

Cookson (1969) studied virus adsorption to activated carbon 

at neutral pH. At this pH level both viral and carbon sur¬ 

faces are known to exhibit net negative surface charges. 

He concluded that electrostatic attractive forces between 

negative carboxyl or lactone groups on the carbon surface 

and positive amine groups on the viral surface were respon¬ 

sible for adsorption. This conclusion was based on the fact 

that esterification of the carboxyl and lactone groups re¬ 

sulted in no virus adsorption to activated carbon. Gerba, 

et.ad. (1974) discovered that acidification (to pH 3.5) of 

the water sample containing the viruses enhanced virus ad¬ 

sorption to activated carbon, presumably by increasing the 

electrostatic attractive forces (i.e. at pH 3.5, the viral 

surface becomes positively charged and is strongly attracted 

to negative carboxyl and lactone groups on the carbon surface). 

1.6.2 The Role of Salts in Virus Adsorption to Surfaces 

In their studies of virus adsorption to activated carbon 

at neutral pH, Cookson, et.ad. (1971), examined the surface 

charge properties of the carbon as a function of ionic 

strength by microelectrophoresis. Increasing ionic strength 

(contributed by BaC^ or NaCl) resulted in a lowering of the 

net negative surface charge of the carbon. The divalent 
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cation appeared to be most effective in reducing the negative 

character of the carbon surface. Cookson, et.al., concluded 

that both pH and ionic strength could be manipulated to opti¬ 

mize the conditions under which viruses might be adsorbed to 

activated carbon. 

Carlson, et.al. (1968), proposed a mechanism for the 

adsorption of viruses to clays. They noted that adsorption 

of phage to clay at neutral pH was highly dependent on con¬ 

centration and type of cation present in the suspending 

medium. They observed that molar concentration for maximum 

adsorption was ten times greater for sodium salt than for 

calcium salt. They believe their results to be in agreement 

with the concept of ion cloud compression by the salts neces¬ 

sary to effect a proper charge distribution on the surfaces 

and allow the particles to move within a minimum distance 

from each other to set up a clay-cation-virus bridge. Ad¬ 

sorption was completely reversible when ionic strength was 

lowered (i.e. this was accomplished by centrifuging the 

virus associated clay suspensions and resuspending the 

pellet in a medium of lower ionic strength), and this was 

attributed to breakdown of the cation bridge following 

the cation equilibrium shift. Carlson, et.al., also 

found that viruses could be adsorbed to clays even more 

efficiently in the presence of low concentrations of 

A^fSO^)^. In their microelectrophoresis studies, they 

observed that increasing CaC^ concentration resulted 

in decreased negativity of the clay surface. Interestingly, 
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in the presence of Al^SO^)^ at concentrations as low as 

0.000009 M, they noted charge reversal of the clay particle, 

from negative to positive. 

On the other hand, Schaub, et.al. (1974) rejected the 

bridging theory on the basis of their inability to demon¬ 

strate significant desorption of virus from clays following 

a decrease in ionic strength. They proposed an explanation 

of virus adsorption to clays at neutral pH based on accepted 

theories of coagulation of species of like charge. They 

O I 

believe that the divalent cation (Ca^ ) may specifically 

interact with ionizable groups on the virus surface, re¬ 

sulting in a reduction of the net negative charge of the 

virus. This reduction in charge allows the virus particle 

to move close enough to the clay surface for van der Waals 

attractive forces to operate. Thus, the main difference in 

Carlson's and Schaub's theories relates to the ultimate 

attractive forces between the two surfaces - cationic 

bridging according to Carlson and van der Waals forces 

according to Schaub. 

The effect of trivalent cations on surfaces is even 

more pronounced. As mentioned previously, Carlson, et.al., 

3+ noted that low concentrations of A1 were actually capable 

of reversing the net surface charge of clay particles from 

negative to positive. 

Nordin, et.al. (1967) studied adsorption of chlorella, 

a green algae, to glass surfaces at neutral pH. In their 
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microelectrophoresis experiments, they observed that in 

the presence of FeCl^, both glass and algol surfaces, which 

are normally negatively charged at neutral pH, become net 

postitively charged. They attributed this to specific sur- 

3+ face interactions between Fe and negative surface groups. 

1.7 Purpose of Research 

The purpose of this research was to elucidate the mech¬ 

anism of adsorption of viruses to filter surfaces. It was 

felt that obtaining information about the surface charge 

properties of these surfaces was essential to understanding 

the phenomenon. It was not within the scope of this study 

to experimentally examine the surface charge properties of 

viruses, and information from the literature regarding the 

viral surface had to be relied upon. The surface charge pro¬ 

perties of filter materials capable of adsorbing viruses 

have not been adequately examined. Therefore, micro¬ 

electrophoresis of these materials was performed under a 

variety of conditions commonly encountered in the filter 

adsorption technique for concentration of viruses from 

waters. 

2. EXPERIMENTAL 

2.1 Materials and Methods 

2.1.1. Microelectrophoresis 

2.1.1.1. The Micorelectrophoresis Cell 

The microelectrophoresis apparatus employed in this 

research was modified after an electrophoresis cell 
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orginally described by Briggs (1940). It consisted basic¬ 

ally of a glass cell made from two microscope slides which 

had been fused together in such a manner that a hollow 

space, or cell, remained between them. The dimensions of 

this cell were 75mm x 22mm x 1mm. This microelectro¬ 

phoresis cell was purchased from Ace Glass Company of 

Rockville, Maryland. 

2.1.1.2. The Electrodes 

Originally, mercury electrodes, as described by Black 

and Smith (1962), were used, but the possibility of con¬ 

tamination of the particle suspension by the electrode 

solutions led to consideration of other electrode systems. 

Palladium electrodes, as described by Neihof (1969), were 

constructed and used successfully. These electrodes con¬ 

sisted of small glass chambers in which coils of palladium 

wire were inserted such that a small segment of the wire 

actually passed through the glass wall of the chamber, 

facilitating the connection of an electric power source 

to the electrodes. The palladium wire was obtained from 

Ventron-Alfa Products (stock no. 00255) of Beverly, 

Massachusetts. Each electrode contained 1275mm. of wire 

which was 0.127mm. in diameter, yielding and electrode 

surface area was 0.127mm. in diameter, yielding an electrode 

2 
surface area of 508.7mm. (note - each electrode weighed 

0.19 gm). 

The electrode reactions may be written: 
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XH30 + Pd + xe“ g=. 
v PdHx + XH20 (low pH) 

xH.O + Pd + xe” 1 % PdHv + xOH” (high pH) 
2 -*■ 

As can be seen, the proper functioning of these electrodes 

is dependent on palladium's rather peculiar ability to dis' 

solve atomic hydrogen. Thus it was necessary to charge 

the electrodes periodically with hydrogen, which could 

be accomplished by cathodic electrolysis in dilute HC1 

(0.1N) using a platinum foil anode (5 minutes at 0.01 amp, 

i^e. 3 amp-sec, was sufficient) . Each charge was suf¬ 

ficient for the execution of about five microelectro¬ 

phoresis experiments. 

The current for electrophoresis was supplied by a 

Heathkit Regulated Power Supply (model IP-32). A cross- 

section of the microelectrophoresis apparatus and a 

diagram of the electrical circuit are provided in figure 

3. 

