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ABSTRACT 

The electrical characteristics of nylon 66, charge-modified nylon 66 and 

PVDF filter membranes were investigated using the electrophoretic and streaming 

potential techniques. Characterization of surface charge density of nylon based 

membranes were performed by acid/base titration. The adsorption of an anionic dye 

was used to determine the charge density of positive sites on the N66 Posidyne 

membrane. The results show that the isoelectric point (IEP) of N66 Posidyne and 

Zetapor (E-grade) occurred at pH 7.6 and 6.2, respectively. The point of zero charge 

(PZC) of E-grade Zetapor occurred at a much higher pH value than the IEP, 

indicating inhomogeneity in the extent of charge modification in pore walls and on 

the external surface. Using the dye adsorption test, the charge density of positive 

sites on N66 Posidyne was calculated to be approximately 9.5 /ucoulombs/cm2 at a 

solution of pH of 5.1, which is in agreement with the surface charge density using the 

acid/base titration. 



11 

CHAPTER 1 

INTRODUCTION 

The production of ultrapure deionized (DI) water for semiconductor 

manufacturing demands efficient removal of submicron size particulates and bacterial 

breakdown products. Such a removal is commonly attempted but has been only 

partially accomplished using the technique of filtration. 

There are three mechanisms by which a filter membrane can remove 

colloidal particulates and macromolecules. These are: (1) mechanical sieving, 

(2) hydrophobic adsorption and (3) electrostatic adsorption. In mechanical sieving, 

all particles larger than the pores of the filter are removed from the liquid. As the 

size of the contaminant decreases, filters with very small pores must be used, but the 

use of such ultrafilters are plagued by undesirable characteristics such as high 

pressure drops and decreased life and efficiency of the filter. Hydrophobic 

adsorption removes macromolecular contaminants such as bacterial 

lipopolysaccharides and endotoxins that contain hydrophobic groups. In this case, the 

hydrophobic chains in the structure of the contaminants, i.e., the lipid core of the 

endotoxins, adsorbed by van der Waals forces onto nonpolar filter membranes such 

as polypropylene and polytetrafluoroethlene (1). Because hydrophobic adsorption 
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does not involve charged groups, the removal mechanism is insensitive to the pH of 

the medium. 

Colloidal contaminant removal by the electrostatic adsorption mechanism 

relies on the nature of charge developed by the filter membrane material and the 

contaminants in a given liquid medium. Specifically, electrical double layers develop 

at the membrane/liquid and contaminant/liquid interfaces, and the interaction of 

these double layers determines whether the contaminant can be attracted to the 

surface of the membrane pores or not. If the contaminant and the membrane 

surface are charged alike, the double layers interact in a repulsive manner, making 

the adsorptive deposition of the contaminant unfavorable. Colloidal contaminants 

would be attracted to the pore surface of the filters if the filter and the contaminant 

are oppositely charged. This is called electrokinetic adsorption and can remove 

particles much smaller than the pore size of the filter. 

Hydrophilic PVDF and nylon 66 based membranes are currently the 

materials of choice for water purification because of their high strength, flexibility, 

narrowly controlled pore size, minimal release of particulates and high wettability in 

water. Since most bacterial fragments are negatively charged in water, incorporation 

of positively charged groups into nylon 66 can increase efficient retention of 

negatively charged contaminants (2,3). 

The goal of this research was to characterize the electrokinetic potential and 

electrical charge density of filter materials in aqueous solutions. Microelectrophoresis, 
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streaming potential and acid/base titration techniques were used to understand the 

charging behavior of nylon 66, charged modified nylon 66 and polyvinylidene fluoride 

(hydrophobic and hydrophilic) membranes in deionized water and aqueous solutions. 

In addition, the capacity of nylon based filter media for the removal of negatively 

charged solution species was measured by challenging the filter media with an 

anionic dye. Experimental results were used to calculate the number of charged sites 

on these membrane surfaces and were analyzed to identify the pH range in which 

membranes can be effectively used. 
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CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

2.1 Raw Nylon 66 Polymer 

The nylon 66 polymer is made by a two-step reaction of adipic acid and 

hexamethylene diamine. Hexamethylene diamine and adipic acid have six carbon 

atoms in their structure and, therefore, the product is called nylon 66. This two-step 

reaction is shown by the following equations (4): 

Step 1 

NH2(CH2)6NH, + COOH(CH2)4COOH > NH2(CH2)6NHCO(CH2)4COOH 

+ H2O 
hexamethylene adipic acid nylon salt 

diamine 

Step 2 

heat 
n[NH2(CH2)6NHCO(NH2)4COOH > -[NH(CH2)6NHCO(CH2)4CO>n 

+ H2O 

nylon 66 polymer chain 

In Step 1, both hexamethylene diamine and adipic acid are reacted in boiling 

methanol. The precipitated nylon salt is recrystallized from water, and then 

polymerized by heating to 280°C in a nitrogen atmosphere. The polymerization 
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reaction can be stopped at any point by adding a monofunctional acid or amine. The 

water formed during the reaction is removed by refluxing under a vacuum (Step 2). 

The structure of nylon 66 is an alternation of hydrocarbon groups (methylene 

groups) and amide groups (-CONH-). The most important structural feature of nylon 

66 is the -CONH- group, which leads to a strong attraction between the molecules 

because of hydrogen bonding (Fig. 1). Hydrogen bonding results in strong 

intermolecular associations that increase thermal stability and decrease solubility. 

