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A B STR A C T

The Centrifugal M em brane and Density Separation (CM DS) process is a novel type o f  

m em brane process that exploits the action o f  a  centrifuge to generate process pressure for 

reverse osm osis and nanofiltration. The centrifuge could potentially enhance tlux and 

alleviate fouling o f  the m em brane as a result o f  the hydrodynam ic environm ent o f  the 

centrifuge. All experim ental work has been conducted on a prototype m odel o f  the 

CM DS process. The apparatus allows a m em brane m odule to be fixed in space at a 

specified orientation, w ith respect to the rotation. This orientation in space is denoted by 

the term s "pitch , roll and yaw" (p.r.y).

Experim ents have been done using brine feed solutions at various concentrations to 

determ ine i f  the CM D S process m inim izes the effects o f  concentration polarization. An 

exam ple o f  this was illustrated with a 54%  tlux enhancem ent relative to a conventional 

mem brane process using a 35000 ppm NaCl feed solution. Colloidal feed solutions were 

also used to exam ine how the CM D S process enhances tlux in a touting environm ent. 

These feed solutions include 21 g/L silica and 300 m g/L humic acid, w ith typical relative 

tlux enhancem ent factors (k ) found to be 0 .59 and 0.14, respectively. The final group o f  

experim ents exam ined the use o f  50 g/L w hey feed solutions w ith nanofiltration 

m em branes. Results obtained here indicate that the centrifugal action enhanced the tlux 

with an absolute flux enhancem ent factor (ic') o f  17.5 L/m ‘ hr. These experim ents have 

shown that a  given orientation (90.270.0) best enhances the flux o f  a m em brane w ith 

respect to colloidal fouling, while show ing that another orientation (90,180,0) best 

reduces the effects o f  concentration polarization.

Scanning electron  m icroscopy (SEM ) and an  energy dispersive x-ray (EDX ) detector 

have helped to exam ine the nature o f  the fouling layers and determ ine how  well the 

layers adhere to the surface o f  the m em brane. It w as determ ined that in som e cases, the



Ill

fouling layer adhered better to the surface o f  a membrane used in the CM DS process. 

However, as the fluxes were typically higher in the dynamic process, it leads to the 

conclusion that the fouling layer on the CM DS membranes is more permeable.

From the experimental work it has been concluded that the forces at work in the CMDS 

process create sufficient secondary flow  instabilities to reduce the effects o f  fouling and 

concentration polarization on the membrane surface. The significance o f  this process 

with respect to industrial applications is considered, and the process is deemed feasible 

for such applications.
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ing. MenDr. M.B. Hocking, Member (Department o f  Chemistry)
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1 In troduction
In the field o f  m em brane separation, fouling has long been considered one o f  the m ajor 

draw backs w ith respect to increased use o f  the processes. Sim ply stated, fouling is the 

process resulting in loss o f  perform ance o f  a m em brane due to the deposition o f  

suspended or dissolved substances on its external surfaces, at its pore openings and 

w ith in  its pores [1 |. Fouling typically leads to higher operating costs because o f  the 

reduction in throughput, and because o f  the increased need for cleaning. The goal in 

fouling reduction, and subsequent tlux enhancem ent, is to create an environm ent where 

suspended and/or dissolved particles are discouraged from m igrating onto the surface o f  

the m em brane. One way to do this is to create unstable flow near the surface o f  the 

m em brane. This may be accom plished by using hydrodynam ic m ethods that will 

im prove m ass transport o f  the particles from the m em brane surface, back to the bulk 

solution. The work contained in this dissertation evaluates perform ance o f  a system  

w here unstable flow is developed in a centrifuge. The process is called Centritugal 

M em brane and Density Separation (CM DS). The goal o f  w ork is to determ ine the nature 

and extent o f  flux enhancem ent and fouling reduction due to the rotating environm ent.

1.1 Membrane Processes

M em brane technology is a relatively recent developm ent in the area o f  separation 

science. It was the developm ent o f  the synthetic asym m etric m em brane by Sourirajan 

and Loeb in 1960 that spaw ned the future developm ent o f  m em brane processes [2]. 

Though initially used in the desalination o f  seaw ater, m em brane processes have now 

found their way into o ther process industries (exam ples in Table 1.1). They have the 

advantage over o ther types o f  separation, in that there is no phase change necessary for 

the separation to occur and operating costs are generally  lower.

It m ay be first useful to define som e o f  the technology that will be exam ined in the 

follow ing chapters. Reverse osm osis is described as a pressure driven process that rejects 

solute from its carrier solvent via a sem i-perm eable m em brane. This diffusive process 

has the ability  to separate particles dow n to 5 Â in size from a solvent. N anofiltration 

refers to the type o f  m em brane that relies on size selectivity  to achieve a separation o f



solutes. Size selectivity can also refer to the m olecular w eight o f  solute com ponents. 

The essential difference betw een RO and NF is that RO involves solvent diffusion 

through the bulk m em brane m aterial, w hile NF is a true filtration w ith the sm aller solutes 

passing through voids in the m em branes {< 10 A particle size). Nanofiltration 

separations do not have the sam e rejection capabilities o f  reverse osm osis, but also do not 

require their higher driving pressure. They can be used to concentrate suspended or 

colloidal m aterial in aqueous stream s, rem ove dissolved m acrom olecules from the 

stream , and de-salt stream s. Respective exam ples o f  these types o f  NF separations 

include: ( 1 ) dew atering o f  syrups; (2 ) protein fractionation/separation; and (3) removing 

N aCl from whey.

Industry .Application
A gribusiness Dairy -  effluent treatm ent, m ilk dew atering

Food -  starch, sugars separation
Ferm entation -  wine, dairy

Industrial Recovery o f  valuable products -  paints, dyes
M etallurgy Precious m etal recovery and removal
Environm ental Recovery o f  hazardous by-products

Pulp and paper -  spent sulfite liquor
M unicipal Sanitary w astew ater -  tertiary treatm ent

W ater supply -  desalination o f  brackish or seaw ater
Biotechnology Pharm aceuticals -  serum , deionized w ater

G enetic engineering -  fractionation, separation
Ferm entation -  cell harvesting, enzym e clarification

Table l . l  Industrial applications o f  m em branes

1.1 .1 M em brane Fouling

T he prim ary subject o f  th is dissertation involves fouling and how  the C M D S process can 

m inim ize its deleterious effects. Therefore, it is w orthw hile to exam ine fouling 

m echanism s and current trends used to alleviate fouling. Foulants them selves can be 

characterized by their size in such a m anner: ( 1 ) particles - 10"* to 10^ A. and include such 

th ings as w hite blood cells, red blood cells, bacteria, yeast, and platelets; (2 ) colloids - 1 0  

to 10’* A. w hich include viruses. DNA. lipoproteins, album in and antibodies; and (3) 

solutes - 1 to 10 A. including insulin, antibiotics, sugars and salts. Table 1.2 illustrates 

the relative differences betw een these three types o f  foulants. Each type o f  foulant



affects m em brane surfaces in a  d ifferent m anner, depending upon the capabilities o f  the 

m em branes. For exam ple, reverse osm osis m em branes could potentially  be fouled by all 

three o f  the above categories o f  foulants, where nanofiltration m em branes would 

probably only be fouled by particles and colloids. It is for this reason, that foulant 

characteristics are im portant considerations in the selection o f  a m em brane m aterial for a 

given application.

Diffusivity (cm '/s) O sm otic Pressure Relative
Viscosity

Particles < 1 0 "' negligible high
C olloids 1 0 '” - 1 0 "' low m oderate
Solutes 1 0 '- - 1 0  ° high low

T able 1.2 'o u lan t differences [3]

It is these foulant sizes that often dictate the type o f  fouling that w ill occur on the 

m em brane surface. Figure 1.1 illustrates the three primary fouling m echanism s that may 

occur in RO and NF m em branes, and how  they relate to particle size.

CASE A: PORE MAHROWING/CONSTRICTION

d «  dp Adsorption

CASE B: PORE PLUGGING
dp

d - d p  BlocKage Ü Ü  "

CASEC; GEL/CAKE LAYER FORMATION

d »  dp Deposition

Figure 1.1 Fouling m echanism s (see Fig. 2 o f  [4])



A dsorption fouling, or pore narrowing occurs w hen particles in a  feed stream  are 

adsorbed onto the m em brane 's surface, thus reducing the available size o f  the pores. The 

chem istry o f  the m em brane is such that d issolved m olecules from the feed solution are 

quickly sorbed onto the m em brane 's surface. This may occur by a num ber o f  

m echanism s that include the following: ( 1 ) electrostatic interaction; (2 ) hydrophobic 

effects; and /or (3) charge transfer (hydrogen bonding). In this fouling m echanism , the 

initial adsorption occurs quite rapidly, and w hen all o f  the adsorption sites are filled, a 

pseudo steady-state is reached. It is this initial adsorption o f  solute that creates a 

nucléation site for further build-up on the m em brane surface (m ostly w ithin the 

m em brane structure). A fter this occurs, a m onolayer can form on the m em brane 's 

surface, and. in som e cases, additional layers will eventually form, becom e com pacted 

and im pede both the crossflow  and perm eation velocities [3 |. The phenom enon o f  

adsorption is especially  im portant in the area o f  nanofiltration where the pore size is large 

com pared to reverse osm osis.

Pore blockage o r plugging is the only one o f  the three discussed fouling m echanism s that 

is considered to be reversible. This type o f  fouling is caused by large diam eter particles 

physically  blocking the pores o f  the m em brane, as illustrated in Figure 1.1. These 

contam inants are often aggregates o f  a particular solute in the feed solution. Upon being 

blocked, the pores can be cleared o f  its plugs by sim ply backflushing the m em brane with 

perm eate, w hich is one o f  the m ethods that w ill be discussed later in this section.

The final m echanism , gel layer form ation, is associated  with m acrom olecular fouling on 

the m em brane surface. It is a type o f  concentration polarization associated with 

nanofiltration and ultrafiltration. The term  concentration polarization refers to the 

concentration profile that has a  higher level o f  solute nearest to the upstream  m em brane 

surface com pared  to the m ore-or-less w ell-m ixed bulk fluid far from the m em brane 

surface [1]. This is discussed further in the sections dealing w ith concentration 

polarization and nanofiltration (Section 2.1 and Subsection 3.4.1. respectively).



l . i .2  M em brane Fouling Reduction T echniques

There are three im portant ways in w hich fouling and concentration polarization can be 

m inim ized: ( 1 ) m em brane cleaning; (2 ) feed pre-treatm ent; and (3) m em brane/process 

design. Each o f  these techniques has been well researched, as tlux decline is a serious 

problem  in the acceptance o f  m em brane separations as an econom ically viable process. 

The last two areas are considered preventive, but often it is the tlrst area that is the more 

com m only practiced o f  the three, in conventional m em brane processes.

1.1.2.1 C leaning

W hen tlux decline has reached the point where the m em brane system  is no longer 

perform ing at acceptable levels, cleaning o f  the m em brane m ust be undertaken. 

M em brane m anufacturers define this situation with the following guidelines: (1) 10% 

decline in tlux w hile operating at constant pressure and tem perature; (2 ) 1 0 %  increase in 

driving pressure required to m aintain constant tlux; or (3) 15 to 20%  increase in 

differential pressure betw een feed and concentrate stream s [5]. The m ethod used to clean 

the system  depends on the type o f  foulant and the m aterial o f  the m em brane. C leaning 

can be divided into three categories: ( I )  chem ical; (2) physical (som etim es subdivided 

into hydraulic and m echanical); and (3) physio-chem ical. Chem ical m ethods are 

typically used for irreversible fouling, and physical or physio-chem ical m ethods are 

generally used for reversible fouling situations. C hem ical cleaning m ethods are also 

m ore prevalent w here reverse osm osis m em brane restoration is concerned, and 

nanofiltration and ultrafiltration m em branes rely m ore on the physical and physio- 

chem ical m ethods.