2.1.1.3 The Microelectrophoresis Procedure 

Microelectrophoresis of particle suspensions was per¬ 

formed according to procedures described by Black and 

Smith (1962). The procedure is outlined below: 

(1) The electrophoresis apparatus was filled with 

the particle suspension in such a manner that 

no air bubbles remained in the cell. This 

was most easily accomplished by attaching a 

suction line to the side of the apparatus 

opposite the sample entry port. 
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(2) The apparatus was then placed on the microscope 

stage and leveled with a circular bubble leveler. 

A Bausch & Lomb binocular microscope was used. 

(3) Electroosmosis (or fluid migration) of the sus¬ 

pending medium is known to occur during electro¬ 

phoresis, and this may result in the inaccurate 

expression of a particle's true mobility. How¬ 

ever, the effect is known to be negligible at 

two points in the cell's depth. The stationary 

levels for cells in which width greatly exceeds 

depth (i.e. in this case 22 mm. wide by 1 mm. 

deep) have been determined by Komagata (as 

quoted in Brinton & Lauffer, 1959) to occur at 

19.9 and 80.1 per cent of the whole cell depth. 

The microscope was generally focused at the 

bottom stationary level. 

(4) An electric current was then applied across the 

cell and particles were timed with a stop watch 

as they migrated across a known distance, de¬ 

lineated by a grid in the microscope eyepiece. 

The current was controlled with a variable 

resistor, enabling regulation of particle migra¬ 

tion to velocities which could be easily and 

accurately measured. A polarizing switch was 

included in the circuitry to enable reversal of 

electrode potentials. The velocities of twenty 

particles (ten in each direction) were generally 
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determined in each experiment. From this data, 

a particle mean velocity and standard deviation 

could be calculated. 

(5) Specific resistance of the particle suspension 

was determined with a conductivity bridge manu¬ 

factured by Industrial Instruments Inc. (Model 

RC 16B2). 

(6) Electrophoretic mobilities of the particles were 

determined by substituting experimental values 

into the equation: 

where is electrophoretic mobility (microns/ 

second/volt/cm); d is distance of particle migra¬ 

tion (microns); X is cross sectional area of the 

electrophoresis cell (cm^); t is time of particle 

migration (seconds); I is current (amps); and Rg 

is specific resistance of the particle suspension 

(ohm-cm). If particles migrated toward the 

positive pole in the electrophoresis apparatus, a 

negative surface charge was indicated, and hence 

a negative electrophoretic mobility (and vice versa). 

Electrophoretic mobility standard deviations were 

calculated on the basis of particle velocity 

standard deviations. 

The microelectrophoresis cell was periodically cleaned 



33 

KOH (75g)/methanol (1 liter). 

2.1.1.4 Standardization of the Microelectrophoresis 

Apparatus 

The microelectrophoresis apparatus was standardized 

by the determination of the electrophoretic mobility of 

human red blood cells according to procedures described 

by Black and Smith (1962). Human red blood cells are 

frequently used for this purpose due to their ready 

availability and the constant nature of their surface 

charge characteristics, even when isolated from different 

individuals. The suspension was prepared by adding a few 

drops of blood to a solution of IQ^PO^ (0.067M) /Na2HP0ij 

(0.067M) at pH 7.40. Using a similar system, Abramson 

reported the mean value for the mobility of human red blood 

cells to be +1.31 u/sec/volt/cm. at 25° C (Abramson, 1964). 

Using the Briggs cell with palladium electrodes, the 

author determined the electrophoretic mobility of his own 

red blood cells suspended in phosphate buffer (0.067M) at pH 

7.40. The blood cell suspensions ranged in temperature from 

22.o°C to 25.5°C. The results are shown below: 

Exp.No. Elec.Mobility 

1 

2 

3 

4 

5 

+1.44 

+1.62 

+1.40 

+1.30 

+1.57 
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EM Mean +1.47 

EM Stan Dev +0.13 

The mean electrophoretic mobility was significantly dif¬ 

ferent (by 12.2%) from the value published by Abramson 

(and verified by other investigators). 

Because this microelectrophoresis apparatus yielded 

an electrophoretic mobility value for human red blood 

cells that was higher than published values, the electro¬ 

phoretic mobility values for filter materials reported 

in this study may be slightly higher than real values. 

No attempt was made to determine a correction factor which 

might be applied to the results as no precedent in the 

literature could be found to substantiate the use of a 

correction factor. However, this difficulty should not 

greatly effect interpretation of the results as in most 

cases relative changes in mobility were the significant 

result (i.e. changes in mobility as a function of pH or 

salt concentration). 

The electrophoresis apparatus used in this research 

was not temperature regulated. Throughout the course of 

the research, temperatures of the various particle sus¬ 

pensions ranged from 22°C to 27°C. No correlation between 

temperature of the suspensions and electrophoretic mobility 

of the particles was observed. 

2.1.2 The Filter Materials 

Three types of filter materials capable of adsorbing 
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viruses were studied in this research: 

(1) Millipore membrane filter 

Type MF (HATF) 

47 mm. diameter 

0.45 micron porosity 

Manufactured by Millipore Corp., Bedford/ Mass. 

These filters are made from mixed esters of 

cellulose with cellulose nitrate predominating 

the mixture. They are flat membrane filters, 

about 125 microns thick, which are highly voided 

(70 - 80% void) with a uniform reticulated 

structure throughout (Mix, 1974). The particu¬ 

lar filters (HATF) used in this study were not 

treated with non-ionic detergents by the manu¬ 

facturer. 

(2) Commercial Filters depth wound filter tubes 

Tube Fulflo W10A-7 

10 inch tubes 

1.0 micron porosity 

Manufactured by Commercial Filters Div., 

Carborundum Corp., Niagara, N. Y. 

These filters are made from cellulose acetate yarn 

which is wound around a perforated tube. The 

winding is such that depth filtration is provided; 

particles are trapped throughout the total depth 

of the filter with progressively finer filtra- 
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occurring as the filter core is approached 

(Wallis, e_t._al., 1972). 

(3) Filterite pleated membrane filter tube 

Type Duofine 

10 inch tubes 

0.45 micron porosity 

Manufactured by Filterite Corp. Timonium, Maryland 

These filters consist of a flat rectangular mem¬ 

brane which has been pleated and wrapped around 

a perforated tube. The membrane is made of glass 

fibers which are bonded together by epoxy resins. 

Melamine impregnated paper is layered on the 

outer filter surface (note - this paper was re¬ 

moved prior to preparation of filter particle 

suspensions) (Farrah, et._al., 1976). 

2.1.3 Particle Suspension Media 

2.1.3.1 Salt Solutions 

Salts used were KC1, MgClj, CaC^, or AlClg. Salt solu¬ 

tions serving as suspension media were prepared by dissolving 

the various salts in deionized water. 

2.1.3.2 Protein Solution 

Protein solutions were prepared by dissolving various 

amounts of purified bovine serum albumin in 0.02 M KC1. 

2.1.3.3 Water Samples 

Tapwater was obtained from laboratory faucets at Rice 

University, Houston, Texas. This tapwater comes from a well 
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on campus. Chemical analysis of water from a well near 

campus was supplied by the City of Houston, Water Division. 

Secondary sewage effluent was obtained from the sewage 

treatment plant of West University, Texas, a suburb of 

Houston. Biological treatment in this plant is achieved 

with a trickling filter. The effluent was centrifuged at 

3000 rpm for 15 minutes to remove particulate matter. The 

centrifuged effluent was analyzed for total organic carbon 

(TOC) using 'The Total Carbon System', an organic carbon 

analyzer manufactured by Oceanography International Corp., 

College Station, Texas. This instrument yielded a TOC 

value of 20 mg/1, for the centrifuged effluent. 