Another important feature of nylon 66 is its hydrophilicity because the presence of 

the amide groups in amorphous regions does not involve intermolecular hydrogen 

bonding (5). 

2.2 Nylon 66 Membranes 

2.2.1 Manufacturing Processes 

The nylon 66 membrane, under the trademark Ultipor N66, was introduced 

in 1979 by the Pall Corporation. The steps involved in the manufacturing this 

membrane are as follows (6): 

(a) preparation of a casting solution of a nylon 66 resin in a solvent system 

such as 90 wt% formic acid and 10 wt% water; 

(b) nucleation of the casting solution by controlled addition of a nonsolvent 

(such as water) for the casting resin under controlled conditions to 

obtain a visible precipitate of nylon 66, which may or may not partially 
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Fig. 1 : Schematic representation of the structure of nylon 66 
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or completely redissolve; 

(c) filtration of the casting composition to remove visible precipitated 

particles; 

(d) spreading of the casting composition on a substrate such as a porous 

polyester sheet to form a thin film; 

(e) contacting and diluting this film of casting composition with a liquid 

nonsolvent system that is a mixture of formic acid (-35-60% by weight) 

and water; 

(f) washing and drying of the membrane. 

2.2.2 Charge-Modified Nylon 66 Membranes 

Chemical surface modification of the nylon 66 material can be used to 

increase the density of charged sites. Materials used for charge modification can be 

chemicals that form a bond with surface sites on nylon or a film-forming resin that 

coats the nylon and cannot be removed because of cross-linking of the coating resin 

(7). Two types of charge-modified nylon 66 membranes, N66 Posidyne and Zetapor 

(E-grade), are widely used in DI water plants of semiconductor industries. 

N66 Posidyne is manufactured by the Pall Corporation using a cocasting 

technique (8). In this technique, charge modification is effected by the direct 

addition of a water-soluble quaternary ammonium polymer to a casting solution 

containing nylon 66, formic acid and water. The preferred modified polymers within 
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this class are the epoxy-fiinctional polyamido/polyamino-epichlorohydrin resins. The 

resulting surface modified, microporous, alcohol-insoluble polyamide membranes are 

hydrophilic. 

The charge modification procedures used in the manufacture of Zetapor E 

(electronic) and P (pharmaceutical) grade membranes are described in the patent 
H 
I 

literature (9,10). Polyamines with the formula, H2N-(R1-N-); R2-NH2, are used as 

charge modifying agent in the preparation of E-grade membrane. An aliphatic 

polyepoxide cross linking agents such as diglycidyl ethers of certain diols are also 

used to bond the charge modifying agent to the nylon surface. The pertinent 

reactions leading to charge modification are tabulated in table 1. The E-grade 

membranes show very low extractables and hence are recommended for use in DI 

water systems of semiconductor plants. 

The primary charge modifying agent used in the production of P-grade 

zetapor is claimed to be a polymer whose monomer contains at least one epoxide 

group and at least one quaternary ammonium group. A structure of one such 

polymer appears in Fig. 2. A second charge modifying agent such as a polyamine 

may be used to enhance the cationic charge of the primary charge modifying agent 

and/or enhance the bonding of the primary charge modifying agent to the 

microporous surface. The counter ion of the quaternary ammonium group leaches 

out on contact with water and hence P-grade membranes are not recommended for 

electronic applications. 



Table 1 

The reactions of epoxide groups with the hydroxy!, 

carboxyl, primary and secondary amines 

Hydroxyl R — OH + CH1-CH-CH1 > 
\ / 

0 

R—O—CHJ-CH-CHi— -
1 

OH 

Caiboxyl RCOOH + CHj— CH —CHi—... ^ 

\ / ^ 
0 

RCOOH + CHj— CH —CHi—... ^ 

\ / ^ 
0 

RCOO— CHj— CH—CHj ... 
1 
OH 

Primiry AmiM 
H 

Ri -N + CHJ—CH — CHj  — 
\ \ ̂  ' 

H 0 
OH 
1 

CHi — CH— CHj — 
/ 

Rl—N 
SCHj —CH —CH, —... 

1 
OH 

Secondary Amine R j -NH + CHj—CH —CHj —.. .  v  

\ / ^ 
0 

Ri-  N— CHi— CH—CHj — 

1 
OH 
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Fig. 2: Structure of modifying resin of P-grade Zetapor 
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2.3 Surface Charging Mechanisms 

Many polymeric materials containing active groups develop a surface charge 

on immersion into water. The surface of nylon 66 is zwitterionic in nature, that is, 

consists of two types of sites; one of which can accept a proton, the other can act as 

a proton donor. Nylon 66 can develop a positive or negative charge in aqueous 

solutions depending on the relative proportion of protonated amine sites (NH3
+) and 

ionized carboxylic acid sites (COO ). The charging profile is shown in Fig. 3. At a 

solution pH of ~6, nylon bears no net charge (point of zero charge or PZC) because 

of the equal population of anionic and cationic sites. The exact value of PZC of a 

nylon membrane may depend on the manufacturing conditions. As discussed earlier, 

nylon membranes are cast from a formic acid solution by a phase inversion process. 