C hem ical cleaning acts to dissolve the fouling layer, or to create a reaction at the 

m em brane’s surface favourable for foulant rem oval. C hem icals are usually introduced 

with a low  pressure, flushing stream  into the m em brane m odule. The type o f  chem icals 

w hich are used in m em brane cleaning include the following; ( 1 ) acids (H N O 3 , citric acid 

and H3 PO 4 ) - used in the rem oval o f  carbonate and sulphate scales; (2) bases (N aO H ) - 

used after an acid  w ash to neutralize the m em brane surface; (3) com plexing agents 

(ED TA ) - necessary for the rem oval o f  C a precipitates; (4) enzym es - can clean protein



build-up on m em branes; (5) detergents - rem ove oily deposits from m em brane; (6 ) 

concentrated NaCl solutions - used to rem ove protein foulants; and (7) 

oxidants/disinfectants (NaOCl and H2 O 2 ) - rem ove biological slim es [6 ].

A s m entioned above, physical cleaning m ethods are often characterized as being 

m echanical o r hydrodynam ic. Table 1.3 describes som e o f  the m ore com m on m echanical 

and hydrodynam ic cleaning m ethods that are currently being used for m em brane 

restoration.

M ethod Description

forward flushing perm eate is pum ped into the feed section o f  the process to 
clean foulant from m em brane surface

reverse Hushing direction o f  perm eate How is alternated betw een the forward 
and backw ard direction

perm eate back pressure reversing the How o f  perm eate by applying large back 
pressure, and at the sam e tim e, allow ing a  feed solution to 
go to the m em brane and wash aw ay loosened foulant 
particles

vibration pneum atic ham m ers are used on the pressure vessel to 
loosen foulant particles, while m aintaining a feed Hush near 
the m em brane 's  surface

air drain and w ater refill the pressure vessel is evacuated with air. then im m ediately 
filled with w ater w hich creates turbulence at the gas/w ater 
interface (turbulence displaces the foulant particles

air sparge periodic injections o f  a ir ahead o f  Hush stream  (useful for 
hollow  fibre m em branes)

sonication ultrasonic cleaning w ith a wetting agent
sponge ball cleaning polyurethane sponge balls are inserted into the pressure 

vessel for a few seconds to scrub the surface o f  the 
m em brane (only  w orks under turbulent How conditions)

T able 1.3 Physica cleaning m ethods [6 ]

These physical m ethods are often used in conjunction with chem ical cleaning m ethods to 

create the category o f  physio-chem ical cleaning. Exam ples o f  these m ethods used for RO 

m em brane treatm ent include; ( 1 ) using reverse Hushing with a surfactant in the cleaning 

stream ; (2) acid  wash stream  used in conjunction w ith foam ball scrubbing; and (3) 

peracetic acid  and hydrogen peroxide w orking w ith a reverse flush technique [6 ].



1.1.2.2 Feed Pre-Treatm ent

In m any situations, pre-treatm ent o f  the bulk feed solution can alter the conditions that 

m ay bring about fouling or concentration polarization at the m em brane 's  surface. 

Effective pre-treatm ent requires know ledge o f  the nature o f  the fouling m echanism , and 

the m em brane material (excessive pre-treatm ent may be harm ful to the m em brane). 

Exam ples o f  pre-treatm ent include: (1) pH adjustm ent; (2) heat treatm ent: (3) change in 

ionic strength: (4) use o f  sequestering agents: (5) chlorination: and (7) coagulation for 

pre-filtration. Table 1.4 gives exam ples o f  some o f  the different types o f  foulants, and 

w hat m ethod o f  pre-treatm ent could be used for each.

Foulant Treatm ent Description
C a salts pH adjustm ent acid addition replaces sulphates and 

bicarbonates with m ore soluble 
chlorides

silica heat treatm ent raised tem perature increases solubility
collo ids coagulate and filter colloids form larger particles which 

can be filtered out
bacteria chlorination rem oves (kills) bacteria
Fe precipitate pH adjustm ent acid dose stabilizes and keeps Fe in 

solution
T able 1.4 Pre-treatm ent m ethods [7]

1.1.2.3 IVIembrane/Process Design

T he area o f  design can be broken dow n into one o f  two areas: (1) m em brane material 

properties: and (2) m em brane process m odifications. The form er deals with the surface 

bonding effects o f  fouling, and the latter with hydrodynam ics. This form o f  fouling 

reduction typically costs less than post-process cleaning techniques, and also helps to 

better understand the nature o f  tlie feed stream , as well as the separation process itself.

In term s o f  m em brane m aterial, the pore size and the distribution often governs how a 

m em brane will foul, therefore if  the m em brane is dense in its pore distribution {i.e. large 

num ber o f  pores), it is less likely to foul as quickly. Surface charge on the m em brane can 

also  be used to m inim ize the effects o f  fouling when used in conjunction w ith the charge 

associated  w ith the foulant. O ften co llo ids in the feed solution are negatively charged.
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and thus a negatively charged m em brane would act to repel the colloid from its surface. 

A nother surface effect is the hydrophilic or hydrophobic nature o f  the m em brane. I f  the 

m em brane is very hydrophilic it will attract w ater to its surface, thus causing the 

m em brane to rem ain "w et’', and not allow  particles to adhere to its surface as easily.

There are several techniques that have recently been developed in both the m anufacturing 

and surface m odification areas. Some o f  the m anufacturing advances have com e in the 

introduction o f  nitrogen-containing polym ers, and the use o f  new m anufacturing 

techniques such as dip coating, plasm a polym erization, interfacial polym erization and 

w ater casting. The surface m odification m ethods include plasm a treatm ent, fiuorination 

o f  hydrocarbon polym ers, and grafting o f  phospholipids onto the m em brane. Plasm a 

treatm ent is an  area that includes, depending on the degree o f  plasm a discharge, reactions 

such as surface plasm a etching, plasm a m odification o f  the chem ical structure o f  the 

surface layer, and plasm a polym erization [8 |. The fiuorination o f  the m em brane 's  

polym er film by using hydrofiuoric acid or fiuorosilic acid increases the hydrophilicity  o f  

the m em brane, and thus reduces the ability o f  solutes to foul [9j. A phospholipid coating 

m im ics the m anner in w hich red blood cell plasm a m em branes resist protein fouling. In 

this sort o f  process, a m icrofiltration m em brane 's  surface is plasm a etched and then 

coated w ith a phosphorylcholine solution. This process reduces the am ount o f  protein 

fouling at the m em brane 's surface, and creates a lower fiux decline com pared to 

untreated m em branes [ 1 0 ].

For process m odifications, hydrodynam ics refers to the m anner in which the bulk feed 

solution reaches the surface o f  the m em brane. Som e o f  these m odifications include: (1) 

increasing crossflow  velocity; (2 ) im proving feed spacers and inserts; (3) use o f  pulse 

fiow; (4) Taylor and Dean vortices; (5) short path lengths in fiat m em brane m odules; (6 ) 

backpulsing o f  perm eate; and (7) use o f  high surface area, low fiux hollow  fibers [11].

A m ethod o f  interest that is capable o f  creating high shear rates due to the presence o f  

T aylor vortices (flow  instabilities) is the use o f  rotating m em brane m odules. In these 

types o f  system , the high shear rate is caused  by the high m em brane speed, as opposed to



a  high crossflow  fluid velocity. A n exam ple o f  this type o f  system  is the Spintek rotary 

m em brane d isk  used for ultrafiltration. It uses the action o f  a centrifuge to create shear 

forces a t the surface o f  the m em brane that act to reduce fouling on the surface. This is 

illustrated in Figure 1.2: where Fd is the force associated w ith the m em brane flux. Fc is 

the centrifugal force' which is a function o f  particle m ass and rotational speed, D is the 

force due to back diffusion. Tr is the radial shear force, and To is the tangential shear 

force. A system  such as this also reduces the solute build-up due the density difference 

betw een the polarized layer and the bulk solution (concentration polarization). Another 

m em brane m odule that will give the high shear rate is the rotating annular m odule 

(F igure 1.3). This type o f  system  relies on a rotating inner m em brane m odule and a 

stationary outer cylinder (pressure vessel) to create the Taylor vortices on the m em brane 

surface. This type o f  process is capable o f  continuous m icrofiltration in the turbulent 

Taylor-vortex  regim e [12]. The basic theory behind these enhanced shear force 

m em brane separation processes is sim ilar to that o f  the researc h to be discussed in this 

dissertation.

Figure 1.2 Forces acting on a particle at the m em brane surface (Spintek 
apparatus) [ 1 1 ]

The term "centrifugal force” Is a  postulated one. However, because the term has com e into popular use, it 
will be used through out this dissertation to refer to the force directed outward from the axis o f  rotation.
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Figure 1.3 Taylor vortices in a rotating annular module (see Fig.l o f  [12|

1.1.3 Evolution o f  C entrifugal M em brane Processes

As discussed above, advantages can be obtained by using rotating m em brane processes to 

create turbulent, o r at least unstable. How at the m em brane surface. Before describ ing in 

detail the process used for the experim ents contained in this dissertation, it is worth 

looking at som e at som e o f  the earlier process design work done in this area. W ork done 

in this area by Grenci [13] introduced a system  w here a rotating cylindrical m em brane 

uses the centrifugal force generated to create the pressure necessary to drive the reverse 

osm osis process. In this system , the m em brane is placed on the inside o f  a rotating 

cylinder wall, and the salt w ater feed is introduced in the center o f  the cylinder. The 

action o f  the centrifuge causes the m igration o f  the salt w ater to the wall, and thus to the 

m em brane. An invention by K eefer [14] addresses the problem  associated w ith kinetic 

energy losses due to rotor w indage in a rotary reverse osm osis process. An im peller feed 

pum p, w hich is integral to the rotating m em brane pressure vessel, creates the required 

feed pressure for the reverse osm osis process. The advantages o f  the centrifugal 

environm ent on the m em brane 's surface can still be achieved in this configuration. As 

the w orking pressure is due to the pum p and not the centrifuge, low er rotating speeds are 

possible, and thus a reduction in w indage losses.
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The theory behind the process investigated in this dissertation was initially developed 

from work done by W ild and Vickers involving a  centrifugal reverse osm osis (CRO) 

desalination system . In CR O , low pressure feed w ater enters the device along a rotational 

axis and m oves to the periphery o f  a spinning rotor where the pressure developed is 

sufficient to drive the reverse osm osis process. Perm eate is released at the periphery, and 

the retentate is returned to the rotational axis before leaving the device at low pressure. 

This critical aspect o f  CR O  results in energy savings o f  40-60%  that o f  conventional high 

pressure reverse osm osis [15]. The patented design uses an evacuated enclosure to 

further reduce energy losses due to the rotor windage [16]. The developed CRO 

prototype uses sixteen conventional spiral w ound m em brane cartridges on the rotor. In 

using the circular pattern (Figure 1.4a) o f  spiral w ound cartridges (F igure 1.4b) in the 

CRO  process, an infinite num ber o f  m em brane orientations were possible, w ith respect to 

the center o f  rotation. In this type o f  apparatus, there is no way o f  know ing if  one 

particular m em brane orientation is m ore advantageous than any other, w ith regards to 

exploiting centrifugal forces in the reduction o f  fouling.

The process referred to in this dissertation is the Centrifugal M em brane Density 

Separation (C M O S) process. CM OS applies the sam e process as C R O  (feed along axis 

o f  rotation and perm eate release at the periphery) to develop the process pressure, but 

unlike CRO, uses fixed orientations o f  the m em branes with respect to the rotational axis. 