The ionic strength of tapwater and secondary sewage 

effluent is calculated in Tables 1 and 2 respectively. The 

concentration of ionic species in well water near Rice 

University was supplied by the City of Houston, Water 

Division. As no actual analysis for ions present in the 

secondary sewage effluent was available, the ionic strength 

of the effluent had to be estimated. The estimation was 

based on the average concentration of ions in secondary 

effluent added during water use (Cleaning Our Environment, 

1969) . These concentration increments were added to the 

concentration of ions in tapwater to yield a total con¬ 

centration of ions in the effluent. 

2.1.4 Preparation of Filter Particle Suspensions 

Particle suspensions suitable for electrophoretic 
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Table 1 

Ionic Strength of Houston Tapwater 

Ion Cone 
mg/i 

:entration 
Molarity(M) 

Valence(Z) (M) (Z)2 

Ca 25 0.000623 2 0.00249 
Mg 53 0.00218 2 0.00872 
Na 94 0.00409 1 0.00409 
K . 1.5 0.000038 1 0.000038 
SO. 30 0.00031 2 0.00125 
Cl4 38 0.00107 1 0.00107 
HCO- 281 0.00461 1 0.00461 
N0- 0 - 1 - 
F 3 0.5 0.000027 1 0.000027 
Fe 0.7 0.000012 3 0.00011 

Ionic Strength = (M) (Z)2 = 0.011 

Table 2 

Ionic Strength of Secondary Sewage Effluent 

Ion Z Concentration Concentration Total (M) (Z)1 

In tapwater . added by use_. Cone. . 
mg/1 M x 10 mg/1 M x 10 M x 10 

Ca 2 25 6.23 15 3.74 9.98 0.004 
Mg 2 53 21.8 7 2.88 24.7 0.0099 
Na 1 94 40.9 70 30.4 71.3 0.0071 
K 1 1.5 0.38 10 2.56 2.94 0.0003 
SO. 
Cl4 

2 30 3.12 30 3.12 6.24 0.0025 
1 38 10.7 75 21.1 31.8 0.0032 

HCO- 1 281 46.1 100 16.4 62.5 0.0063 
NO- 1 0 — 10 1.6 1.6 0.0002 
Nin 1 — — 20 11.1 11.1 0.0011 
F 4 1 0.5 0.27 - - 0.27 0.00003 
Fe 3 0.7 0.12 - - 0.12 0.00001 
NO- 1 — — 1 0.22 0.22 0.00002 

I2L 3 - - 25 2.63 2.63 0.0024 

Ionic Strength = 3sS (M) (Z)2 = 0.019 
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analysis were prepared by blending the various filter 

materials in 150 ml. of suspending medium for two minutes. 

A one speed Waring blender was used for this purpose. The 

following filter material quantities were used: 

(1) Millipore - 3 47mm membranes/150 ml suspending 

medium 

(2) Commercial Filters - 15 cm yarn/150 ml 

2 (3) Filterite - 10 cm of membrane material/150 ml 

These quantities of filter material were blended and fil¬ 

tered through two gauze pads (Johnson & Johnson, 4X4 inch, 

8 ply) to yield particle suspensions sufficiently con¬ 

centrated to produce a readily visible particle density 

in the microscope viewing field. The particles were 

generally irregularly shaped, except in the case of the 

Commercial Filters material (cellulose acetate) which 

yielded fiber-like particles. Only particles whose diam¬ 

eters (or length) fell in the approximate range 2-10 

microns were timed as they migrated in the electric field. 

2.1.5 Quantification of Cellulose Nitrate Particle 

Suspensions 

An attempt was made to quantify the amount of filter 

material per unit volume of suspending medium for cellulose 

nitrate. The number of filter particles per volume was 

determined by counting particles which had settled on to a 

glass surface from a known volume of suspending medium. An 

average particle concentration of approximately 800,000 
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particles/ml. of suspending medium was calculated on the 

basis of three separate particle counts. 

The average diameter of the cellulose nitrate parti¬ 

cles was determined by measuring the diameters of 100 

random particles. Of the 100 total particles, 46 had 

diameters 2 microns, and 93 had diameters <_ 10 microns. 

The average particle diameter was approximately 5 microns. 

The mass of cellulose nitrate filter material per 

volume of suspending medium was determined by filtering 

known volumes of the particle suspension through 0.4 micron 

porosity Nucleopore membranes. By measuring the dry weight 

of the filters before and after filtration, a mass value for 

the particles could be calculated and related to the volume 

of particle suspension filtered. An average of 0.029 mg. 

of cellulose nitrate/ml. of suspending medium was calcu¬ 

lated on the basis of three separate mass determinations. 

2.2 Results 

2.2.1 Introduction 

As both pH adjustment and salt addition are frequently 

used to enhance adsorption of viruses to filter surfaces, 

it was important to study the effects of pH and salt on the 

surface charge properties of the filter materials. 

The virion is known to consist basically of a nucleic 

acid core surrounded by capsid proteins. Thus, purified 

protein might be used to chemically model the viral 

surface. The effects of purified bovine serum albumin on 
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the charge properties of cellulose nitrate were examined. 

The membrane/filter adsorption technique for virus 

concentration from waters generally involves the process¬ 

ing of large volumes of tapwaters, natural waters (river, 

lake, estuarine), or polluted waters (raw or treated 

sewage). It therefore became important to study the 

effects of these waters on the surface charge properties 

of filters capable of adsorbing viruses. 

2.2.2 The Effects of pH on the Surface Charge Properties 

of Filters Capable of Adsorbing Viruses 

Sookne and Harris (1941) reported on the surface 

charge characteristics of cotton fibers as indicated by 

electrophoretic studies. Cotton fibers consist mainly 

of cellulosic material, as do several of the filter 

materials under study, and thus the experimental techniques 

of these investigators were quite relevant to this research. 

They used KC1/HC1 solutions (0.02N) to suspend the cotton 

particles for electrophoretic analysis. Partly on this 

basis, the KC1/HC1 system was chosen as the particle sus¬ 

pending medium. Several other factors were important in the 

decision to use this salt solution. For one, ionic strength 

was easily controlled in this system (i.e. any mixture of 

0.02N KC1/0.02N HC1 will yield a solution of ionic strength 

= 0.02). Finally, and perhaps most importantly, the use of 

a monovalent salt in these pH studies served to minimize 

any specific ion effects (i.e., adsorption of ions to 



42 

specific functional groups on the filter surface) which 

might alter the surface charge properties of the filters. 

It was suspected that multivalent ions might be capable 

of specifically bonding with the filter surface. 

The electrophoretic mobility as a function of pH 

for three filter materials capable of adsorbing viruses 

was examined: 

Millipore MF(HATF) - cellulose nitrate Figure 4 

Commercial Filters Fulflo W10A-7 - cellulose 

acetate Figure 5 

Filterite Duofine - fibreglass/epoxy Figure 6 

Basically, all three filter materials exhibited negative 

electrophoretic mobilities, hence net negative surface 

charges, over the pH range 2-7. The filters became less 

negative at lower pH levels. These results will be dis¬ 

cussed in detail at a later point (see 'Discussion' section). 