Thus, any residual formic acid in the membrane pores can cause a PZC different 

from 6. Irrespective of the PZC value, the number density of charged sites on a 

nylon membrane is typically very low and not large enough to provide electrokinetic 

enhancement during filtration. 
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Fig. 3: Profile of surface-charging mechanism of nylon 66 



2.4 Electric Double Layer 

As mentioned in Section 2.3, particles that are immersed in liquid usually 

develop surface charge. This charged surface influences the distribution of ions in 

the medium. Because a system (solid plus liquid) requires electroneutrality, a diffuse 

layer of counter ions that has a charge opposite to the surface charge is attracted 

toward the surface and co-ions (which have the same sign of charge with surface) are 

repelled from the surface. This, together with the tendency of thermal motion, leads 

to the formation of an electrical double layer that consists of a charged surface and 

a neutralizing excess of counter-ions over co-ions. Gouy (11) and Chapman (12) 

were the first to propose a diffuse double layer model. 

The arrangement of such a layer at a solid/liquid interface creates an 

interfacial potential, the sign and magnitude depends on solution conditions, such as 

pH and solid characteristics. This potential decays from a finite value at the surface 

to zero in the bulk of the solution (Fig. 4). 

If ions are adsorbed only by electrostatic attraction, they are called indifferent 

ions. On the other hand, ions whose adsorption at the surface is influenced by forces 

other than electrical potential can be regarded as specifically adsorbed. Stern (13) 

modified the Gouy-Chapman model using the idea of finite size of ions, and 

considering the specific ion adsorption. He introduced a model in which the double 

layer was divided into two parts by a plane (the Stern plane) located about a 

hydrated ion radius from the surface. The centers of any specifically adsorbed ions 
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Fig. 4: Schematic diagram of the structure of the 
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interface. 



25 

are located in the Stern layer. Ions with centers located beyond the Stern plane form 

the diffuse part of the double layer. The result is analogous to putting two capacitors 

in series, an inner (Stern layer) capacitor followed by a diffuse layer capacitor. 

When a charged particle suspended in a solution is subjected to an electric 

field, the adsorbed ions move with the charged particles. Thus, the electric double 

layer is sheared. The electric mobility of the charged particle is proportional to the 

potential where "shearing" takes place. This potential is known as the zeta potential. 

2.5 Electrokinetic Phenomena 

Electrokinetic phenomena, which involve the interrelationship between 

mechanical and electrical effects at a moving interface, are widely used in colloid and 

surface chemistry. Four electrokinetic phenomena are observed: electrophoresis, 

streaming potential, electro-osmosis, and sedimentation. These four distinct 

electrokinetic effects depend on how motion is induced (14). 

The electric double layer is sheared very close to the Stern layer within which 

the fluid is stationary in electrokinetic effects. Therefore, the kinetic (zeta) potential 

at the shear plane can be measured by electrokinetic methods. Two electrokinetic 

phenomena, which have been widely used, are electrophoresis and streaming 

potential. 

In the electrophoretic method, charged particles suspended in a liquid are 

caused to migrate under the influence of a known electrical field (Fig. 5). By 
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Fig. 5: Measurement of zeta potential by electrophoretic method 
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measuring the particle mobility in the field, the zeta (0 potential can be determined 

by the Helmholtz-Smoluchowski formula: 

£ = EM x Constant x — (1) 
e 

Constant = 6n when a « — 
K 

= 4jt when a > — 
K 

where 

a = radius of the particle 

1/k = thickness of double layer 

£ = zeta potential 

EM = electrophoretic mobility 

rj = viscosity of the suspending liquid at any given temperature 

c = dielectric constant of the suspending liquid at any given temperature 

The streaming potential technique has been used to characterize the 

electrokinetic properties of microporous filter membranes and fine capillaries 

(15,16,17). In this technique, a liquid is forced at a controlled pressure through a 

filter membrane and the potential generated because of the shearing of the mobile 

part of the electric double layer is measured by placing electrodes on both sides of 
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the membrane (Fig. 6). An excellent review of the streaming potential technique has 

been done by Ball and Fuerstenau (18). The streaming potential, is related to 

the zeta potential as follows: 

f . k ae£ (2) 
C = -4 x n  —  x —: 

c AP 

In the above equation, rj, e, and k are the viscosity, dielectric constant and 

conductivity of the solution, respectively, and AEj/AP is the slope of the streaming 

potential versus pressure drop plot. The negative sign accounts for the fact that 

electrodes used for the measurement of Es are often connected to an electrometer 

so a negative streaming potential corresponds to a positive zeta potential. 

Knight and Ostreicher (19) followed the variation in streaming potential of 

charge-modified membranes during challenge testing with submicron monodispersed 

polystyrene latex (PSL) beads. As the removal of negatively charged 0.109 fim PSL 

beads occurred, the streaming potential became less negative (zeta potential less 

positive), passed through zero and asymptotically approached a final positive value. 

The breakthrough of the PSL beads began to occur when the streaming potential was 

near zero; however, the filtration efficiency did not approach zero until the streaming 

potential approached the high positive values exhibited by the unmodified filter 

media. The effect of pH on the shape of breakthrough curves was not investigated 

in these studies. 
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Nystrom et al. (20) used the streaming potential measurement in the 

characterization of ultrafiltration membranes. Since the pore size in these types of 

membranes can be very small (< 10 nm), proper correction factors must be applied 

to convert streaming potential values to zeta potential values because the double 

layer thickness may be larger than the pore radius in very dilute solutions. 

2.6 Surface Charge Density 

The adsorption capacity of the membranes for negatively charged 

contaminants depends on the amount of positively charged sites that the membrane 

develops in the DI water. Ostreicher et al. (9) used an anionic dye (Metanil Yellow) 

challenge test to determine the relative removal capacity of different membranes by 

measuring the "breakthrough time." This breakthrough time was considered to be 

proportional to the cationic adsorptive capacity of the membrane sample. However, 

the capacity of the membranes at different pH values was not determined. 