In a  process such as the CM O S system , the m em brane can be oriented in one o f  several 

ways relative to the axis o f  rotation, each o f  which is expected to create a  specific type o f 

reduction in fouling. This system  utilizes centripetal acceleration and Coriolis forces, 

generated by a rotating centrifuge, to create the unstable flow necessary to reduce the 

fouling (including concentration polarization) at the m em brane surface. The following 

sections will describe how  the process w orks, m em brane orientation, previous and 

ongoing academ ic w ork involving CM O S, and prelim inary calibration experim ents.
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Figure 1.4(b) Typical spiral w ound cartridge (see Fig 5.37 o f  [17])
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1.2 CMDS Process Description

The experim ents for this dissertation involve the use o f  an apparatus designed and 

constructed at the U niversity o f  V ictoria (Figure 1.5). A b rie f apparatus description 

follows, but a  m ore com plete description is available in [18]. The apparatus has been 

designed to accom m odate rotors o f  varying geom etries and operating speeds. The 

principal com ponent o f  the design is a 5-foot diam eter rotor housing w hich can be 

evacuated to m inim ize (fictional pow er loss and heating due to w indage. A 15 hp drive 

motor, disc brake, and oil lubricated bearings are m ounted on the rear o f  the rotor 

housing, and the entire housing is m ounted on vibration isolation feet to m inim ize the 

effects o f  m inor im balances in the test rotors. A circulation pump, tanks, heat exchanger, 

and plum bing take fluid to a rotary coupling which connects the spinning rotor to the 

stationary plum bing. The rotor system  consists o f  an arm with a m em brane head at one 

end and a counter balance at the other. The shaft and m em brane head have been 

constructed out o f  titanium  in order to reduce the weight and the stress problems 

associated w ith high g forces. Plum bing fixed to the arm carries the feed fluid to the 

m em brane head and returns the retentate to the rotor axis (Figure 1.6). The rotor is 

capable o f  achieving pressures up to 8300 kPa, at rotational speeds up to 2200 rpm.

’i-

Figure 1.5 CM D S Apparatus -  door closed
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Figure 1.6 CM D S A pparatus -  door open

M em brane m odules used in this apparatus are stacked in a m em brane holder, which is in 

turn placed in the m em brane head that is a ttached to the rotor. Figure 1.7 show s how  the 

individual m em brane m odules would be stacked in the m em brane holder, and Figure 1.8 

represents the m em brane head configuration and its associated nom enclature. The 

m em brane m odules each consist o f  a perm eate spacer fixed betw een an im perm eable 

layer and a layer o f  m em brane. The m em brane m odules, up to 9 in the m em brane cell, 

all face in the sam e direction and are subject to the sam e relative d irection o f  centripetal 

acceleration. Each m odule has an average m em brane area o f  50 cm". The perm eate that 

flows through the m em brane head is eventually  released into the vacuum  housing. Prior 

to this release, the perm eate flow rate, conductiv ity  and tem perature are m easured in a 

custom  m easurem ent cell (discussed further in Section 1.3.1). This instrum entation, 

along with other apparatus system s, report to a  LabV iew  " interface w hich m onitors and 

tracks perform ance, and in the event o f  failure, shuts dow n the apparatus.
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Before the process is initiated, the m em brane holder (containing the m em brane modules) 

is secured into the m em brane head w ith eight bolts. The vacuum  housing door is sealed 

and the vacuum  pum p is turned on to bring the interior vacuum  to approxim ately 28 in 

Hg. W hen the process begins, feed enters along the rotor axis and is pum ped at low- 

pressure to the m em brane head at the rotor periphery. As the ro tor spins the pressure 

increases with the rotational speed. It is this pressure that provides the driving force for 

the perm eation across the m em brane, and the perm eate released at the periphery produces 

the transm em brane pressure. The concentrated feed returns to the rotary coupling and 

then exits the vacuum  housing at low pressure to be returned to the process feed tank.

1.2.1 M em brane O rientation

As m entioned in Section 1.1.3. the m em brane m odules in the CM D S process can be fi.xed 

into one o f  several orientations. M em brane orientation plays an im portant role in the 

design o f  the experim ents. G iven orientations are available which will best exploit the 

benefits obtained from the Coriolis and centrifugal forces. In later chapters, this will 

com e to light w hen describing the role each o f  these two forces play in the reduction o f  

fouling and concentration polarization at the m em brane surface.

In an effort to keep the nom enclature for these orientations straightforw ard, analogies 

have been developed w hich utilize the term s "pitch, roll and yaw". These three terms 

refer to the rotations about the z. x and y axes, respectively (refer to Figure 1.9). The 

pitch angle is ach ieved  by using one o f  the two m em brane heads available for the CM DS 

apparatus. Head #1 represents the 0° pitch angle, while head #2 represents the 90° pitch 

angle. G iven the constraints o f  the hardw are, these two pitch angles are the only ones 

currently available in the CM D S apparatus. The roll angles available depend on which o f  

the two m em brane heads is being used. For head #1. only two roll angles are possible. 0° 

and 180°, and these depend on how  the m em brane m odules are placed into the m em brane 

holder. I f  the m odules are placed in the holder w ith the active m em brane surface facing 

down, the roll angle is considered to be 0°. W hen the m odules are placed in the holder 

with the active m em brane surface facing up, the roll angle is considered to be 180°. 

W hen using m em brane head #2. any roll angle, from  0° to 360°. is possible to obtain. As
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is the case w ith head #1. m em branes can be placed into the m em brane holder with either 

the active m em brane surface facing up o r down. In these cases, the roll angles differing 

by 180° can be achieved without having to physically turn the rotor 180°. Y aw  angles 

alw ays refer to the way in which the m em brane holder can be m ade to rotate w ithin the 

m em brane head. G iven that there are eight bolts connecting the holder to the head, there 

are eight d ifferen t yaw  angles possible: 0°. 45°, 90°, 135°, 180°. 225°, 270° and 315°. 

Figure 1.9 illustrates exam ples o f  how  the m em brane is oriented with respect to the axis 

o f  rotation.

W ith these three descriptors, subsequent orientations will be given by 3 num bers, in the 

order o f  pitch, roll and yaw. For exam ple, the orientation 0,180,90 refers to a pitch o f  0°, 

a roll o f  180° and a yaw  o f  90°. O ccasionally , the letters p.r.y will be used if  a generic 

description o f  the orientation is desired for experim ent description. An exam ple o f  this 

would occur w hen describing m em brane head #2 experim ents as 90.r,y experim ents.

One o ther related com ponent o f  m em brane orientation is the direction o f  spin o f  the 

centrifuge rotor. The CM D S apparatus is capable o f  rotating in either a clockw ise or 

counter-clockw ise direction. However, for all o f  the experim ents described in this, and 

the next tw o chapters, the direction o f  spin  is alw ays counter-clockw ise as illustrated in 

Figure 1.9.
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1.3 Previous and Ongoing Academic Work on CMDS Process

O ver the past few years, work involving the CM D S process has given rise to several 

academ ic w orks by o ther graduate students, aside from the w ork being described in this 

dissertation. These have included developm ent o f  a custom  m easurem ent device, 

com putational tluid dynam ic m odels, and a determ ination o f  angular influences on the 

CM DS process. This section will provide b rief descriptions o f  these w orks, and how they 

relate to the experim ents to be described in this and later chapters.

1.3.1 FRACT

The flow rates produced by the experim ents using the CM D S prototype were envisioned 

to be fairly low (< 20 m L/m in). and thus it becam e necessary to m easure the flow while 

the process was running. Due to this factor, and also the harsh environm ent present in the 

CM DS process (2000 rpm  and 3200 G 's ) . it was determ ined that there was a need for a 

custom  m ade m easurem ent device. This device, referred to as the CM D S Flow Rate and 

C onductivity T ransducer (FRA CT). w as developed by Peter Byrnes in ful Ailment o f  the 

thesis portion o f  his M .A.Sc. degree [20]. This was conceived, designed and built for use 

onboard the m em brane head at the end o f  the rotor o f  the CM D S apparatus. In the 

concept phase o f  this work, it was determ ined that flow rate and conductivity were the 

target quantities to be m easured by this device. These two quantities would help to 

determ ine how  m uch perm eate was passing through the m em brane, and at w hat quality 

(% rejection = ^conductiv ity)). As the perm eate was to be released into the vacuum  

housing, this device had to be m ade to capture, m easure, and release the perm eate. The 

challenge associated w ith this design was to build a  device that could w ithstand high 

gravitational forces and vibrations, w hile being able to deliver signals from within the 

device to a user interface located outside.

From initial experim ents, it was determ ined that the ranges for flow  rate and conductivity 

should be 0.5-20 m L/m in and 0-5 m S/cm . respectively. For the flow  m eter part o f  the 

device, a "All and em pty" cham ber w as envisioned for use. T his cham ber would have an 

electrom agnetic actuated  valve that w ould allow  for the control o f  the filling and draining 

o f  the device. Inside o f  the fill cham ber, fluid level-sensing electrical contacts would



2 0

create the signals necessary for the flow m easurem ent determ ination. The conductivity  

m easurem ent was to be determ ined by using tw o parallel platinum  plates placed inside o f 

the fill cham ber. This m easurem ent was tem perature com pensated based on a 

tem perature-sensing channel w ithin the FRACT. The conductivity voltage signal was 

converted to m S/cm  (X), w hich in turn could be converted to ppm NaCl (Y) using the 

following 3‘̂‘* order polynom ial:

Y = -3.1500 + 486 .54X + 10.176X" -0 .7 4 5 3 .\1 0 '-X ’ ( l . l )

Once initial testing w as com plete, the FRACT w as attached to the perm eate port o f  the 

m em brane head for dynam ic testing. The perform ance o f  the FRACT during this testing 

is sum m arized in Table 1.5.

M easurem ent Range Precision

Flow Rate 0.5-20 m L/m in ±2.5%  (w lO m L /m in )

Conductivity
High Range 0.44-5 m S/cm ±0.3%
Low  Range 0-0.34 m S/cm ±0.1%

Tem perature 15-45 X ±0.5%
Tabic 1.5 FR A C T operating ranges

1.3.2 C om putational Fluid Dynam ic M odels

Num erical m odeling o f  the CM DS process com plem ents the experim ental work 

conducted using the process. The CFD m odels were developed by Jon Pharoah in 

fulfillm ent o f  the thesis portion o f  his M .A.Sc. degree [21 ], as well as in his ongoing PhD 

dissertation research. The m odels consist o f  a three-dim ensional flow channel w ith a 

perm eable m em brane surface, where the m em brane itself is m odeled using a boundary 

condition representing the preferential rem oval o f  one com ponent o f  the solution [22]. 

Sim ulations involving both a  conventional static m em brane process and the rotating 

CM D S process w ere exam ined, and com pared.

The fluid flow in the CM D S process is determ ined  by the conservation o f  m ass, the 

N avier-Stokes equations and a  scalar transport equation. These governing equations are
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outlined in both o f  the above noted references. The boundary conditions specified for 

these equations include inlet, outlet and no-slip conditions, as well as a  selective 

m em brane boundary condition. This m em brane boundary condition is based on both the 

m ass ( J s )  and volum e ( j v )  tlu.\ across the m em brane, represented by the following 

respective equations:

y, = I  ( A f - A H )  (1.2)

cy ) (1-3)
K

where R is the m em brane rejection, cy is the feed concentiation. Cp is the perm eate 

concentration. Lp is the m em brane perm eability. AP is the hydrostatic pressure difference 

and AIT is the osm otic pressure difference.