It should be noted that the KC1/HC1 system has no 

buffering capacity at neutral pH levels and changes in pH 

of the particle suspensions were observed during electro¬ 

phoresis. Thus, the electrophoretic mobility data was 

expressed graphically in terms of the pH ranges encountered 

in each experiment (see Figures 4-6). 95% confidence in¬ 

tervals were calculated on the basis of observed electro¬ 

phoretic mobility standard deviations. These confidence 

intervals were also expressed graphically in the figures. 

After the initial study of pH effects, it was decided 
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Figure 4. Electrophoretic mobility versus pH 
for cellulose nitrate (Millipore MF HATF) in 
KC1 (I = 0.02). 
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Figure 5. Electrophoretic mobility versus pH 
for cellulose acetate (Fulflo WlOA-7) in KC1 
(I = 0.02). 
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Figure 6. Electrophoretic mobility versus pH 
for fiberglass/epoxy (Filterite-Duofine) in 
KC1 (I = 0.02). 
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to limit further studies to one filter material. As the 

Millipore membrane filter has been extensively studied, 

both in regard to its specific use as a virus adsorbent 

and its many other applications, this filter material was 

studied in the remainder of the research. 

2.2.3 Surface Charge Properties of Cellulose Nitrate in 

the Presence of Bovine Serum Albumin 

Electrophoretic mobility as a function of protein 

concentration was studied at pH 3.5 and pH 7.0. In both 

cases, protein concentration was varied from 0.001 mg/1, 

to 10.0 mg/1. The protein was first dissolved in 0.02N 

KC1; this protein solution was then used to prepare parti¬ 

cle suspensions as previously described. The particle 

suspensions were pH adjusted (to either 3.5 or 7.0) and 

stirred 20 minutes prior to electrophoresis. The results 

are graphed in Fig. 7. The equation of the regression line 

that best fits the data points at pH 3.5 is EM = 0.77 

log [Protein] + 0.84, with a correlation coefficient of 

0.97. The data at pH 7.0 best fits the equation EM = 

-0.015 log [Protein] -1.94, with a correlation coefficient 

of 0.19. 

2.2.4 The Effect of Salts on Surface Charge Properties 

of Cellulose Nitrate 

The effects of four salts (KC1, MgCl2/ CaCl2, A1C13) 

on the surface charge properties of Millipore cellulose 

nitrate filter material were studied at both pH 3.5 and 
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pH 7.0. The data describing electrophoretic mobility as 

a function of ionic strength of various salt solutions is 

graphically presented in Fig. 8 (all data collected at 

pH 7.0) and Fig. 9 (all data collected at pH 3.5). The 

equations of the regression lines that best fit the data 

and correlation coefficients (r) are given below: 

At pH 7.0 (Fig. 8) 

KC1 EM = 1.73 log (I) + 0.73 r= 0.98 

MgCl2 EM = 1.01 log(I) + 0.27 r = 0.99 

CaCl2 EM = 1.10 log(I) + 0.46 r = 0.99 

pH 3.5 (Fig. 9) 

KC1 EM - 0.95 log (I) + 0.12 r = 0.98 

MgCl2 EM =. 0.75 log(I) + 0.11 r = 1.0 

CaCl2 EM = 0.49 log(I) - 0.14 r = 0.98 

A1C13 EM = 0.85 log(I) + 2.18 r = 0.99 

The data indicate that at both pH 7.0 and pH 3.5, 

the various salts have quite different effects on the 

surface charge properties of the cellulose nitrate 

material. Generally, the material was least negative 

at high ionic strength, with the divalent and trivalent 

cations being more effective than the monovalent cation 

at decreasing the net negativity of the filter material. 

Salt effects were expressed in terms of ionic 

strength rather than salt concentration because ionic 

strength is a more relevant parameter in theoretical 

consideration of the origin and distribution of charge 

on a particle surface (Please see 'Introduction' section). 
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2.2.5 The Effects of Tapwater and Secondary Sewage Effluent 

on Surface Charge Properties of Cellulose Nitrate 

Finally, the effects of tapwater and secondary sewage 

effluent on the surface charge properties of the cellulose 

nitrate filter material were examined. Electrophoretic 

mobilities of the filter particles suspended in pure tap- 

water, pure effluent, and tapwater/effluent mixtures are 

depicted in Fig. 10. 

The effect of the addition of AICI3 to pure tapwater 

and pure effluent on electrophoretic mobilities of the 

filter particles was also studied and this data is in¬ 

cluded in Fig. 10. 

3. DISCUSSION 

3.1 Surface Charge Characteristics of Filters Capable of 

Adsorbing Viruses 

Experimental results demonstrate that the filter 

materials capable of adsorbing viruses exhibit a net nega¬ 

tive surface charge in the presence of monovalent salts 

over the pH range 2-7 (see Fig. 4 - cellulose nitrate; 

Fig. 5 - cellulose acetate; Fig. 6 - fibreglass/epoxy). In 

all cases these filters were least negative at low pH. As 

one might expect, the charge characteristics of cellulose 

nitrate and cellulose acetate are very similar, with cellu¬ 

lose acetate exhibiting a slightly more negative character 

at neutral pH. The net negative charge exhibited by these 

cellulosic filters may be due in part to the presence of 
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ionized carboxyl groups on the cellulosic surface. Such 

carboxyl groups are known to be present in purified 

natural cellulose (Sookne and Harris, 1954). The cellu¬ 

losic filters also contain many non-esterified hydroxyl 

groups. Phenolic hydroxyl groups are known to be strong 

hydrogen bonders (Edsall and Wyman, 1972), and such 

hydroxyl groups are strongly polar. Hydroxyl groups on 

the glucose ring may also be expected to exhibit some 

polar characteristics, and it is speculated that these 

hydroxyl groups might be able to hydrogen bond hydroxide 

ions from solution as pictured below: 

The fibreglass/epoxy filter material exhibited 

slightly different charge characteristics in that the net 

negative charge is greatest at around pH 5.0. The com¬ 

posite nature of this material may explain the occurrence 

of this negative peak in the curve relating electrophoretic 

mobility to pH (Fig. 6). The negative charge exhibited by 

the fibreglass/epoxy filter probably arises from the ioni¬ 

zation of glass-SiOH on the fiber surface: 

This equilibrium would be driven to the left at low pH. 

Hence as pH decreases fewer SiOH groups are ionized, and 

the net surface charge of the glass becomes less negative 

e 

-SiOH r *• SiO“ + H+ 
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(Nordin, et.al., 1967). This concept is in agreement with 

the data. The effect of the epoxy binding agent is un¬ 

certain. 

One would suspect that these filters would remain 

negatively charged at basic pH levels, although this was 

not experimentally determined. 

These results support the electrostatic theory of 

adsorption. It is known that at pH 3.5, a typical viral 

surface is positively charged (Mandel, 1971), and one 

would expect viruses to be attracted to the oppositely 

charged filter surfaces. Indeed, Sobsey et.al. (1973) 

and Hill, et.al. (1976) demonstrated that by simply acid¬ 

ifying tapwater (to pH 3.5) viruses could be efficiently 

adsorbed to filters from the aqueous medium. Under elu¬ 

tion conditions (pH 11.5) one would expect the viral and 

filter surfaces to be net negatively charged and hence 

electrostatically repel one another. 