The nylon 66 membrane generates its surface charge by ionization of carboxyl 

and amine groups in an aqueous solution. The surface charge density depends on 

the solution pH, and it can be measured by suspending the material in a salt solution 

and adding a known amount of H+ or OH". By measuring the resulting pH and 

comparing it with the value in the absence of the solid, the surface charge density 

(ac) can be calculated by measuring the consumption of hydrogen and hydroxyl ions 

as follows: 
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Q = (FH* " rOH ")F 

® «*<• A mA 
(3) 

where (rH+ - rOH-) is the adsorption (in moles), F is the Faraday constant, A is the 

specific surface area, and m is the mass of solid titrated. 

A typical raw titration plot relating the pH of the suspension to the volume 

of titrant added appears in Fig. 7. Data from B to C and from C to D are the actual 

titrations with 0.005 M KOH and 0.005 M HCl in 0.005 M and 0.05 M KCl solutions, 

respectively. Data from A to B are the result of adding HCl to bring the pH to 4.0 

prior to titration. The arrows between B and C denote the positions where the 

system reached equilibrium after base titration. The adsorption of hydrogen and 

hydroxyl ions is calculated by using the following equation, which represents a mass 

balance of the ions. 

In the above equation, V is the solution volume, [H+] and [OH"] are the 

concentration terms, and AH+ represents the cumulative amount of the acid minus 

base added or the excess of hydrogen ion added to the suspension. The subscript 'r' 

indicates the reference point and the subscript T indicates some subsequent point. 

For clarity, the left-hand side of this equation can be called the net 

adsorption. The net adsorption can be used to determine the absolute adsorption. 

(4) 
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Fig. 7: Typical recorder output from a titration experiment 



The net adsorption from A to B is calculated by setting point A as the reference 

point, (r), and B as the ith point in eq. (4). The net adsorption for each equilibrium 

point between B and C is found by evaluating eq. (4) for each point with respect to 

B, and then adding this to the net adsorption calculated previously from A to B. 

Then, these are plotted versus pH. The sum obtained from C to D is calculated in 

the same manner as from B to C. 

Since (rH+ - rOH-)r and [V([H+ - [OH'])]r are constants, the sum of these 

constants is not known until the point-of-zero-charge (PZC) is determined, a value 

is first assumed, and the adsorption is calculated relative to this assumed value. The 

PZC is determined by the intersection of the adsorption isotherms from titrations 

carried out at different strengths. 
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CHAPTER 3 

EXPERIMENTAL MATERIALS AND METHODS 

3.1 Experimental Materials 

Charge-modified nylon membranes, N66 Posidyne and E-Zetapor, were 

obtained from the Pall Corporation and Cuno Inc., respectively. Zetapor membranes 

were made available in supported as well as unsupported form (without substrate). 

Ultipor N66 nylon membrane was supplied by the Pall Corporation. Hydrophobic 

and hydrophilic PVDF membranes were obtained from Millipore Corporation. 

All chemicals used for regulation of ionic strength (KC1) and pH (KOH, 

HC1) were of analytical grade. The titrants, HC1 and KOH, were prepared from 

Aldrich's concentrated volumetric solutions. Reagent grade anionic dye, Metanil 

Yellow, was purchased from the Fluka Company. 

Electronic grade water (17-18 Mn-cm) from a Millipore RO-DI system 

(Milli-Q 4-bowl) was used to make aqueous solutions. 

3.2 Experimental Methods 

3.2.1 Determination of Zeta Potential by Electrophoresis 

For the measurement of electrophoretic mobility, the membranes were cut 

into small pieces and dispersed in a 500 ml DI water or 0.005 M KC1 solution. KOH 
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and HCl were used to adjust the pH values. Electrophoretic mobilities were 

measured using a Zetameter electrophoresis unit. The electrophoresis cell was 

constructed of glass and teflon with a 10 cm cylindrical path length. A potential 

gradient of 15 V/cm was applied across the cell between rod-shaped 

platinum/iridium electrodes. 

All reported electrophoretic mobilities are the average of the eight mobility 

measurements at the specified pH value. The polarity of the cell was occasionally 

reversed to verify that polarization did not occur. 

3.2.2 Determination of Zeta Potential by Streaming Potential 

The streaming potential, Es, measurements were performed with the 

experimental set-up shown in Fig. 8. The set-up consisted of a 3 liter PTFE 

reservoir, a valveless metering pump with a PTFE head (Fluid Metering Inc., Model 

QD1), a flow cell, a pressure transducer (Validyne DP 15-40) with a carrier 

demodulator, a high impedance electrometer (Keithley model 614: 5 x 1013tl) and 

PTFE valves and lines. The flow cell consisted of a plate between two PTFE 

chambers to hold 47 mm diameter membrane samples. Silver billet electrodes 

(Ingold) positioned on both sides of the membrane were used to measure the 

streaming potential. These electrodes were chloridized in IN HCl at a current of 

0.0044 A for 40 minutes (21). Additional details of this set-up have been published 

elsewhere (22). 
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The first step in the streaming potential measurement was to fill both sides 

of the streaming potential cell with an electrolyte solution by keeping the bypass 

valve open while the liquid was pumped from the reservoir. Then, the bypass valve 

was closed, which allowed the liquid to flow through the filter membrane. The 

pressure drop across the membrane was controlled by adjusting the flow rate of the 

solution through the membrane. The streaming potential, Es, was measured at 

pressure drop (AP) values ranging from 0.5 to 5 psi and the slope of the streaming 

potential versus pressure drop plot was used to calculate the zeta potential according 

to eq. (11). A typical AES/AP for N66 Posidyne (0.2 nm) at a pH value of 5.0 in a 

0.005 M KC1 solution is shown in Fig. 9. The linearity of the plot indicates that the 

ratio of AES/AP is consistent and meaningful. It can be noted that the asymmetry 

potential is quite small (~ 2 mV). 