The m odel and boundary conditions are solved w ith a finite e lem ent analysis using the 

CFD  code T A SC tlow Sd. Som e o f  the results for this analysis are related to the 

concentration polarization experim ents conducted on the CM D S apparatus, and are 

discussed in Section 2.3 o f  this dissertation. In general, the C FD  experim ents help to 

highlight phenom ena that m ay be occurring at the surface o f  the m em brane, which in turn 

m ay be reducing the effects o f  concentration polarization and/or fouling. This type o f  

w ork helps to show  how  the theoretical w ork can greatly enhance the overall quality o f  

the experim ental work. It can provide direction for the experim ents, thus negating the 

need for a lot o f  "trial and error" work. This factor is im portant because o f  the significant 

am ount o f  tim e necessary to conduct a single set o f  experim ents. An exam ple o f  this 

enhancem ent was h ighlighted by the CFD determ ination that show ed that C oriolis forces 

w ere playing a sign ificant role in the creation o f  the aforem entioned flow instabilities on 

the m em brane surface. It was this work which directed the experim ental focus tow ards 

exam ining specific orien tations (to be described in the next two chapters).



1.3.3 A ngular Influences in CM DS Process

As the current C M D S apparatus is a prototype, a  view  towards eventual scale-up has 

been exam ined. This research was com pleted by A lvin Bergen in fulfillm ent o f  the thesis 

portion o f  his M .A.Sc. degree [18]. This w ork exam ines angles that need to be 

considered for an eventual m odule design that contains m ore m em brane m aterial. This 

thesis goes into great detail on the work that w ent into the m echanical design o f  the 

CM DS prototype apparatus. Bergen also exam ines such areas as tem perature dependence 

and tem perature control. This became an im portant issue, as it was determ ined that tlux 

increased by 3.6%  for every °C increase in tem perature. He also expands upon the 

concentration polarization work (to be d iscussed in the next chapter) by taking a closer 

look at the relevance o f  the yaw  angles to tlux enhancem ent.

Based on his experim ental work. Bergen determ ined  that the m em brane orientation in 

future CM DS m em brane modules should em ploy radial feed How w ith m axim um  

Coriolis acceleration. This lim its the m odule design  to a configuration w ith annular rings 

or axial vanes. He determ ined that developing a cartridge design w here the entire 

circum ference o f  the rotor is filled with m em brane m aterial would m axim ize packing 

density but w ould be difficult to im plem ent. A rotor design with discrete cylindrical 

pressure vessels and m odular m em brane cartridges was found to be a practical 

alternative. A cartridge design em ploying a series o f  double sided m em brane disks 

aligned in the planar orientation would contain  proper geom etry to m axim ize 

perform ance and w ould  sim plify m anufacturing. Bergen proposes that by incorporating 

the feed distribution channels into a split m em brane disk support shell, a robust and easy 

to assem ble cartridge design would result. The m odule w ould be functionally sim ilar to 

the spiral w ound m odules used in the C R O  rotor design [16], but optim ized for the 

dynam ic environm ent.

1.4 Preliminary Calibration Experiments

Initial experim ents w ere conducted on a conventional pressure-driven m em brane (static) 

apparatus (F igure 1.10). This apparatus has an identical m em brane head to that used for 

the CM DS apparatus. This allowed for the sam e m em brane holder, contain ing  a  given



set o f  m em brane m odules, to be used in com parison experim ents. The static apparatus 

also consists o f  a high-pressure reciprocating pump, capable o f  producing applied 

pressures o f  up to 6900 kPa. A dditional equipm ent includes a bladder accum ulator to 

dam pen the pum p 's pulses, two feed tanks, a backpressure regulator, pressure regulator, 

and associated plastic and stainless steel plum bing. Flow and conductivity  are m easured 

in the static process using a tim ed fill volum e and a bench top conductiv ity  m eter, 

respectively.

I
wleas

Figure 1.10 Static m em brane apparatus

The initial calibration experim ents were perform ed to see if  there w ere any factors that 

contributed to im proved flux perform ance, regardless o f  w hether the process was 

dynam ic o r static. The experim ents w ere conducted to exam ine m em brane orientation 

w ithin the m em brane holder, flow  inlet and ou tle t angles {i.e. yaw  angles), feed flow  rate.
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backpressure, and tem perature dependence. These experim ents were conducted at a fixed 

pressure (3100 kPa) and NaCl solution concentration (500 ppm ). Exceptions occur in the 

backpressure experim ent, w hich was conducted at a transm em brane pressure o f  4200 

kPa. and in the tem perature experim ent, w here the NaCl concentration was 18.000 ppm. 

The low NaCl concentration was chosen for m ost o f  these experim ents in order to 

m inim ize concentration polarization effects. These prelim inary experim ents also helped 

in the developm ent o f  process and m em brane know ledge. This inform ation becam e 

valuable later, as it provides "rule o f  thum b" experience on both the CM DS process and 

mem branes.

Table 1.6 illustrates exam ples o f  the prelim inary experim ents conducted to test the effects 

o f  yaw. m em brane orientation w ithin the holder and feed flow rate using the static 

system . The position o f  the m em brane is given in this table in the standard m em brane 

orientation discussed in Section 1.2.1. Though no pitch exists in the static apparatus, it is 

designated as 0“ for the purposes o f  this presentation o f  data. In the experim ents, the feed 

flow rate was varied from 2 to 7.5 L/min. 4 different yaw  angles were exam ined and both 

the "up and dow n" o f  the m em brane w ithin the holder (roll = 0 and 180) was looked at. 

From  these results, it was determ ined that little, to no. effect was observed. The only 

sm all observed trend occurred in the varying o f  the feed flow rate. W hen the feed flow 

rate was increased the perm eate volum e flux also increased. This is attributed to the 

corresponding increase in fluid velocity across the m em brane. W ith the fixed area o f  the 

cell, the Reynolds N um ber increases slightly, but still rem ains in the lam inar flow regim e 

(Re ~ 200). Though the feed solution w as low in NaCl concentration, the increased fluid 

velocity may have been reducing any sm all am ount o f  concentration polarization that 

m ay have been occurring at the m em brane surface.
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E xperim ent # M em brane
O rientation

Feed Flow  
Rate (L/m in)

V olum e Flux 
(L/m* hr)

1 0.0.0 4.0 27.7 ± 1.1
2 0,180.0 4.0 29.3 ± 0.4
3 0,0,135 6.0 31.0 ± 2 .0
4 0,180,135 6.0 30.4 ± 1.3
5 0.0,45 4.0 26.9 ± 0 .8
6 0,0,135 4.0 29.2 ± 0 .9
7 0,0.180 4.0 29.0 ± 0.5
8 0.0.0 2.0 26.3 ± 0.2
9 0.0.0 7.5 30.2 ± 1.4
10

(#8 repeated)
0.0.0 2.0 26.5 ± 0.3

T ab le 1.6 Sum mary o f  calibration experim ents

The effect o f  backpressure was also exam ined  on the static apparatus. This was deem ed 

necessary because o f  the fact that the CM D S apparatus exerts a backpressure on the 

perm eate due to the plum bing w ithin the m em brane holder. The perm eate travels a short 

distance tow ards the rotor axis before release into the vacuum cham ber, thus the radial 

difference betw een the m em brane radius and the "critical release radius" [16 .231 creates a 

backpressure on the m em brane. Using the backpressure regulator on the static apparatus, 

the backpressure was varied from 0 to 1400 kPa in 350 kPa increm ents. The 

corresponding applied pressure was varied to ensure that the transm em brane pressure 

rem ained at a  constant 4200 kPa throughout the experim ent. These experim ents showed 

that there w as no difference in perm eate tlux or salt rejection when the backpressure was 

applied. B ecause o f  this, direct tlux com parisons could be conducted betw een the static 

and dynam ic processes w ithout having to account for the inherent backpressure o f  the 

dynam ic process.

The final prelim inary experim ent involved the dependence o f  tlux on the tem perature o f  

the feed solution. During the earlier experim ents, it was determ ined that the increase in 

tem perature over tim e was causing an increase in perm eate flux. This increase in 

tem perature alters a  num ber o f  properties o f  the feed stream: v iscosity  is decreased, 

density is decreased, diffusivity o f  ionic species is increased. All these factors com bine 

to increase the flux across the m em brane. A n experim ent was conducted to exam ine the
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significance o f  this relationship (Figure 1 .11). The linear regressions provided m eans for 

establishing how  significant the effects w ere. The results for the static and dynam ic 

processes w ere 0.50 L/m ‘ hr per ° C and 0.79 L/m" hr per ° C , respectively. From these 

results, it was determ ined that subsequent experim ents should  be tem perature controlled 

to ±  1 °C. T his was achieved by using an existing single-pass, concurrent flow heat 

exchanger on the static apparatus, and a retrofitted heating/cooling system  on the CM DS 

apparatus [18].

The next step in the prelim inary experim ents was a direct com parison betw een the static 

and dynamic system s. This experim ent was also conducted at low NaCl solution 

concentration to m inim ize the effects o f  concentration polarization. In this case, the same 

m em brane holder (titanium ) and m em brane m odules were used for both the static and 

dynam ic processes to obtain a direct com parison. The com parison involved determ ining 

the perm eate volum e flux as a function o f  pressure (Figure 1.12). This experim ent was 

the first one to test if  the CM DS apparatus worked at least as well as a conventional, 

pressure-driven m em brane process. It w as concluded from this experim ent that the 

C M D S apparatus did work in a sim ilar m anner to that o f  a pressure-driven process.

As previously m entioned, the prelim inary experim ents helped in the developm ent o f  "rule 

o f  thum b” process know ledge. For exam ple, it becam e apparent that there was some 

variability o f  m em brane m odules. The variation betw een the m em brane m odules was 

found to be ± 10-15%. which occurred because o f  the d ifferent m em brane material 

sam ples used and the m anner in w hich the m em brane m odules were assem bled. There 

also seemed to be m inor day-to-day variations in the flux perform ance o f  the m em brane 

m odules (± 2% ). These errors were unavoidable and had to be factored into the 

experim ents as a  potential source o f  unquantifiable error, especially  w ith the ± 2% day- 

to-day variation. Because o f  this factor, the use o f  static experim ents as reference 

experim ents becam e even m ore im portant for each concentration polarization and fouling 

determ ination.
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Figure 1.11 Temperature dependence on permeate flux
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1.5 Principles of Experimental Work

The previous inform ation has laid the foundation for the experim ental w ork that follows 

in the next tw o chapters. Previous work described in the literature, initial CM DS 

experim ents and the prelim inary CFD work has highlighted the possibility that secondary 

tlow  patterns can be developed on the surface o f  a m em brane operating in a centrifuge. 

Exploiting the centrifugal and Coriolis forces can develop these flow  patterns 

(instabilities), w hich in turn can lead to the reduction o f  fouling and concentration 

polarization on the m em brane surface. Exam ining absolute flux and flux decline for 

various m em brane orientations with respect to rotation, will provide inform ation on how 

best to utilize the above-m entioned forces in the enhancem ent o f  m em brane flux and 

reduction in fouling.
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Concentration polarization is a  useful area to start in the developm ent o f  m em brane 

orientation know ledge. The experim ents associated w ith this phenom enon involve less 

com plex feed solution preparation com pared to those involved with the fouling 

experim ents. The intent o f  the concentration polarization experim ents is to com pare the 

perform ance o f  the m em branes in various orientations relative to results under the sam e 

conditions from the conventional static process. The perform ance will be quantified by 

exam ining the m agnitude o f  the tlux enhancem ent through various defined factors. 