3.2 Surface Charge Characteristics of Cellulose Nitrate 

in the Presence of Protein 

Protein studies were carried out to help support 

the concept of electrostatic attraction. The viral sur¬ 

face is proteinaceous in nature and generally may be con¬ 

sidered to exhibit charge properties similar to those of 

proteins. The protein used in this study was purified 

bovine serum albumin, which is isoelectric at pH 4.75 

(Longsworth and Jacobson, 1949). From Figure 7, it may 
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be seen that at pH 3.5 in KC1 (0.02 M) the cellulose 

nitrate surface exhibits a positive character at high 

protein concentration (i.e. > 0.1 mg/1.). This may be 

attributed to the fact that the positively charged pro¬ 

tein molecules are adsorbing to the negative filter 

surface, and effectively overcoming the negative charge 

of the filter material. Indeed, one method for deter¬ 

mining charge properties of viruses is dependent upon 

the adsorption of the virus to colloidon particle surfaces 

prior to microelectrophoresis (Brinton and Lauffer, 1959). 

At pH 7.0, the net negative charge of cellulose nitrate 

did not change as protein concentration varied from 0.001 

to 10.0 mg/1. Both protein and filter surfaces are net 

negatively charged at this pH, and one would not expect 

adsorption of protein to the filter surface via electro¬ 

static interaction. The data is consistent with this 

concept. 

3.3 The Effect of Salts on Surface Charge Properties of 

Cellulose Nitrate 

Several observations indicate that any interpretation 

of virus adsorption to filter surfaces must encompass more 

than simple electrostatic attraction, in that (1) virus 

adsorption is known to occur at neutral pH in the presence 

of salts despite the fact that both virus and filter are 

negatively charged, and (2) the requirement for salt en¬ 

hancement of virus adsorption at both neutral and acidic 
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pH levels has been demonstrated in attempts to concentrate 

viruses from tapwaters at high flow rates (Farrah, et.al., 

1976) and polluted waters (Homma, et.al., 1973). 

The effect of salts on the charge properties of a 

cellulose nitrate filter capable of adsorbing viruses was 

studied at both pH 7.0 and pH 3.5. Because ionic strength 

is an important factor in theoretical considerations of 

the electrical double layer, data were expressed in terms 

of ionic strength of the salt solution versus electropho¬ 

retic mobility of the filter particles. The effects of 

four different salts were studied - AICI3, CaC^/ MgC^/ 

and KC1. The results clearly demonstrate that effects of 

certain salts on the filter surface charge may encompass 

more than simple ionic strength effects. This is obvious 

when one notes the significant differences in cellulose 

nitrate charge in the presence of the various salts at a 

given ionic strength value (See Fig. 8 & Fig. 9). In 

general, monovalent cations are less effective than 

divalent cations which are less effective than trivalent 

cations in decreasing the net negative charge character¬ 

istics of cellulose nitrate. Indeed, just as Nordin, et.al. 

(1967) observed with glass surfaces and Carlson, et.al. 

(1968) with clay surfaces, the trivalent cation (Al^+) was 

capable of actually reversing the filter surface charge 

from negative to positive. This is strong evidence for 

the concept of specific ion adsorption to filter surface 
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groups. 

Sookne and Harris (1940) reported on the cationic 

exchange properties of cellulose. In naturally occurring 

cellulosic materials carboxyl groups are believed to exist 

in the salt form; that is cations are associated with the 

carboxyl group. The magnitude of the interaction is 

closely related to the valency of cations present, with 

the polyvalent cations being much more tightly bound than 

the monovalent cations. This is evidenced by the fact that 

monovalent alkali metal cations may be rather easily washed 

2+ from the cellulosic fiber, but polyvalent cations like Ca‘ 

adhere tenaciously unless the fiber is washed with acid or 

a concentrated salt solution (Rath and Dolmetsch, 1938). 

In addition, cellulosic materials engage in no anion ex¬ 

change of appreciable magnitude (Sookne and Harris, 1954). 

Spurlin (1955) reported that the nucleophillic hydroxyl 

groups on cellulosic materials are capable of forming stable 

complexes with several metallic ions, especially Cu^ . It 

is conceivable that Al^+ might be similarly bound. 

Interestingly, charge reversal on the cellulose nitrate 

surface in the presence of Al^+ cation occurs at much lower 

ionic strength at pH 7.0 than at pH 3.5. This is consistent 

with the above concepts of cationic exchange by cellulosic 

materials in that under acidic conditions, many more H+ 

are present to compete with Al^+ for the reactive carboxyl 

groups. 

* 

\ 
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It should also be noted that at pH 7.0/ increasing 

AICI2 concentration beyond a certain level (i.-e._> 0.00017M, 

of I > 0.001) did not appreciably change the electro¬ 

phoretic mobility of the filter particles. This may in¬ 

dicate that saturation of filter surface groups with Al^+ 

(or charged hydrolosis products of aluminum) has occurred. 

In summary, the effect of salts on surface charge 

properties of cellulose nitrate is similar to reported 

salt effects on activated carbon, clay, and glass sur¬ 

faces. In general, increasing salt concentration Ci.e. 

increasing ionic strength) results in a decrease in the 

negative zeta potential of the filter material. As 

CaCl2 and MgCl2 at ionic strengths identical to KC1 solu¬ 

tions are more effective at decreasing the filter zeta 

potential, it is likely that divalent cations are able to 

interact specifically with surface groups on the cellulose 

3+ nitrate. Specific interaction of Al with the cellulose 

nitrate surface is verified by the experimentally observed 

ability of the cation to reverse the surface charge (from 

negative to positive) exhibited by the filter material. 

3.4 The Effects of Tapwater and Secondary Sewage Effluent 

on the Surface Charge Characteristics of Cellulose 

Nitrate 

Attempts to detect viruses in the aqueous environment 

generally involve the processing of large volumes of 

tapwaters, natural waters, or polluted waters through 
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virus adsorbing filters. Therefore, it was important to 

study the effects of these waters on the surface charge 

properties of cellulose nitrate filters. Microelectro¬ 

phoresis of cellulose nitrate particles in tapwater and 

centrifuged (3000 rpm for 15 min) secondary effluent at pH 

3.5 was performed. It was discovered that the net surface 

charge of the filter material remained the same whether 

the particles were suspended in pure tapwater, pure 

secondary effluent, or tapwater/effluent mixtures (See Fig. 

10). This was rather surprising as it has been suspected 

that soluble refractory organics in the centrifuged ef¬ 

fluent might be capable of adsorbing to the filter material 

at pH 3.5 (Homma, et.al., 1973), which would thereby alter 

the surface charge. However, it should be noted that 

mixing filter particles with effluent (as was done in 

this experiment) is quite different from the situation en¬ 

countered in virus concentration procedures, where many 

gallons of effluent may be passed through the filter. In 

the latter situation, more organic molecules would be 

expected to come in contact with (and perhaps interact 

with) the filter surface, and hence eventual alteration 

of the filter surface charge might occur. The fact that 

electrophoretic mobilities of the filter particles were 

approximately the same in pure tapwater and pure effluent 

indicates that in the experimental system there is little 

interaction between effluent organics and the filter 

surface. The ionic strength of both water types is approxi- 
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mately the same (1=0.011 for tapwater, 1=0.019 for effluent; 

see Tables 1 & 2) , and the effect of this parameter would 

be expected to be roughly the same in each case. 

The effect on the cellulose nitrate surface of the 

addition of AlCl^ to tapwater and secondary effluent at pH 

3.5 was also examined (See Fig. 10). It was discovered that 

3+ at high A1 concentration (0.005M), the filter material 

became positively charged in tapwater, but remained nega¬ 

tively charged in secondary effluent. This was attributed 

to the presence of soluble organics in the secondary 

effluent with which the Al^+ cations may have preferentially 

interacted, resulting in the formation of soluble Al^+ 

3+ 
complexes. Thus few A1 cations were left in solution for 

specific interaction with the filter surface. 