3.3 Determination of Surface Charge Density 

In this investigation, titrations were performed based on a method used by 

both Parks et al (23) and Albrethsen (24). Titration data were obtained using 

automatic recording titration apparatus (Radiometer VIT 93, Copenhagen). The 

titration cell was made from a 100 ml 3-head flask to admit a pH electrode and to 

flush the cell with nitrogen gas. The nitrogen gas was used as a protective 

atmosphere to prevent COz from dissolving in the DI water, which can produce 

hydrogen ions in the solution during titration. The suspension containing 1.5 g of cut 
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Fig. 9: Example of streaming potential as a function of 
pressure difference for N66 Posidyne (0.2 /im) at 
a pH of 5.0 in 0.001 M KCl solution. 



membrane was titrated back and forth between pH 4.0 and pH 9.4 in 0.005 M and 

0.05 M KC1 solutions. The adsorption (in moles) of hydrogen and hydroxyl ions was 

calculated using eq. (4). 

The specific surface areas of the titrated samples were measured by a 

Micromeritics ASAP 2000 Surface Area/Pore Volume Analyzer, using nitrogen as 

the adsorbate. 

3.4 Determination of the Adsorptive Capacity by Contaminant Challenge Testing 

An analytical technique based on the method of Knight and Ostreicher (19) 

was used to measure the capacity of the membranes for negatively charged species. 

This experimental technique consisted of challenging a filter membrane with an 

aqueous dispersion of anionic dye, Metanil Yellow, with a molecular weight of 

approximately 375. The dimensions of this molecule are approximately 18 A long 

x 9 A wide, allowing it to be used as a test contaminant for almost any charge-

modified media in the ultrafiltration range without interference from sieving effects. 

These dye challenge tests were carried out in the streaming potential cell. 

At first, a 47 mm diameter disc of the membrane sample was placed in the flow cell. 

Deionized water was circulated through the flow cell at a flow rate of 20.5 ml/min, 

until pH and the streaming potential were stable. Then, 9 c.c of 1 x 10'3 M dye 

solution was added to the solution reservoir. The concentration of the dye in the 
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effluent, streaming potential and pressure drop across the membrane were measured 

and recorded as a function of time. 

The concentrations of the yellow dye effluent were determined using a UV-

VIS spectrophotometer (Milton Roy 1201) at a wavelength of 426.6 nm. The 

calibration curve is shown in Fig. 10. 
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Fig. 10: Calibration curve of Metanil Yellow. 
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CHAPTER 4 

EXPERIMENTAL RESULTS AND DISCUSSION 

4.1 Zeta Potential of Membranes by Microelectrophoresis 

The zeta potentials of the Ultipor N66 and N66 Posidyne particles measured 

using the electrophoretic technique are shown in Fig. 11 as a function of the pH 

value of 0.005 M KC1 solutions. It may be noted from this figure that the IEP of 

Ultipor N66 and N66 Posidyne occurs at 5.1 and 7.8, respectively. Above a pH of 9, 

both materials were characterized by the same zeta potential values. 

4.2 Zeta Potential of Membrane by the Streaming Potential Method 

The zeta potential calculated from the streaming potential measurements 

performed on Ultipor N66 and charge-modified N66 Posidyne in a 0.001 M KC1 

solution, are displayed in Fig. 12. The IEP of 0.1 jxm and 0.2 pm Ultipor N66 

occurred at the pH values of 4.9 and 4.7, respectively. The pore size of Ultipor N66 

membranes appears to affect the magnitude of the zeta potential values much more 

than the IEP value. The measured value of IEP is lower than the values of 5.4 to 

5.8 reported in literature for nylon sols (25). The lower (more acidic) IEP values 

may be due to the presence of formic acid that may be trapped in the membrane 

during the casting process. 
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The zeta potential versus pH profiles of 0.1 and 0.2 pm N66 Posidyne 

membranes are almost identical. The IEP of these membranes occurred at 7.6 and 

7.8, respectively. The IEP of the N66 Posidyne membranes is higher than the Ultipor 

N66 membranes because of the charge modification effected by the incorporation of 

positively charged ammonium groups. However, these results are not in agreement 

with the manufacturer's product information (26), which claims that the pH range of 

positive potential of N66 Posidyne membranes is 3 to 10. The quaternary ammonium 

groups have a very high pIC, and would ideally be positively charged even at highly 

alkaline pH values. The fact that the incorporation of such groups in N66 Posidyne 

raised the IEP of nylon to only 7.6 shows that these groups may not be present on 

the pore surface in significant numbers. 

The zeta potential values of N66 Posidyne are compared with E-grade 

Zetapor in Fig. 13. It is apparent from the data in this figure that the IEP of 0.1 /Ltm 

Zetapor occurs at a pH value 6.2, which is 1.4 units lower than that of N66 Posidyne. 