These factors will help to illustrate the m agnitude o f  the C oriolis and centrifugal forces 

being applied to the bulk solution near the m em brane surface. These results will help to 

identify the "best" orientation, w hich may later be utilized in an ultim ate scale-up o f  the 

process. They will also probe the relative im portance o f  centrifugal and Coriolis forces in 

flux enhancem ent. Once again, these experim ents lead to valuable "rule o f  thum b" 

know ledge w ith respect to the CM DS process, w hich can be utilized in future 

experim ents.

The fouling experim ents have several purposes in this dissertation. They will help in the 

understanding o f  the fouling m echanism s for colloidal solutions, and in the determ ination 

o f  the relative m agnitude o f  flux enhancem ent associated with both Coriolis and 

centrifugal forces. The relative m agnitude o f  flux enhancem ent, as well as the absolute 

flux, will also be quantified w ith defined factors. As som e o f  the fouling feed stream s are 

denser than the brine solutions, it is anticipated that the centrifugal forces will play an 

essential role in flux enhancem ent. As an additional part o f  the fouling experim ents, 

fouling o f  nanofiltration (NF) m em branes is also exam ined. NF processes em ploy a 

different type o f  transport across the m em brane, and will thus help to illustrate two 

points. These include: (1) w hen required, the C M D S process works effectively for 

different types o f  m em brane transport m echanism ; and (2) Coriolis and centrifugal forces 

can help in the enhancem ent o f  flux for m acrom olecular feed solutions (proteins), w ith 

respect to m em brane orientation.
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2 C oncentration Polarization

2.1 Introduction

Concentration polarization is one o f  the m ost pervasive problem s encountered in 

m em brane processes. Though considered to be a type o f  fouling, it often is discussed 

separately because o f  its different m echanism . It results from the buildup o f  a lam inar 

boundary layer that increases solute concentration at the surface relative to the bulk 

solution. This occurs because w ater perm eation at the m em brane surface leaves the more 

concentrated solute layer that must diffuse back into the bulk liquid [24]. This in turn 

creates a reduction in the flux across the surface o f  the membrane, and thus a reduction in 

the process efficiency. This is particularly true for reverse osm osis m em branes where 

osm otic pressure is also a consideration. In this case the flux is a function o f  applied 

pressure and osm otic pressure [flux = Lp(AP-An)], and as the latter increases, the flux 

will decrease. The increase in solution concentration in the boundary layer will create 

this higher osmotic pressure. Figure 2.1 illustrates this phenom enon by showing the 

solute concentration profile o f  the boundary layer, adjacent to the m em brane surface 

(solid yellow area).

d C

05X

Figure 2.1 Concentration profile during concentration polarization
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As the bulk solution flows across the surface o f  the m em brane, it selectively perm eates 

solvent through the m em brane, leaving solute behind. This build up o f  concentration at 

the m em brane surface can be expressed m athem atically w ith a sim ple m ass balance 

across the thickness o f  the boundary layer. 6. and is referred to as film theory [25], This 

theory assum es that the bulk flow outside o f  the lam inar film is better m ixed and has a 

uniform concentration [26]. Therefore, the concentration gradient only exists in the 

lam inar film, and accounts for all the resistance to m ass transfer in the solution phase.

The solute convection to the m em brane is given by a term  Jv*C, while for the back 

diffusion o f  solute to the bulk solution, it is Ds»dC/dx. At steady state, the two fluxes 

will balance each o ther according to equation 2.1.

a.)
LlX lix

If  this relationship is integrated over the mass transfer boundary layer thickness, one 

arrives at the expression for flux across the m em brane (equation 2.2).

^  ^  (2.2)

Because the boundary layer thickness is unknown, the term  D /ô  is usually defined as k. 

or the mass transfer coefficient [26]. and thus equation 2.2 can be redefined as:

^  = “ P  X  (2.3)
Q  k

From this relationship it can be seen that as the perm eation across the m em brane 

increases (increasing Jv). the concentration at the m em brane surface will also increase. 

As m entioned above, this increase in concentration w ill also create a  higher osm otic 

pressure, which coupled w ith the back diffusion w ill increase the bulk concentration, thus



low ering tlux. For reverse osm osis m em branes and relatively dilute electrolytic feed 

solutions, there is no practical upper lim it o f  the lim iting wall concentration. This is not 

true for the nano tiltration o f  m acrom olecules where a phenom enon, known as gel 

polarization limits the wall concentration. Gel polarization w ill be discussed further in 

the section dealing with nanofiltration (Section 3.4.1).

Concentration polarization reduction is one o f  the prim ary goals o f  the centrifugal 

m em brane process. Experim ents were developed to see if the process could reduce 

concentration polarization, and w ith which m em brane orientation was the reduction most 

effective. For future scale-up o f  the process, it is im portant to determ ine which 

orientations yield the best results. For exam ple, it is assum ed that m em branes in the 

general O.r.y orientation will show  both an im provem ent and reduction in flux com pared 

to the static process. For m em branes in the O.O.y orientation (i.e. active face facing 

outw ard with respect to the centre o f  rotation) it is assum ed that the density effect o f  the 

centrifuge will act in such a m anner to draw  more concentrated solution away from the 

surface o f  the m em brane. This will then enhance the flux relative to the static case. This 

density  effect occurs because o f  the high rotational speeds o f  the centrifuge that creates 

significant centrifugal forces. It is these forces that cause the m igration o f  dense objects 

aw ay from  the centre o f  rotation. M em branes in the O.lSO.y orientation (i.e. active face 

facing inward with respect to the centre o f  rotation) should give the opposite results, with 

concentrated solution being held near the surface o f  the m em brane by the gravitational 

forces, thus creating less flux relative to the static case.

As was discussed in Section 1.3.2. earlier com putational fluid dynam ic work had 

determ ined that Coriolis forces create instabilities in the flow  patterns which may be 

partially  responsible for the reduction o f  the lam inar boundary layer at the m em brane 

surface, and subsequent reduction o f  concentration polarization. M em brane orientations 

using the general 90.r.y orien tation  could be used to exam ine this effect. Som e o f  the 

orientations are capable o f  producing m inim um  Coriolis forces, w hile others can produce 

m axim um  Coriolis forces. These orientations will also be com pared to the O.r.y 

orientations, discussed in the previous paragraph. In all cases, perform ance relative to the
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static case will be exam ined to determ ine how  well each orientation perform s. This will 

be the m ain m eans o f  com parison betw een the orientations, and the actual m ethod o f  

com parison will be discussed in Section 2.3.

2.2 Experimental Procedure

The experim ents involved the use o f  the two fixed heads (O.r.y and 90.r.y) that are 

representative o f  the two principal pitch angles possible in the dynam ic apparatus. Initial 

work in the prelim inary calibration experim ents had developed a sufficient level o f  

expertise w here the process operating param eters w ere well established. .A.11 

concentration polarization experim ents were conducted with a feed recirculation rate set 

at 2 L/min. a feed tem perature o f  25 °C. and in all cases, four m em brane m odules were 

used. These four m em brane m odules have a com bined area o f  approxim ately 200 cm '. 

The m em brane m aterial used in the individual m em brane m odules was DS-3^'^. a  thin- 

111m com posite reverse osm osis m em brane from O sm onics (previously Desalination 

System s). Table 2.1 sum m arizes som e o f  the specifications for the m em brane m aterial. 

In the case o f  the dynam ic experim ents, the direction o f  rotation was alw ays counter

clockw ise.

Specification V alue

application organic separations, landfill leachate, w astew ater 
treatm ent

m em brane rating 99.0%  average NaCl rejection (based on 32000 ppm  NaCl 
feed at 5 ,5 16 kPa operating pressure and 25°C).

pH range optim um  rejection at pH 5.5-7.0. operating range 2.0-11.0
typical operating pressure 5.500 kPa
m axim um  pressure 6.900 kPa
m axim um  tem perature 50°C

T able 2.1 DS-3™ m em brane m aterial specifications [27]

Experim ents w ere run using the fixed head with the p itch  o f  0° (designated as O.r.y). 

These experim ents involved the use o f  varying concentrations o f  NaCl in both the static 

and dynam ic system s. The three NaCl concentrations that w ere used included 10000. 

22500 and 35000 ppm , and w ere prepared using distilled  w ater (reduced likelihood o f
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biological fouling com m only associated w ith tap w ater) and a coarse grade o f  NaCl. The 

concentrations were determ ined based on the conductivity  calibration (equation 1.1) that 

was used when using the bench top conductivity  m eter in the sample preparation. The 

procedure for these experim ents involved running the m em brane m odules on the dynam ic 

system  using both the inw ard and outw ard facing orientations (represented as 0 ,180.y and 

O.O.y. respectively, as discussed in the previous chapter. Section 1.2.1). Upon com pletion 

o f  these dynam ic experim ents, the m em brane head assem bly was transferred to the static 

apparatus for duplicate experim ents. This procedure was conducted separately for each 

o f  the three NaCl concentrations. The procedure involved varying the applied pressure 

from 2700 to 5500 kPa (in approxim ately 700 kPa increm ents) for each concentration o f  

feed solution. Varying num bers o f  perm eate sam ples were sequentially collected at each 

pressure to determ ine the tlow  rates. These sam ple tlow  rates were determ ined using the 

FR A CT on the dynam ic apparatus, and using a set volum e vessel and stopw atch on the 

static apparatus. In both processes, the concentrate was recycled back to the feed tank, 

and a volum e o f  fresh w ater was added periodically to make up that lost in the perm eate 

stream .

In trying to determ ine how  well the dynam ic process would perfom i at even higher 

e lectrolyte concentrations, a problem  with the FR A CT was identified. The conductivity 

m easuring capability  o f  the FRA CT had an upper lim it for the perm eate stream  (as 

described in Section 1.3.1). This in turn lim ited how  concentrated the feed solution could 

be based on a m inim um  m em brane rejection value o f  95% . In an effort to overcom e the 

upper lim it o f  the FRA CT conductivity  m easurem ent, an electrolyte solution had to be 

used w hich allow ed for higher concentrations, w hile keeping within the bounds o f  the 

dynam ic system  conductiv ity  m easurem ent. It was decided that MgSOa w ould be used for 

this purpose given its significant solubility  coupled with its lower specific conductivity 

relative to NaCl. In effect, tw ice the w eight fraction o f  that used for NaCl were used as 

M gSOa feed solutions for this part o f  the experim ent using the O.r.y head. The MgSOa 

experim ents used the sam e procedure as the one described above for NaCl.
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A nother set o f  concentration polarization experim ents w ere run using the fixed head with 

the pitch o f  90° (designated as 90.r.y). In the case o f  this head, tw o roll angles o f  interest 

were exam ined experim entally; roll 0° and roll 90° (designated as 90,0.y and 90.90,y. 

respectively). The procedure for these experim ents were altered  som ew hat in that all 

three NaCl concentrations w ere run consecutively on the dynam ic system , and then, 

consecutively, on the static system . For these experim ents, only NaCl solutions were 

used as feed solutions.

From the previous O.r.y head experim ents, an approxim ate operating pressure range for 

each concentration was determ ined. Therefore, unlike in the O.r.y experim ents, the 

applied pressure ranges varied for each feed solution concentration. Sim ilarly, the 

pressures were increased in 700 kPa increm ents. Table 2.2 sum m arizes the operating 

pressure ranges used for the 90.r.y head experim ents. The perm eate sam ples were 

collected in the sam e m anner described above for the O.r.y experim ents.