At an AlCl^ concentration of 0.0005M, commonly used in 

virus concentration procedures, the cellulose nitrate filter 

material did not exhibit charge reversal in either tapwater 

or secondary sewage effluent. However, despite the lack 

of charge reversal, the negative zeta potential of the 

3+ filter was significantly decreased m the presence of A1 

in both tapwater and effluent. This indicated that accord¬ 

ing to this study, at least some degree of specific cation 

interaction with the filter surface was maintained. 

3.5 A Proposed Mechanism for Virus Interactions with 

Filter Surfaces 

3.5.1 Summary of Conditions Necessary for Adsorption/ 
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Elution of Viruses 

It is known that viruses in natural waters will ad¬ 

sorb to filter surfaces under a variety of conditions 

which are summarized below: 

1) At acidic pH levels (pH 3.5) 

2) At acidic pH levels in the presence of salts 

3) At neutral pH levels in the presence of salts 

Generally speaking, the virus adsorbing conditions which 

are used are determined by the water quality of the water 

samples to be processed. Conditions (1) and (3) may be 

used effectively if the water sample is clean (tapwater) 

and processing is carried out at low flow rates. Con¬ 

dition (2) is preferable as it facilitates efficient ad¬ 

sorption of viruses from polluted waters and tapwaters at 

high flowrates. 

Viruses can be desorbed or eluted from the filters 

also under a variety of conditions: 

1) In buffered systems (0.05M glycine) at high pH 

(11.5) 

2) At neutral pH in the presence of protein 

3) At moderately basic pH levels (9.0) in the 

presence of protein 

High pH buffers seem to be the best eluents, although some 

virus inactivation may occur at pH 11.5 (Farrah, et.al. 

1976). 

3.5.2 Interaction of Cations with the Viral Surface 
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It should be noted at this point that while the effect 

of cations on the surface charge properties of viruses 

does not appear to have been studied, it is known that both 

cations and anions may adsorb to protein molecules, and 

thus by inference may change the net surface charge of a 

virus (Mix, 1974). More specifically, Smith (1936) demon¬ 

strated that divalent cations shifted the isoelectric pH 

of ovalbumin to higher pH values. 

3.5.3 Mechanism of Virus Adsorption to Filter Surfaces 

It is most probable that specific interaction of 

multivalent cations with filter surfaces is of primary 

importance in the adsorption of viruses to these surfaces. 

It is also probable that specific interaction of the multi¬ 

valent cations with the viral surface is of comparable 

importance, although there is as yet no direct experimental 

evidence to substantiate this. The exact mechanism by 

which the specific ion effect facilitates virus adsorption 

to filter surfaces is less obvious. Theories concerning 

mechanisms of virus adsorption to carbon and clay surfaces 

concern systems at neutral pH where both surfaces are 

negatively charged. 

Stumm and Morgan (1970) in a more generalized theory 

of interactions between surfaces of like charge (such as 

clays and soluble organics), have proposed the following 

role for the multivalent cations: 

1) The multivalent cations accumulate in the double 



63 

layer and may adsorb at the solid surface (clay) 

carrying a negative surface potential. 

2) The approach of the negatively charged organic 

entity to the negatively charged surface is 

facilitated. 

3) Complex formation between the multivalent metal 

ions in the double layer and functional groups 

of the organic compound result in the formation 

of RCOO-Me+ (groups other than carboxyl may also 

be involved) complex which can be anchored to 

the surface, thus lowering the electrochemical 

free energy of attachment. 

Stumm and Morgan point out that short range interactions, 

such as complex formation or van der Waals attractive 

forces, often outweigh electrostatic repulsion. 

Following the assumptions of Stern, who derived an 

equation relating the distribution of counterions in the 

compact layer of the electrical double layer of the 

electrical double layer to the electrostatic and electro¬ 

chemical attractive forces operating in the system (see 

'Introduction')/ it is possible to derive an expression 

describing the over all standard free energy of adsorption 

(Stumm & Morgan, 1970): 

AG° = $ + zF^ 

where standard free energy of adsorption (AG°) equals the 

sum of the energy of specific adsorption due to non- 
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coulombic forces ( $) and the energy of adsorption due to 

coulombic forces (zF V^ ). They point out that it is quite 

difficult to experimentally separate the energy of adsorp¬ 

tion into its chemical (non-coulombic) and coulombic 

(electrostatic) components. However, there is ample evi¬ 

dence to demonstrate that the electrostatic repulsive forces 

between similarly charged surfaces may be overshadowed by 

the chemical attractive forces (i.e. van der Waals forces 

or multivalent ion complex formation), enabling adsorption 

of one surface to the other (Stumm & Morgan, 1970). 

A possible explanation of virus adsorption to filter 

surfaces in terms of the chemical forces operating in the 

system follows; At pH 7.0, both viral and filter surfaces 

exhibit net negative surface charges. Specific adsorption 

of multivalent cations to both surfaces reduces the sur¬ 

face charge of both virus and filter surfaces. This, 

coupled with a possible ionic strength effect on the con¬ 

figuration of the double layer, facilitates the approach 

of the two surfaces, allowing van der Waals forces cer¬ 

tainly to come into play. However, with multivalent ca¬ 

tions there is a further distinct possibility of cross- 

complexation between the two surfaces. That is, a multi¬ 

valent cation may complex with groups on the two separate 

surfaces simultaneously. 

The trivalent cations (Al^+ or Fe^+) would be ex¬ 

pected to serve as excellent complexing agents in this 
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respect owing to their high charge. At the most simple 

level, this phenomenon might be conceptualized as the 

formation of a cationic bridge between the viral and 

filter surfaces. The divalent cations (Ca^+ or Mg^+) 

would not be expected to complex as effectively. This 

would explain the requirement for higher concentrations 

of these cations to effect adsorption (Wallis, et.al., 

1972). Monovalent cations would be poor complex formers 

(probably incapable of significant specific interaction 

with surface groups), and at the high concentrations of 

these ions necessary to enhance viral adsorption, it is 

very likely that the adsorption is due dolely to van der 

Waals attractive forces, operating by virtue of a short 

distance of closest approach, caused by high ionic 

strength, as defined in the VODL theory of coagulation 

(Stumm and Morgan, 1970, p. 496). It is suggested that 

crosscomplexation by multivalent cations is more im¬ 

portant than van der Waals forces in promoting attachment 

of surfaces in trivalent and possibly divalent cation 

enhanced systems, and that the action of these cations 

might be described in terms of a "cationic adhesive" 

effect. 

At pH 3.5, when the filter surface is negative and 

the viral surface becomes positive, coulombic (electro¬ 

static) attractive forces add to (rather than oppose) the 

complexometric forces. The effect is to greatly enhance 
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virus adsorption to the filter. It is no surprise that 

the most advanced virus concentration procedures depend 

on both salt and pH enhancement of the adsorption phe¬ 

nomenon . 

At this point it should be noted that hydraulic 

forces are also operating in the virus concentration 

system. As virus contaminated water flows through the 

filter, impaction of virus particles with the filter 

surface may serve as the initial step in attachment, 

followed by cation-promoted adhesion. 