At a RO-DI water of pH 5.5 to 6.0, N66 Posidyne is characterized by a more positive 

zeta potential than E-grade Zetapor. It may be recalled that, a charge modifying 

system consisting a polyamine and a polyepoxide is used in the manufacture of E-

grade Zetapor membranes. The reaction of epoxide groups with the primary and 

secondary amine groups will result in tertiary amines containing hydroxyl 

functionalities in the alky] chains (see table 1). Such tertiary amines have a lower 
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pK, (or higher pK„) than the amines without hydroxyl groups (27). Another plausible 

reason for the lower IEP of the E-grade Zetapor may be due to the manufacturing 

process. Since the Zetapor membrane is manufactured by dip coating a precast 

nylon 66 membrane with charge modifying agents, the charge modification may be 

not veiy effective on the pore walls. 

The charge-modified filter samples had polyester supports, it was initially 

thought that these supports could be the reason the measured IEP was lower than 

the manufacturer's data. However, results obtained with unsupported E-grade 

Zetapor were identical, indicating that the polyester supports did not influence the 

measurements. 

The electrokinetic characteristics of hydrophobic and hydrophilic PVDF 

membranes of 0.1 fim pore size are displayed in Fig. 14. Hydrophilic PVDF 

membranes are manufactured by coating a hydrophobic PVDF membrane with a 

hydrophilic material such as hydroxypropyl acrylate (28). Hydrophobic PVDF 

exhibits an IEP at a pH of 3.5, while the hydrophilic PVDF is negatively charged in 

the pH range of 3 to 9. The all negative zeta potential profile of hydrophilic 

material is due to the presence of anionic acrylate groups in the coating. Since 

hydrophilic PVDF filters are considered for the filtration of aqueous solutions, these 

results indicate that hydrophilic PVDF may not be effective in removing negatively 

charged colloids from DI water. 
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4.3 Dye Challenge Tests 

Membrane manufacturers often use small anionic dye species to characterize 

the adsorptive capacity of positively charge-modified membranes without the 

problems introduced by mechanical sieving effects. Since the IEP of the N66 

Posidyne membrane measured by the streaming potential technique did not agree 

with the manufacturer's claim, a challenge test on the membrane was performed with 

an anionic, water soluble dye, Metanil Yellow (molecular weight = 375). This dye 

is an aromatic sulfonate compound with the structure shown as below: 

The challenge testing was performed in the streaming potential cell and both the 

effluent dye concentration and streaming potential were monitored simultaneously. 

The results of the dye challenge tests performed with a 0.1 nm N66 Posidyne 

membrane at solution pH values of 5.1, 5.8, 8.1 and 10.15 are shown in Figs. 15 and 

16, respectively. It is pertinent to mention that the polarity of the electrodes 

connected to the electrometer was such that a negative streaming potential value 

corresponded to a positive zeta potential. At a pH of 5.1 (Fig. 15A) the 

breakthrough of the dye occurred about 30 minutes after the introduction of the dye 

in the holding tank. (The liquid volume between the outlet of the holding tank and 

the cell exit port at which samples were collected for dye concentration measurement 

was 870 ml.) The streaming potential of the membrane was -460 mV before the 



introduction of the dye, but it decreased in magnitude, changed sign and reached a 

value of 300 mV when the dye breakthrough was completed. At a solution of pH 5.8 

(Fig. 15B), the breakthrough time was a little smaller than at pH 5.1. The streaming 

potential was -120 mV before adding the dye to the solution, but it had a value of 

350 mV when the challenge of the test was completed. The streaming potential 

change could be explained as due to the adsorption of negatively charged dye species 

onto the positively charged sites. Since the IEP of N66 Posidyne was found to occur 

at pH 7.6, the surface should consist primarily of positive sites at pH 5.1 and 5.8. It 

is interesting that the adsorption of the dye reversed the sign of the streaming 

potential. The rapid change in streaming potential occurred about 10 minutes before 

the dye breakthrough. Ostreicher's work with latex particles showed a more gradual 

change in streaming potential with time (19). 

The dye breakthrough and accompanying changes in streaming potential at 

a pH of 8.1 are shown in Fig. 16A. At this pH, the streaming potential had a value 

of 90 mV in the absence of any dye in the solution but increased to 300 mV when 

the uptake of the dye by the membrane was completed. It is intriguing that the zeta 

potential became more negative as the dye was adsorbed onto the membrane. This 

could be due to the neutralization of the small number of positive sites that may 

have existed at a pH slightly above the IEP. The dye breakthrough time was shorter 

at pH 8.1 than at pH 5.1. At a solution pH of 10.15, the streaming potential was not 

significantly affected by the presence of dye in the solution and the breakthrough 
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curve for the dye was almost identical to the curve obtained at pH 8.1 (Fig. 16B). 

The dye breakthrough curves obtained at different pH values are compared 

in Fig. 17. This figure also contains a curve obtained when no membrane was 

present in the system. By integrating the area between the curve for the no-

membrane case and the curve for a specific pH value and multiplying the area by the 

volumetric flow rate, the extent of adsorption of the dye (in moles/cm2) was 

calculated. The adsorption of the dye at different pH values is tabulated in Table 

2. 