NaCl Feed Solution (ppm ) Orientation Applied Pressure Range (kPa)

10000 Dynam ic 90.90.0 1 4 0 0 -5 5 0 0

Static C om parison 2700 - 5500

22500 Dynam ic 90.90.0 2100 - 5 5 0 0

Static Com parison 2700 -  5500

35000 Dynam ic 90.90.0 2700 -  6200

Static Com parison 2700 - 5500

10000 90.180.0 1 4 0 0 -4 1 0 0
22500 90.180.0 2100 -4 8 0 0
35000 90.180.0 2700 - 5500

Table 2.2 90.r.y head experim ents operating pressure ranges

2.3 Results

2.3.1 O rientation -  0 ,r,y

This set o f  concentration polarization experim ents was conducted w ith the active 

m em brane surface facing outw ard (0.0.0) and inw ard (0,180,0). To illustrate a typical
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result, the flux perform ance for the experim ent using the NaCl concentration o f  35000 

ppm  is illustrated in Figure 2.2. This graph, like all done for concentration polarization 

experim ents, shows perm eate flux (L/m" hr) as a function o f  the applied pressure (kPa). 

This figure shows significant flux enhancem ent, and also show s that as the applied 

pressure increases, so does the flux enhancem ent.

To quantify  the overall flux enhancem ent for each concentration and orientation, a slope 

analysis o f  the results was done using linear regression for each line. This was done using 

the linear regression tool on Sigm aPlot 5.0™ [28]. A t each concentration, a slope for the 

static case was determ ined, w hich was to be the value used for the com parison. The 

slopes were then determ ined for the lines representing the 0,0.0 and 0.180,0 cases. These 

slopes were then divided by the slope o f  the static case, and thus the relative flux 

enhancem ent (or decrease, as the case may be) was produced. This factor is referred to as 

p, and any value o f  this factor that is greater than one is indicating an enhancem ent o f  

flux. The value o f  these factors provides a m eans o f  com parison for other results from 

other orientations, concentrations and feed solutions, and thus the higher the value o f  p, 

the better. A summ ary o f  these results is given in Table 2.3.

The next experim ent used the different electrolyte (M gSO ;) to see i f  the results obtained 

for NaCl could be duplicated w ith m uch higher concentration feed solutions. The results 

for these experim ents follow  the sam e trends as those exhibited for the NaCl solutions, 

but w ith greater flux enhancem ent and slightly better rejection values (Figure 2.3 and 

Table 2.3). It is assum ed that for this particular solution, the density was higher than that 

o f  the NaCl solutions. Because o f  this, it was likely that the density effect inherent in the 

centrifuge (discussed in Section 2.1) would be m ore pronounced. Figure 2.3 illustrates 

this by show ing a greater d ifference in the 0.0.0 and 0.180,0 orientations, w ith respect to 

the static case. In Figure 2.2. we see that this effect is not as pronounced, and actually 

show s the 0.180.0 orientation and the static case to be fairly sim ilar in slope and perm eate 

flux m agnitude. This leads to the conclusions that the dynam ic process in the 0.0,0 

orientation gives the greater enhancem ent o f  flux com pared to the 0,180,0 orientation, 

and at higher feed concentration and density , this orientation also perform s increasingly
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better. This latter statem ent is quantified by the flux relative to static case factor 

(p) given in Table 2.3.
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Figure 2.2 0,r,0 orientation concentration polarization experim ent (35000 ppm NaCl)
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Figure 2.3 O.r.O orientation concentration polarization e.xperiment 
(70000 ppm  M gSOj)

2.3.2 O rientation -  9 0 ,r,y

The concentration polarization experim ents conducted here involve the second fixed head 

(90.r.y orientation). T hey show  that there was a  greater increase in flux enhancem ent 

w ith higher pressures and higher feed concentrations. Typical results for the 90,90.0 and 

90.180.0 orientations are show n in Figures 2.4 and 2.5. respectively. According to the 

relative flux analysis (P values) show n in Table 2,3. the 90.180.0 orientation appeared to 

perform  the best w hen com pared to the o ther results for NaCl o f  sim ilar concentrations.
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Figure 2.5 90.180.0 orientation concentration polarization experim ent 
(22500 ppm NaCl)

D irection o f  flow relative to the orientation o f  the m em brane and direction o f  rotation in 

the dynam ic apparatus is depicted in Figure 2.6. This figure shows the three orientations 

that gave significant im provem ent in flux, relative to the static case. These figures 

v isualize what is happening at the m em brane’s surface. The sum m ary in Table 2.3 

indicates that the increasing im provem ent in flux enhancem ent for these three 

orientations, were obtained with the 0,0,0, 90.90,0 and then 90,180,0  orientations, 

respectively. C om putational fluid dynam ic (CFD ) m odels predict that orientations with 

C oriolis acceleration occurring  along the length o f  the m em brane’s flow  channel {i.e. 

90,r,y  orientations) offer enhanced perm eate production [29]. The O.r.y orien tations have
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the Coriolis acceleration directed aw ay from  the surface o f  the m em brane. A dditionally, 

in the case o f  the O.r.y orientations, density  effects are playing a m ore significant role in 

any flux enhancem ent relative to the static case.

0,0,0

Active
M embrane
Face

Direction o f  
Rotation

90,90,0

90,180,0

Permeate
Face

Figure 2.6 M em brane m odule orientation and flow direction

These CFD  m odels also help to pred ict w hat is happening along the surface o f  the 

m em brane, which gives a better understanding o f  why a g iven orien tation  w orks better 

than another does. Figure 2.7. w hich show s how  the concentration o f  N aC l at the surface



42

is d istributed along the length o f  the m em brane, is a useful theoretical summary o f  som e 

o f  the experim ents described above [30]. U nfortunately, data for the 90.180.0 orientation 

w as not available at the time o f  the w riting o f  this dissertation.

28000

27000

Static 4L
(0 .0.0)
(90.90.0)26000

«25000

24000

23000

50 100
Distance Along Membrane

150 200

Figure 2.7 Averaged surface m ass fraction along the flow channel for various 
orientations [30]

One can see from  this figure how  the 90.90.0 orientation shows virtually no variation o f 

NaCl concentration from the beginning to the end o f  the flow channel. This cannot be 

said for the 0.0.0 orientation where there is an increase in NaCl concentration for the first 

25%  o f  the d istance along the m em brane. This w ould indicate that the flux in the 0.0.0 

case should  be less titan that encountered in the 90.90.0 case for 22500 ppm  N aCl due to 

concentration polarization effects show n in this first 25%  o f  the distance along the 

m em brane. H ow ever, this is not the case, according to the p results show n in Table 2.3. 

where the 0 .0 ,0  and 90,90.0 cases have nearly  identical values.
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The results for the four orientations exam ined in the concentration polarization 

experim ents (0.0.0. 0.180.0. 90.90.0 and 90.180.0) are illustrated graphically in Figure 

2.8. From this, it was determ ined that all o f  the orientations, w ith the exception o f  the 

0.180.0 one. showed an im provem ent in flux relative to the static case. It can be 

concluded that the 90.180.0 orientation shows the largest relative flux enhancem ent. It 

was also determ ined that there w as a difference in flux relative to the static case when 

com paring NaCl and M gSO ; solutions at a given orientation. This was due in part to the 

density differences betw een solutions. For example, at 0.35M . the density o f  NaCl is

1.01 kg/L and for MgSO^ it is 1.04 kg/L [31]. The density difference is a significant 

consideration when related to the centrifugal forces developed at the high rotational 

speeds o f  the centrifuge. The difference is also a function o f  osm otic pressure, as MgSOa 

has a lower osm otic pressure than NaCl. In this case, the flux is greater because o f  the 

lower osm otic pressure creates the higher applied pressure (AP-AFI) necessary to drive 

the process. However, the osm otic pressure is only a factor when com paring the results 

using different electrolytes.

Aside from showing the greatest relative flux, the 90.180.y orientation is also interesting 

because it is this orientation that gives both m axim um  and m inim um  Coriolis 

acceleration, depending on the yaw  angle used. An analysis using four different yaw 

angles and 22500 ppm NaCl y ielded interesting results [19]. G raphically (Figure 2.9). it 

does not seem  to be a verv' significant result, however, in perform ing the relative flux 

analysis (as given in Table 2.3) there is a significant difference betw een the two 

m inim um  and the two m axim um  Coriolis cases (approxim ately 10%). This is important, 

as it will becom e useful later in describing how Coriolis forces m ay be utilized in the 

reduction o f  particulate fouling in the dynam ic apparatus.
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Figure 2.8 Relative tlux results for concentration polarization experiments
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Electrolyte
Solution

Feed
C oncentration

(ppm )

M em brane
M odule

O rientation
(p,ny)

M ean % 
Rejection P

NaCl 10000 0.0.0 97.2 1.05
NaCl 22500 0.0.0 97.2 1.15
NaCl 35000 0.0.0 96.8 1.16
NaCl 10000 0.180.0 95.2 0.92
NaCl 22500 0.180.0 95.5 0.91
NaCl 35000 0.180.0 97.0 0.88

M gS 0 4 20000 0.0.0 98.3 1.22
M gSO ; 45000 0.0.0 98.6 1.44
M gSO j 70000 0.0.0 99.0 1.49
M gS04 20000 0.180.0 97.2 0.94
M gS04 45000 0.180.0 97.5 0.98
M gS 0 4 70000 0.180.0 97.6 0.91

NaCl 10000 90.90.0 96.2 1.04
NaCl 22500 90.90.0 95.8 1.14
NaCl 35000 90.90.0 96.3 1.27
NaCl 10000 90,180.0 98.2 1.08
NaCl 22500 90.180.0 98.5 1.29
NaCl 35000 90.180.0 98.6 1.54
NaCl 22500 90.180.0 99.1 1.25
NaCl 22500 90.180.90 99.2 1.12
NaCl 22500 90.180.180 99.0 1.22
NaCl 22500 90.180.270 98.7 1.12

T a b le  2.3 Relative tlux values

Ail o f  the trends discussed above will again be scrutinized in the follow ing chapter on 

fouling. Though concentration polarization is a subset o f  fouling, its m echanism s are 

different from those o f  the type o f  fouling to be discussed next. Thus, the inform ation 

gained in this chapter will have to be utilized cautiously. Direct com parison betw een the 

fouling involving electrolyte solutions (dissolved solids), and that involving colloidal and 

m acrom olecular foulants (suspended solids) is not com pletely valid. However, 

inform ation gained about the effect C oriolis force has upon tlux enhancem ent w ill prove 

to be useful in the fouling analysis.
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3 Fouling

3.1 Introduction

C olloids, one o f  the foulants identified in C hapter 1, are a stabilized dispersion o f  

particles in a continuous m edium  [32]. There are several types o f  these system s, and can 

include aerosols (fog or sm oke), foam s (fire extinguisher foam ), em ulsions (m ilk), and 

sols (silica particles in water), to nam e but a few. Colloids are considered to be one o f  

the principal causes o f  m em brane fouling [33]. They have the ability to foul both reverse 

osm osis (RO) and nanofiltration (NF) m em branes, though the m echanism s for the fouling 

o f  these m em branes are poorly understood [34]. The research presented in this chapter 

will show  how fouling is m inim ized and fiux enhanced by the CM O S process, and will 

qualitatively exam ine colloidal fouling m echanism s. The particular feed solutions 

utilized in the experim ents include hum ic acid and silica. In addition, fouling o f  NF 

m em branes with whey feed solutions will also be exam ined in this chapter. The use o f  

NF m em branes in fouling experim ents will help to illustrate how  fiux enhancem ent in the 

CM O S process is not lim ited to the diffusive transport o f  reverse osm osis m em branes.

As discussed in the previous chapter (Subsection 1.1.2). fouling reduction is often 

accom plished through feed solution o r m em brane m odification. This is often done in an 

effort to create the favourable partie le-m em brane interactions. Though the research in 

this dissertation is concerned with a process, rather than w ith solution or m em brane 

m odifications, it is still useful to take a b rie f look at these particle-m em brane interactions. 