The data tend to support this concept of virus 

adsorption. The filter material is known to be nega¬ 

tively charged under most conditions, but capable of 

. . . 3+ exhibiting a positive charge in the presence of A1 , 

which may be attributed to specific interaction (com¬ 

plexation) of the cation with the filter surface. The 

fact that the concentration of AlCl^ (0.0005M) necessary 

to enhance virus adsorption is not capable of reversing 

the surface charge on cellulose nitrate in tapwater or 

secondary sewage effluent at pH 3.5 does not mean 

necessarily that specific interaction is not occurring. 

In the case of secondary effluent an equilibrium might 

be established as follows: 

£Al^+-filter } v   {Al^+ } {Al^+-organics } 
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In heavily polluted water samples this equilibrium would 

be shifted to the right, and as fewer Al^+ would be avail¬ 

able for complexing with the filter or viral surfaces, 

adsorption would be more difficult. The organic sub¬ 

stances found in raw sewage of moderate strength (TOC = 

200 mg/1) include proteins (40-60%), carbohydrates (25- 

50%), fats and oils (10%), and urea (Metcalf & Eddy, 1972). 

Many of these compounds, especially proteins, would 

probably exert a great demand for any Al^+ ions present 

and would probably compete with viruses for adsorption 

sites on the membrane surface. On the other hand, 

secondary effluents from sewage treatment plants have 

only about one tenth the organic matter present in raw 

sewage (TOC = 20 mg/1). This organic matter is signifi¬ 

cantly different in percent composition than that in raw 

sewage, with detergents and non-biodegradable organics 

(i_.e. humic acids) becoming major constituents (Bunch, 

et.al., 1961). These organics might not be expected to 

interact as strongly with the filter surface. 

In the case of tapwater, it was reported that salts 

were not needed to enhance adsorption at acidic pH levels 

except at high flow rates (Sobsey, et.al., 1973; Farrah* 

et.al., 1976). It is known that divalent cations exist 

in tapwaters; more specifically, in Houston tapwater they 

(MgiS‘r & Ca ) exist in a combined concentration of about 

0.003 M (see Table 1). Thus at low flow rates, natural 
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cationic enhancement of virus adsorption probably com¬ 

plements the coulombic attractive forces operating in 

the acidic environment. At high flow rates, hydraulic 

shear forces oppose the attractive forces and the natural 

cation enhancement must be supplemented by the addition of 

AICI3. 

3.5.4 A Possible Mechanism for the Elution of Viruses 

Desorption, or elution, of viruses is generally 

carried out under basic conditions (i.e. glycine buffer 

at pH 11.5). Under these conditions both filter and viral 

surfaces exhibit net negative surface charges and would 

be expected to repel each other electrostatically. How¬ 

ever, basic to the concept of virus adsorption at neutral 

pH is the ability of the two negatively charged surfaces 

to overcome electrostatic repulsion by intervention of a 

"cationic adhesive" which would have to be removed, or 

"dissolved out" at high pH for the surfaces to separate. 

OJ. 
From equilibrium considerations of the Al cation and 

its hydrolysis products (Figure 11), it can be seen that 

3+ - 
Al will preferentially form the soluble species Al(OH)^ 

at pH 11.5. In this case, then, the "adhesive" can be 

dissolved at high pH, allowing electrostatic repulsive 

forces to dominate the system and cause desorption of the 

2+ 2+ viruses. As Ca and Mg cations will not form soluble 

species at elevated pH, breakdown of the "cationic ad¬ 

hesive" in this case does not occur, and elution would be 
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pH 

Figure 11. pH versus concentration of monomeric and 
dimeric Al species assumed in equilibrium with freshly 
precipitated Al(OH)^ (Morgan, 1967). 
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more difficult. Preliminary data to substantiate this 

concept has been provided in a personal communication 

(Stagg, 1976). Stagg discovered that viruses could be 

adsorbed quite efficiently to filter surfaces at pH 3.5 

in the presence of CaCl2 (0.05M), MgCl2 (0.05M), or 

AICI2 (0.0005M). However elution of viruses from the 

filter was least efficient in the CaCl2 system, moderately 

efficient in the MgC^ system, and most efficient in the 

AlCl^system. Furthermore, Stagg observed that the addi¬ 

tion of EDTA, a chelating agent capable of strongly 

binding divalent cations, to the high pH eluent greatly 

facilitated the deadsorption of viruses from the filter 

surface in the presence of CaCl2. Again, this might be 

attributed to the ability of EDTA to breakdown the 

"cationic adhesive" effect. 
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3.6 Conclusion 

Several conclusions regarding the surface charge 

properties of virus adsorbing filters can be reached on 

the basis of this research: 

(1) pH Effects 

All filter materials capable of adsorbing 

viruses (cellulose nitrate, cellulose acetate, 

fibreglass/epoxy) exhibit net negative charges 

over the pH range 2-7, when suspended in 0.02 

M. KC1, with the net negative charge approaching 

neutrality at the lower pH levels. 

(2) Salt Effects 

Increasing ionic strength (KC1, MgCl2/ CaCl2» 

AlCl^) resulted in a decrease in the negative 

electrophoretic mobility of cellulose nitrate. 

At pH 7.0 and pH 3.5, the effectiveness of 

the cations at decreasing the negative electro¬ 

phoretic mobility of cellulose nitrate could be 

ranked as follows : 

Al >> Ca, Mg > K 

At pH 7.0 and pH 3.5, aluminum was capable of 

reversing the net charge of cellulose nitrate 

from negative to positive. This was attributed 

to complexation of the cation with the filter 

surface. 

(3) Protein Effects 



72 

Bovine serum albumin was capable of reversing 

the net charge of cellulose nitrate from negative 

to positive at pH 3.5. This was attributed to 

adsorption of the positively charged protein to 

the negative filter surface via electrostatic 

attractive forces. 

At pH 7.0 (both protein and filter negatively 

charged), the negative electrophoretic mobility 

of cellulose nitrate did not change in the 

presence of protein. 

(4) Tapwater and Secondary Sewage Effluent Effects 

The negative electrophoretic mobility of 

cellulose nitrate was the same in pure tapwater, 

pure effluent, or tapwater/effluent mixtures 

(all at pH 3.5). 

In tapwater or secondary sewage effluent at 

pH 3.5, higher concentrations of AlCl^ were re¬ 

quired to cause the negative electrophoretic 

mobility of the filter to decrease. This effect 

was most pronounced in the effluent system, which 

was attributed to reaction between the aluminum 

cation and organics in the effluent. 
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5. TABULATED DATA 

EM vs. pH - Cellulose Nitrate (See Figure 4) 
All experiments in KCl/HCl (or NaOH), Ionic Strength = 0.02 

Exp.No. pH mean pH range Temp.(C) EM 95%CI 

64 7.21 7.10-7.32 22 -2.40 ±0.10 
62 7.05 7.03-7.08 22 -2.37 ±0.08 
67 5.84 5.65-6.03 25 -2.06 ±0.07 
65 4.91 4.78-5.03 23 -1.93 ±0.09 
63 5.07 4.97-5.16 23 -1.87 ±0.10 
66 3.97 3.90-4.03 24 -1.56 ±0.06 
61 4.03 4.01-4.04 22.5 -1.67 ±0.08 
70 3.05 3.03-3.07 23.5 -1.26 ±0.04 
68 3.03 3.00-3.05 22.5 -1.22 ±0.04 
69 2.06 2.06 23 -0.39 ±0.06 
71 2.05 2.05 25 -0.41 ±0.04 