It can be seen from Table 2 that at pH values of 8.1 and 10.15, where the 

membrane is negatively charged (characterized by a negative zeta potential at zero 

dye concentration), dye adsorption occurred to a small extent. If the adsorption of 

the dye occurs only through electrostatic forces, no adsorption should occur when the 

zeta potential is negative (for positive streaming potentials in this work). Since some 

dye adsorption occurred at a high alkaline pH 10.15, it appears that the dye may 

exhibit some specific adsorption characteristics. A calculation of charge density due 

to positively charged groups on the membrane can be made by considering the extent 

of adsorption of the anionic dye only due to electrostatic forces. Such a calculation 

for pH 5.1, for example, can be performed by subtracting the adsorption density at 

pH 10.15 from the adsorption density at pH 5.1. Using this method, surface charge 

densities of 9.75 jucoulomb/cm2, 6.71 /^coulomb/cm2 and 0.93 ^coulomb/cm2 were 

calculated for pH values of 5.1, 5.8 and 8.1, respectively. 
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Table 2 

Adsorption of Metanil Yellow by N66 Posidyne 
at Different pH values 

PH Dye adsorption 
(in moles/cm2) 

Charge density of positive 
sites (jn c/cnr) 

5.1 11.03 x MT11 9.53 

5.8 7.88 x 10"11 6.71 

8.1 1.89 x 10*" 0.93 

10.15 0.92 x 10" X 



In an attempt to prove the specific adsorption capability of Metanil Yellow, 

the zeta potential of N66 Posidyne was measured by streaming potential method in 

0.001 M KC1 solutions containing different amounts of Metanil Yellow. The test 

results performed at a pH of 5.8 are displayed in Fig. 18. It can be seen that the 

N66 Posidyne membrane has a zeta potential of 17 mV in the 0.001 M KC1 solution. 

As the solution dye concentration was increased, the zeta potential decreased and 

reversed sign at a dye concentration of ~ 1.3 x 10"6 M. This reversal of zeta potential 

indicates specific adsorption of the dye of the N66 Posidyne/solution interface. 

Interestingly, the dye molecule did not contain any long chain alkyl groups in its 

structure. Thus, the reason for the specific adsorption capabilities of the dye is not 

clear. 

Challenge testing was also performed on Ultipor N66 at a pH of 5.1 to 

compare the density of positively charged sites on unmodified nylon with that on N66 

Posidyne. Membrane samples with a pore size of 0.2 /xm were used for these 

measurements. The results of these tests are displayed in Fig. 19. It is evident that 

the dye took longer to breakthrough the positively charge-modified N66 Posidyne. 

The density of positive charged sites on Ultipor was calculated as 1.5 ixC/cm2, a 

value of about 8 nC/cm2 less than that for N66 Posidyne. 
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4.4 Surface Charge Density 

The surface charge densities of cut up 0.2 /xm Ultipor N66 and N66 Posidyne 

membranes in 0.005 M, 0.05 M and 0.1 M KC1 solutions are plotted in Fig. 20 as a 

function of solution pH. The specific surface area of the cut up samples of Ultipor 

and Posidyne were 10.00 and 9.65 m2/gm, respectively. The point of zero charge 

values were calculated from the intersection of curves at three different ionic 

strengths. The PZC of N66 Posidyne occurred at a pH of 7.6, the same value as the 

IEP, while the PZC of Ultipor N66 occurred at a pH of 5.8, which is 1.0 unit higher 

than the IEP. The surface charge density of N66 Posidyne at pH 5.1 and 5.8 in 0.005 

M KC1 solution is -9.5 /xC/cm2 and 7.5 nC/cm2, which is in agreement with the 

results of dye challenge testing. At these pH values the surface charge density on 

unmodified nylon was calculated to be 0.91 and 0.0 /iC/cm2. 

The surface charge density of unsupported E-grade Zetapor and Cuno nylon 

66 membranes as a function of pH values at 0.005 M and 0.05 M KC1 solutions is 

shown in Fig. 21. The E-grade Zetapor had a surface charge density of 38 fiC/cm2 

at a pH value of 4.5 in 0.005 M KC1 solution, which is almost four times that of 

Posidyne. Furthermore, the PZC of E-grade Zetapor occurred at the pH of 8.2, 

which is 2 units higher than the IEP. This discrepancy, i.e. PZC > IEP, may result 

from the unequal charge densities on pore and outer membrane surfaces. It is 

pertinent to point out that the streaming potential values are affected by the pore 

wall chemistry whereas the titration, carried out with cut membrane is probably 
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affected more by the external membrane surface. Since Zetapor, unlike Posidyne, 

is manufactured by coating the nylon 66 membrane surface with a charge modifier, 

it appears that the charge modification of the pore walls is not very efficient. 

4.5 Theoretical Calculation of Surface Charge Density 

4.5.1 Nylon 66 

In the absence of specific adsorption of ions, assuming a two site dissociation 

model, the surface charge on nylon can be written as: 

o0 = e(N; - Nc") (5) 

where NA
+ and Nc" are the number density of charged amino and carboxyl sites, 

respectively. Obviously, NA
+ = NA a+ and Nc" = Nc a., where NA and Nc are the 

total number density of amino and carboxyl sites and o+ and a. are the fractions of 

these sites which develop charges. 

Since the surface of nylon 66 consists of carboxyl and amino groups, 

theoretical surface charge density values can be computed. Such computations 

require pIC, values of the -COOH and -NH2 surface groups and the relative amount 

of amino and carboxyl groups. From their experiments with nylon sols, Rendall and 

Smith (25) arrived at values of 5.5 and 10.5 for the pIC, of -COOH and -NH2 groups. 