Surface properties for colloids d ictate the m anner in which they foul. These may create 

an environm ent were the particles are attracted to each other, to the surface o f  a 

m em brane, or to retained particles on the m em brane surface. These interactions are 

controlled by solution chem istry, and by the chemical characteristics o f  colloids and 

m em brane [34]. In the research associated with this dissertation, each particular feed 

solution has different chem ical properties, and the specific effects o f  these will be 

d iscussed further in the subsequent sections for each feed solution. These surface 

interaction factors can be considered w hen exam ining potential flux enhancem ent using

the CM D S process. I f  the interactions are significant, the C oriolis and centrifugal forces
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w orking to reduce the fouling in the process will have to be large enough to overcom e 

them.

C olloidal fouling on the m em brane surface can  either occur by the adsorption or pore 

blockage m echanism s. O nce on the surface, the particles undergo one o f  several fates; 

(1) they can becom e part o f  a well structured cake-like layer; (2) given sufficient shear 

force, they can flow tangentially across the surface o f  the m em brane; o r (3) they can 

continue through the m em brane provided they are small enough or relatively im m une to 

the adsorption process [35]. It is the com bination o f  the nature o f  the cake form ation, and 

the shear forces that will dictate how the CM D S process reduces fouling and enhances 

flux in colloidal environm ents.

3.2 Humic Acid Fouling

3.2.1 Introduction

Hum ic substances are the result o f  chem ical and biological degradation o f  plants and 

anim al residues, and the synthesis activities o f  m icroorganism s [36 |. A long with fulvic 

acids, they represent the m ajor fraction o f  dissolved organic m atter in aquatic 

environm ents [39], These substances are also im portant constituents o f  the organic 

colloidal phase and are one o f  the m ajor fouling agents during filtration o f  surface waters 

in reverse osm osis [40], They also affect w ater quality by creating an undesirable 

brow nish colour.

Hum ic acid consists o f  a m ixture o f  com plex m acrom olecules w ith carboxylic and 

phenolic structures attached. It is the presence o f  these functional groups that creates an 

overall negative charge for the m olecules. For hum ic acid  m olecules, the m olecular 

w eight ranges from  300 to 10000 g/m ol [3 |. An exam ple o f  a m olecular structure for 

hum ic acid is illustrated in Figure 3.1.
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Figure 3.1 Exam ple o f  hum ic acid m olecular structure

Hum ic acid fouling on the surface o f  a m em brane is dictated by two primarv' 

considerations. First, adsorption on the surface is greater when there is significant 

surface roughness, and second, at lower pH and/or higher ionic strength the hum ic acid is 

m ore strongly adsorbed on the surface [41 ). For the latter consideration, there is a trade

o ff  w ith respect to its ability  to rem ain a colloidal solution; at low pH hum ic acid 

solutions tend to precipitate. As the fouling study for this dissertation involves colloids, 

h igher pH is a requirem ent. For the purposes o f  this research, m em brane porosity is not 

exam ined, as it is the process, and not the m em brane m aterial, which is the focus.

3.2.2 Experim ental W ork

3.2.2.1 Prelim inary Experim ents

Prior to the fouling study o f  the hum ic acid and the CM D S process, feed solutions were 

characterized to determ ine chem ical and physical properties. The hum ic acid  used for the 

feed solutions was a  technical grade o f  hum ic acid, sodium  salt from the A ldrich
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Chem ical Com pany. It is m ade up o f  sm all, dark brown Oakes and has a m easured 

m olecular w eight o f  2300 g/mol [42].

The effect o f  pH w as first exam ined to determ ine which range would be suitable for the 

hum ic acid feed solutions. In other experim ents conducted using hum ic acid, a pH o f  11 

was deem ed to be su itab le [43]. For this determ ination. 15 mL o f  three concentrations o f  

humic acid (85. 500 and 3000 m g/L. in d istilled water) were placed in four 25 mL test 

tubes each, and their respective pHs were altered in three o f  the test tubes using either 

0.5M  NaOH or HCl. The pH o f  the unaltered hum ic acid solutions was found to be 9.5. 

while the altered solutions pH values ranged from 1.0 to 13.5. .After a 24-hour period, no 

noticeable changes w ere visible; the solutions were a unifonn. cloudy, dark brown. To 

the sam ples w ith a pH o f  1.0. an additional few mLs o f  0.5 M HCl was added to the test 

tubes. A fter a 2-hour period, it was noted that the acidified solutions were c lear and a 

brown precipitate had form ed on the bottom  o f  the test tubes. From this analysis, it was 

determ ined that the hum ic acid solutions were stable to a wide pH range, but to ensure 

stability, subsequent feed solutions for fouling experim ents were altered to a pH o f  10 or 

1 1 .

The effect o f  ionic strength on humic acid colloid stability was also exam ined in these 

prelim inary experim ents. In this experim ent, hum ic acid solutions were m ade up in NaCl 

solutions, rather than in distilled water. Solutions o f  300 m g/L hum ie acid were m ade 

using 10000. 22000 and 35000 ppm  NaCl solutions. After a 24-hour period, no changes 

in the solutions w ere noted. From this it was assum ed that feed solutions could be m ade 

in 10000 ppm  N aC l for future fouling experim ents, w ith no risk to colloid stability.

Another im portant characterization was that o f  particle size distribution, w hich was 

established using dynam ic light scattering (N icom p Subm icron Particle Sizer -  M odel 

370). This w as critical in determ ining w hether o r not the feed solution has particles that 

are in the collo idal range (In m  to 1000 nm ). This technique was also useful in 

determ ining w hat level o f  pre-filtration was necessary to obtain a solution in the right 

particle size range. It was decided that a concentrated solution o f  hum ic acid could be
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prepared that had a m ean particle diam eter o f  less than 400 nm. O nce prepared, the 

concentrated solution could be diluted in a  10000 ppm  NaCl solution, and used as a feed 

for the m em brane fouling experim ents. Several types o f  pre-filtration were exam ined, 

but from  a cost and tim e point o f  view, a tw o-stage gravity filtration was chosen to 

prepare the hum ic acid concentrate. The effectiveness o f  the filtration on 3000 mg/L 

hum ic acid solutions is sum m arized in Table 3.1.

Filtration M ethod .Mean Particle D iam eter  
(nm )

99%  o f D istribution Less 
Than

none 775 2841 nm
#1 W hatm an 242 826 nm

#1 followed by #42 
W hatm an"

189 645 nm

M illipore 5 pm  Teflon 262 839 nm
M illipore 0.45 pm 186 678 nm

T able 3.1 Filtration effectiveness and particle size

Finally, total organic carbon (TOC) analysis were done to both determ ine the 

concentration, and to act as a form  o f  quality control to ensure each concentrated humic 

acid solution was being made in a sim ilar m anner. These analyses were done outside o f 

the U niversity o f  V ictoria by N orw est Labs o f  Surrey. British Colum bia. In each case, a 

100 m L sam ple o f  the hum ic acid concentrate was sent for analysis.

3.2.2.2 Procedure For Fouling Experim ents

O nce the characterization o f  the hum ic acid had been com pleted, the preparation o f  the 

feed solution could be undertaken. A concentrated solution o f  hum ic acid was prepared 

by m ixing the A ldrich hum ic acid w ith distilled water. This solution was then filtered 

consecutively through #1 and #42 W hatm an filter paper. The filtered solution was then 

dilu ted  10 fold w ith a lOOOO ppm  NaCl solution (m ade w ith d istilled water). The salt 

so lution was added to the hum ic acid in order to provide a m eans o f  identifying the 

quality  o f  the perm eate in both the static and the CM D S apparatus, w hich w as done by 

m easuring the conductiv ity  o f  the perm eate. I f  the NaCl is rejected  at values greater than

chosen m ethod o f  filtration
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95% , then the larger hum ic acid particles are likewise being rejected at o r above 95% . 

This type o f  relationship is especially  im portant in the CM DS apparatus where the 

perm eate is not captured for visual inspection. Therefore the use o f  the FRA CT as a 

m eans o f  not only m easuring perm eate flow rate, but also conductivity, becom es 

im portant. As m entioned in the previous section, this sm all addition o f  NaCl to the 

hum ic acid show s no effect and its concentration is thought to rem ain hom ogenous 

throughout the humic acid feed solution. For this reason, it is a good indicator o f  

perm eate quality. The pH o f  the resulting solution was checked, and if  it was found to be 

below  10. it was raised by the addition o f  0.5 M NaOH. O nce prepared, the hum ic acid 

feed solution had a dark am ber colour.

In the fouling experim ents, the feed solution was first used on a set o f  m em brane m odules 

in the static apparatus, and then later in the CM DS apparatus. The experim ental 

conditions used in all o f  these experim ents include an applied pressure o f  4100 kPa. a 

feed recirculation rate o f  2L /m in and a tem perature o f  25 “C. In all o f  the experim ents, a 

10000 ppm  NaCl solution was circulated  through the m em brane m odules for the first 70- 

80 m inutes to provide data for the norm alization o f  the hum ic acid tlux results. This was 

follow ed by an approxim ately 5-hour period o f  hum ic acid feed solution circulation 

through the m em brane m odules to observe the tlux decline due to fouling. In the static 

apparatus, the tlow  rate was m easured (by the sam e m ethod described in the previous 

chapter) m ore frequently in the tlrst 90 m inutes o f  the humic acid feed solution addition. 

This w as done because o f  the rapid decay o f  the tlux over time (for exam ple, refer to 

Figure 3.3). where it was im portant to better define this initial rapid tlux decline. Upon 

com pletion o f  som e runs, all o f  the m em brane m odules were rem oved and rinsed with 

je ts  o f  d istilled water in order to rem ove any hum ic acid particles from the surface. In 

o ther cases, a m em brane m odule w as rem oved for later analysis, and the rest were rinsed 

w ith the distilled  water. O nce rinsed, the m em brane m odules were re-stacked in the 

m em brane holder and w ere ready for the next fouling experim ent. The m em brane 

m odules used in the hum ic acid fouling experim ents were m ade o f  the sam e reverse 

osm osis m em brane m aterial (O sm onics DS-3™) described in Table 2.1.
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3.2.3 Results

Fouling analysis using the CM D S apparatus for hum ic acid solutions was conducted 

using the head with the fixed pitch angle o f  90°. .A. sum m ary o f  the hum ic acid fouling 

experim ents is given in Table 3.2. w hich includes feed concentration and m em brane 

m odule orientation.