EM vs. pH - Cellulose Acetate (See Figure 5) 
All experiments in KCl/HCl (or NaOH), Ionic Strength = 0.02 

Exp.No. pH mean pH range Temp.(C) EM 95%CI 

77 6.59 6.42-6.76 22 -2.86 ±0.09 
81 6.54 6.32-6.75 24.3 -2.85 ±0.07 
85 6.13 5.95-6.30 22 -2.63 ±0.05 
87 4.94 4.70-5.17 22 -2.60 ±0.04 
91 3.91 3.79-4.03 24 -1.90 ±0.05 
88 4.06 4.02-4.10 23 -2.18 ±0.04 
92 3.01 3.01 22.6 -1.32 ±0.03 
89 3.02 3.02 21.8 -1.41 ±0.04 
90 2.05 2.05 23 -0.47 ±0.04 
93 2.08 2.08 23 -0.42 ±0.02 

EM vs. pH - Fiberglass/Epoxy (See Figure 6) 
All experiments in KCl/HCl (or NaOH), Ionic Strength = 0.02 

Exp.No. pH mean pH range Temp.(C) EM 95%CI 

95 6.75 6.65-6.85 23 -2.43 ±0.08 
96 6.92 6.90-6.95 24 -2.26 ±0.06 
103 6.75 6.71-6.80 24.2 -2.78 ±0.11 
101 6.10 6.02-6.17 23.6 -2.87 ±0.10 
102 6.03 5.95-6.10 23.5 -3.11 ±0.10 
105 5.01 4.95-5.07 23.3 -3.20 ±0.10 
107 5.00 4.96-5.04 24 -3.34 ±0.10 
104 4.02 4.02 23.2 -2.35 ±0.08 
109 4.03 3.99-4.05 24.1 -2.70 ±0.04 
106 3.03 3.03 25 -1.98 ±0.05 
108 3.00 3.00 24.2 -2.29 ±0.06 
110 1.98 1.98 24.7 -0.71 ±0.04 
111 1.99 1.99 25 -0.87 ±0.05 
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EM vs. I for various salts - Cellulose Nitrate (rigure 8) 
All experiments at pH 7.0 (by NaOH addition) 

KC1 

MgCl, 

CaCl, 

A1C1. 

KC1 

MgCl, 

CaCl, 

Exp.No. pH mean Temp.(C) I EM 95%CI 

129 7.08 25.5 0.001 -4.70 ±0.12 
132 7.07 24 0.005 -3.22 ±0.07 
130 6.94 25 0.01 -2.25 ±0.08 
133 6.99 27.3 0.05 -1.76 ±0.05 
131 7.09 25.1 0.1 -1.06 ±0.03 

134 6.96 22.5 0.003 -2.32 ±0.05 
135 6.97 25 0.015 -1.48 ±0.04 
136 6.97 25.2 0.03 -1.35 ±0.04 
137 7.06 24.7 0.15 -0.45 ±0.01 
138 7.13 24 0.3 -0.35 ±0.01 

148 6.96 24 0.00033 -3.56 ±0.10 
149 6.88 24.7 0.001 -2.85 ±0.08 
150 6.95 25.7 0.0033 -2.20 ±0.05 
151 6.96 23.5 0.01 -1.56 ±0.06 
152 7.09 23.5 0.1 -0.47 ±0.03 
153 7.01 23.6 0.33 -0.33 ±0.02 

146 7.05 25.7 0.0001 -2.39 ±0.06 
143 7.12 24.3 0.00017 -1.83 ±0.04 
144 7.05 24.9 0.001 +2.23 ±0.03 
142 6.81 23.5 0.00133 +2.78 ±0.09 
145 7.07 23 0.005 +1.87 ±0.05 
147 7.00 24.5 0.01 +2.68 ±0.08 

, I for various salts - Cellulose Nitrate (Figure 
cperiments at pH 3.5 (by addition of HC1) 

Exp.No. pH mean Temp.(C) I EM 95%CI 

113 3.50 24 0.001 -2.68 ±0.06 
116 3.53 23.8 0.001 -2.74 ±0.05 
114 3.53 24.5 0.01 -2.08 ±0.04 
117 3.51 25.9 0.01 -1.84 ±0.04 
115 3.46 25 0.1 -0.56 ±0.02 
118 3.49 25.3 0.1 -0.60 ±0.02 
141 3.52 23.3 1.0 -0.10 ±0.01 

156 3.55 23.6 0.00062 -2.33 ±0.07 
157 3.54 26.3 0.0033 -1.68 ±0.04 
158 3.53 26.5 0.033 -1.01 ±0.02 
159 3.56 24.1 0.33 -0.26 ±0.02 

154 3.47 25.5 0.00078 -1.62 ±0.05 
155a 3.51 25.5 0.0036 -1.33 ±0.04 
155b 3.54 22.7 0.033 -1.00 ±0.03 
155c 3.50 23.5 0.33 -0.28 ±0.01 
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EM vs. I at pH 3,5 continued 

Exp.No. pH mean Temp. (C) I EM 95%CI 
A1C1-, 

J 125 3.57 26 0.00032 -0.91 ±0.03 
126 3.49 25.6 0.00054 -0.51 ±0.01 
127 3.53 27.3 0.0051 +0.34 ±0.01 
128 3.50 27 0.05 +1.01 ±0.03 

EM 
All 

vs. Protein Cone.(mg/1) - Cellulose Nitrate (Figure 
. experiments in protein/KCl/HCl (or NaOH) soin., I=i 

Exp.No. pH mean Temp.(C) Pro.Cone. EM 95%CI 

E*L 3.5 
122a 3.52 23.6 0.001 -1.30 ±0.07 
123a 3.51 24.7 0.01 -1.07 ±0.04 
121a 3.51 23.8 0.1 +0.40 ±0.02 
124a 3.50 25 1.0 +0.58 ±0.02 
119a 3.51 24.6 10.0 +1.72 ±0.06 

EÏL 7.0 
135 6.80 24.8 0.001 -2.03 ±0.06 
136 6.99 26 0.01 -1.83 ±0.07 
137 6.99 25.7 0.1 -1.77 ±0.05 
138 6.99 25.5 1.0 -1.94 ±0.07 
139 7.03 25.5 10.0 -2.05 ±0.08 

Effects of Tapwater, Secondary Sewage Effluent, and 
Tapwater/Effluent Mixtures on EM - Cellulose Nitrate 
(See Figure 10) All experiments at pH 3.5 (HC1 addition) 

Exp.No. Water Type pH mean I Temp (C) EM 95%CI 

167 Tap 3.55 0.013 22.9 -1.36 ±0.04 
168 Tap/AlCl,(.0005M) 3.54 0.022 25.3 -0.70 ±0.01 
169 Tap/AlCl^(•005M) 3.49 0.044 25.2 +0.28 ±0.01 

165 Effluent 3.55 0.019 25.3 -1.32 ±0.04 
170 Effluent 3.56 0.019 25 -1.30 ±0.04 
171 Eff/AlCl-(.0005M) 3.42 0.022 25.9 -0.85 ±0.02 
172 Eff/AlCl^(•005M) 3.41 0.045 26.1 -0.29 ±0.01 

173 Tap90%/Eff10% 3.55 0.014 26.2 -1.45 ±0.03 
174 Tap75%/Eff25% 3.54 0.014 26.1 -1.52 ±0.03 
175 Tap50%/Eff50% 3.56 0.016 27.2 -1.25 ±0.03 