A literature search of pK, values of unsubstituted aliphatic carboxylic acids indicated 

that these acids have a pIC, in the range 4.7 to 5.1. Adipic acid is characterized by 

pKj, values of 4.41 and 5.41. Amide substitution of aliphatic acids appears to result 



in a decrease of pK, value by 0.5 to 1 unit. Based on this literature information, it 

was decided to make the computations by assuming the pK, of -COOH group in 

nylon to be 5.0. 

The surface charge density versus pH curves were constructed for the 

following three cases assuming the total amino site density to be 4 x lO^/cm2: (a) 

equal number of amino sites and carboxyl sites, (b) number of amino sites equal to 

half of the number of carboxyl sites and (c) number of the amino sites equal to one-

third of the number of carboxyl sites. These curves are plotted in Fig. 24. A key 

feature of these curves is the presence of three flat regions where the surface charge 

density remains constant. The experimentally obtained surface charge density for 

Ultipor N66 in 0.1 M KC1 solution is also plotted in Fig. 22. The experimental curve 

shows a flat region only at acidic and alkaline pH values. Reasons for departure 

from the ideal behavior can only be speculated. It is likely that more than one kind 

of amine group is present on the nylon 66 surface. Amine groups with pK, values 
ii 

below 8.0 such as carbamoylamine ( NH2-C-CH2-NH2) and methoxycarbonylamine 
ii 

( CH3-0-C-CH2-NH2 ) may have been introduced on nylon 66 during the casting 

process. These low pK, amine groups will be neutralized at pH values much lower 

than 10. This could account for a more gradual variation of surface charge density 

at pH values above the point of zero charge. 
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Fig. 22: Theoretical surface charge density curves of nylon 
66. 



4.5.2 N66 Posidyne 

The calculation of surface charge density on N66 Posidyne requires an 

estimation of not only the number of amino and carboxyl sites on the nylon part of 

the membrane but also the number of fixed positive charges due to the addition of 

the quaternary polymer. 

From the acid/base titration, the surface charge density of Ultipor N66 was 

measured to be 3.50 juC/cm2 at a pH of 4.0. Since this pH is 6.5 units below the pK+ 

of amino groups and approximately 1.0 unit below the pK. of the carboxyl group, it 

may be assumed that the surface charge is entirely due to the positively charge NH3
+ 

sites. Thus, the total amino group density (NA) on Ultipor N66 can be calculated to 

be 2.2 x 1013 sites/cm2. The surface charge density of Ultipor N66 is -6.0 jnC/cm2 

at pH 7.6. Assuming complete dissociation of carboxyl groups and protonation of 

amino groups, the density of the carboxyl group (Nc) on Ultipor N66 can be 

calculated to be 5.9 x 1013 sites/cm2 at pH 7.6. 

At the PZC of N66 Posidyne, the total number of protonated amino sites 

(Na
+) and quaternary ammonium sites (N0

+) is equal to the number of ionized 

carboxyl sites (Nc"), i.e. NA
+ + N0

+ = Nc". Assuming that the pore as well outer 

surface of Posidyne is a composite surface consisting of both nylon and charge 

modifying polymer, the site density of the quaternary ammonium polymer can be 

calculated using the following equation: 
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'.KH1-f.)-N<; - f.fc) (6) 

where fn is the fraction of surface which is nylon. As discussed earlier, the values of 

Na and NC are 2.2 x 1013 and 5.9 x 1013 sites/cm2. To calculate NQ
+ using eq. (6), 

the value of fn is needed. Since there is no analytical method available to measure 

this, surface charge density was calculated for various assumed values of f„ in the 

range 0.8 - 0.95. 

The steps involved in the theoretical computation of surface charge density 

of Posidyne at different pH values are as follows: 

(a). Calculate NA and Nc on nylon 

(b). Assume fn 

(c). Calculate N0
+ from equation (6) 

(d). Estimate asurf of Posidyne at a given pH for 

("surf,Posidyne)pH — 0 ^n) ® (^Q ) ("surf, nylon)pH 

Figure 23 shows the comparison of the computed surface charge density of 

N66 Posidyne for fn of 0.8, 0.9 and 0.95 with the experimental data. The model 

underestimates the surface charge density above and below the PZC and is not very 

sensitive to the fn value. However, the computed surface charge densities can be 

shown to approach the experimental value as the value of fn approaches one. 
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CHAPTERS 

CONCLUSIONS 

The IEP of N66 Posidyne and E-grade Zetapor occur at pH of 7.6 and 6.2, 

respectively. Contrary to the claims of the manufacturer, N66 Posidyne is not 

positively charged to a pH of 10.00. 

The PZC of N66 Posidyne and E-grade Zetapor occur at a pH of 7.6 and 8.2, 

respectively. At a DI water pH of 6, the density of positive sites on E-grade 

Zetapor is approximately three times the density on N66 Posidyne. 

The IEP of E-grade Zetapor measured by the streaming potential technique 

is considerably lower than its PZC measured by the titration technique. 

Since the streaming potential technique relies on flow through pores, it 

appears that the pore walls in Zetapor are not as effectively charge-modified 

as the exterior surface of the membrane. This "charge inhomogeneity" is 

most likely because of the manufacturing methodology. On the other hand, 

the IEP for N66 Posidyne is almost identical to PZC, indicating a more 

homogeneous membrane. 

Metanil Yellow has a specific adsorption on the N66 Posidyne, which yields 

incorrect information on the pH range of positive charged retainment of N66 

Posidyne. 
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The surface charge density of N66 Posidyne calculated from dye adsorption 

measurement agrees with the titration result. 
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