Experim ent # M em brane
M odule

O rientation

H um ic Acid  
C oncentration  

(m g/L)

T O C  (m g/L) Mean
Particle

Diam eter
(nm)

1 90.r.0 (r = 90 & 
270)

300 78 189

90.r.0 (r =  90 & 
270)

300 81 80

3 90 .r.y (r =  90 & 
270. y = 0 & 90)

800 140 390

4 9 0 .ISO.y (y = 0
& 9 0 )

300 79 242

5 90 .1 8 0 .y (y  = 0
& 9 0 )

300 73 162

T able 3.2 Humic acid fouling experim ental conditions

3.2.3.1 Roll 90/270 Results

Each o f  the three experim ents consists o f  three parts: (1) static; (2) 90.90.0 -  dynam ic; 

and (3) 90.270.0 -  dynam ic (Experim ent #3 also contains 90.270.90 -  dynam ic 

orientation). Figure 3.2 illustrates the orientation o f  the m em brane m odules for these 

experim ents (dark colour represents active surface o f  m em brane m odule). Each o f  these 

experim ents w as conducted on consecutive days, using the sam e feed solution. In the 

static experim ent, the perm eate w as returned to the feed tank after m easurem ent, and in 

the dynam ic experim ents, the feed solution was replenished w ith an appropriate am ount 

o f  10000 ppm  NaCl solution every hour.
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90,90,0 90,270,0 90,270,90

C C
F ig u re  3,2 M em brane m odule orientation and feed flow direction (90,'-)0/'270.y;

The results from each experim ent were collected and graphs o f  the relative flux over tim e 

were produced (Figures 3.3 to 3.5). Elapsed time is given relative to the point where the 

hum ic acid feed was started. The relative flux was determ ined by dividing the observed 

flux by the m ean flux for the initial part o f  each experim ent; i.e. the part where only the 

10000 ppm NaCl solution was initially passed through the m em branes (elapsed tim es 

prior to 0 m inutes). It is also worth m aking a com m ent about the "noise" displayed in the 

dynam ic process data in these three curves. The nature o f  the plotting software tends to 

m agnify the flow m eter data from the FRACT. Rather than sm ooth the data out by- 

filtering, it was decided that all data points should be used (800 -  1000 points).
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Figure 3.5 Humic acid expenm ent #3

From  these graphs it is apparent that the CM D S process is capable o f  influencing the tlux 

decline associated with the humic acid fouling o f  the m em brane surface. However, it is 

necessary to  quantify the benefit obtained by using this process. This was achieved by 

conducting a  linear regression analysis o f  specific portions o f  the graph. The initial flux 

decline portion o f  the graphs ( if  present) was ignored in this analysis. Instead, the longer- 

term  effect o f  fouling with respect to the static and dynam ic processes was examined. 

Tw o trends are noted in the graphs. (1) the static case often has a steeper slope relative to 

the CM DS process; and (2) in cases w here the CM DS process slope is sim ilar o r steeper 

than the static case, the flux offset is still greater. Both o f  these trends can be quantified 

by use o f  the linear regression data  obtained from  the selected portions o f  the graphs. 

These results a re  determ ined using the linear regression tool in Sigm aPlot 5.0™ [28].
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Consider the hypothetical relative flux over tim e curve illustrated in Figure 3.6. The 

relative slope factor, a . and the relative offset factor, k. are defined by the following 

relationships (using the static and dynam ic -  o rien tation  1 cases from Figure 3.6):

(3.1)
Slope _ s

K = Offset V alue 1 -  O ffset V alue s (3.2)

With this type o f  analysis a good result would be described  as one where u  is less than 

one and k is positive. W ith respect to a .  a value less than one indicates that the flux for 

the dynam ic case is not decaying as fast as that for the static case, and thus the sm aller 

the value, the better. As for k, a positive value indicates that the relative flux for the 

dynam ic case is greater than that for the static case, indicating that more perm eate is 

passing through the m em brane. The results for these analyses are sum m arized in Table 

3.3.

For this particular analysis, the term  "m iddle" refers to a 120-minute period selected from 

the m iddle o f  the graphs, and "final" refers to the final 90 m inutes o f  the elapsed tim e on 

the graph. An exception to the latter occurs in experim ent #3 where the "final" section 

applies for both the 90,270,0 and the 90,270,90 cases (see Figure 3.5). In this particular 

experim ent, the yaw  angle was changed to see if  any effec t could be observed.
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Figure 3.6 Hypothetical fouling curve with quantification nomenclature

O rie n ta tio n  & 
E x p e rim en t # Otmiddic OCfinal ^middle Kfinal

Static 1 1.0 0.00 0.00 1.0
2 1.0 0.00 0.00 1.0
3 1.0 0.00 0.00 1.0

90,90,0 1 1.1 -0.01 -0.01 1.1
2 1.5 0.02 0.02 2.4
3 0.07 0.04 0.07 0.26

90,270,0 1 0.03 0.10 0.14 0.39
2 0.02 0.08 0.09 0.81
3 0.12 0.02 0.05 0.44

90,270,90 3 N/A N /A 0.04 0.70

T ab le  3 .3  a  and k values fo r roll 90/270 orientations
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This analysis showed that the 90,270,0 orientation provided significant flux enhancem ent 

relative to the static case. In this case, the value o f  a  w as alw ays less than one. thus 

indicating that the rate o f  flux decline was less than the corresponding static case. In 

som e cases, a flux decline does not really exist at all for the orientation. In addition to 

this, the 90.270.0 orientation alw ays had a positive k value, indicating that a higher 

absolute flux was occurring in this orientation relative to the static case.

3.2.3.2 Roll 180 R esu lts

For this set o f  experim ents, the orientations (see Figure 3.7) were chosen to see the effect 

o f  Coriolis forces upon the reduction o f  flux decline due to hum ic acid fouling. As 

m entioned in Section 2.3.2 o f  the previous chapter, the 90.180.0 orientation yields 

m axim um  Coriolis forces, while the 90.180.90 orientation gives the m inim um  Coriolis 

forces in the CM DS apparatus. The experim ents for this section w ere conducted in the 

same m anner as for those m entioned in the previous section. The particulars for these 

experim ents are given in Table 3.2 o f  the previous section, w here they arc denoted as 

Experim ents #4 and #5. For Experim ent “4 and #5. the resulting relative flux over time 

plots are illustrated in Figures 3.8 and 3.9. respectively.

f

90/ 180,0 90,180,90

F ig u re  3.7 M em brane m odule orientation and feed flow  direction (90 .180.y)
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It is interesting to note how  these results differed from  those given in the previous 

subsection (3.2.3.1). There is a noticeable flux decline over tim e for both the m inimum  

(90,180,90) and m axim um  (90,180,0) Coriolis orientations. As the flux declines were 

fairly linear in all cases for both experim ents, the a  and k  values were determ ined for 

nearly the entire fouling experim ent (from  the 60-m inute m ark to the end o f  the run), and 

they are given in Table 3.4. This slightly d ifferent analysis does not allow  this 

subsection’s experim ental results to  be directly com pared to the previous subsection’s 

results. However, this is not necessary, as exam ination o f  the relative flux over tim e plots 

show  that the 90,270,0 orientation is the only one that does not show flux decline over 

tim e, and is thus the “best” o f  the orientations exam ined.



63

O rientation & a K
Experim ent #
Static 4 1.0 0.00

5 I.O 0.00
90,180,0 4 0.61 0.01

5 1.2 0.07
90,180,90 4 0.69 -0.03

5 0.97 0.03
Table 3.4 a  and k values for roll 180 orientations

After the 90,180,90 experim ents, an interesting phenom ena was observed when the 

m em brane stack was taken apart and the m odules were rem oved. A brow n deposit o f  

m aterial approxim ately 3mm thick was found on the flow channel portion o f  the 

m em brane modules (Figure 3.10). The sam e material was also found in a build-up at the 

top o f  the interior o f  the m em brane head. It appears from this, that the fouling layer is 

flow ing tow ards the periphery, and this leads to the determ ination that a density effect is 

involved in the CM DS process. It indicates that particles are m oving across the surface 

o f  the m em brane and are being deposited at the periphery o f  the m em brane head. This 

sam e phenom ena was observed for the 90,180,90 orientation in the silica and whey 

experim ents, which will be discussed in the next tw o sections o f  this chapter. Further 

conclusions regarding the effect o f  density and Coriolis forces will be presented in the 

final chapter o f  this dissertation.

Direction o f r b w

/ Ditecton of Roatxm

Figure 3.10 Location o f  deposit on m em brane m odule after 90,180,90 
Experim ent
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3.2.4 M icroscopic A nalysis o f  Fouling Layers

In an effort to better understand the m echanism (s) involved in the fouling o f  a reverse 

osm osis m em brane by a hum ic acid feed solution, a  m icroscopic analysis was 

undertaken. This analysis involved the use o f  scanning electron m icroscopy (SEM ) and 

its associated energy dispersive x-ray (ED X ) detector. The objects o f  these analyses were 

to qualitatively exam ine the surface o f  the m em brane, and to attem pt to m easure the 

thickness o f  the fouling layer.

The SEM was chosen over a light m icroscope because it has a larger depth o f  field, 

which allows a large am ount o f  the sam ple to be in focus at one time. The SEM  also 

produces images o f  high resolution, w hich m eans that clost*ly spaced features can be 

exam ined at a high m agnification [44 |. This fact will be im portant for exam ining surface 

fouling characteristics on the m em brane sam ples. The energy dispersive x-ray (EDX) 

attachm ent on the SEM  perm its the detection and identification o f  the x-rays produced by 

the impact o f  the electron beam on the sam ple thereby allow ing qualitative and 

quantitative elem ental analysis. The SEM  used for these analyses was a Hitachi S-3500N 

model with an O xford Instrum ents ISIS 300 EDX interface, operated by Dr. C Singla o f  

the Departm ent o f  Biology at the University o f  Victoria.

3.2.4.1 Experim ental Procedure

Sam ple preparation was done in one o f  two ways: (1) surface images; and (2) edge 

images. For the surface images, small squares ( -2 5  m m ') o f  m em brane material were cut 

with a scalpel from the hum ic acid fouled m em brane m odules. These sam ples were fixed 

onto the surface o f  the alum inum  stubs (Figure 3.11) used for m ounting SEM  samples 

w ith double-sided tape. For the edge images, strips (1x10 m m) w ere cut from the humic 

acid fouled m em brane m odules. A lum inum  stubs were m odified by m achining o ff  a 

portion o f  the d iam eter (Figure 3.11). This w as necessary because o f  the way in which 

the samples have to be m ounted in the SEM . The strips were m oim ted to the sides o f  the 

stubs in such a m anner so the edge o f  the strip w ould be facing the electron beam.
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(a) ( b ) (c)

Figure 3.11 (a) Sam ple m ounted on alum inum  stub for surface image;
(b) Sam ple m ounted on m odified a lum inum  stub tor edge image: 
and (c) Side view  o f  SEM  alum inum  m ounting stub

In both cases, the sam ples were allow ed to dry for approxim ately  24 hours in a desicator. 

This was followed by sputter coating the sam ples w ith gold. O nce the coating process 

was com plete, the sam ples were ready for view ing with the SEM .

3.2.4.2 SEM  and EDX Results

One o f  the initial aim s o f  the SEM  analysis was to look at the surface o f  the humic acid 

fouled m em branes, and obtain an understanding o f  how  this fouling layer is deposited. 

Figure 3.12 gives a com parison o f  m em brane fouled in the static process and m em brane 

fouled in the dynam ic process, and as a reference, a piece o f  unused m em brane is also 

shown in this figure. It appears that the static fouled m em brane show s a significant build 

up o f  a substance that looks like "dried m ud", w here the dynam ic fouled m em brane does 

not show  this sam e level o f  fouling. The cracks in Figure 3.12(b) are from the 

dehydration necessary for the gold sputtering process. T his im age is m isleading in that 

the cracks appear to have depth. This is not the case, as SE M  only exam ines the surface 

o f  the image, and this apparent depth is akin to an "electron  produced shadow ". 

However, the m agnitude o f  the shadow  can be related to the height o f  the feature, though 

this cannot really be quantified  in these images.
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(a) ( b ) (c)
Figure 3.12 Surface electron m icrographs ( lOOOx m agnification) of: (a) unused 

m em brane; (b) static hum ic acid fouled m em brane; and (c) 90.270.0 
orientation dvnam ic hum ic acid fouled m em brane

This sam e process was duplicated for hum ic acid fouled m em branes in the roll 180 

experim ents. Figure 3.13 shows m em branes fouled by hum ic acid  in the static process 

and by the dynam ic process in the roll 180 orientations. These im ages show  fouling at 

approxim ately the sam e level for each process and orientation. This is consistent with the 

inform ation presented in the relative fiux over tim e plots (F igures 3.8 and 3.9). In these 

plots there appears to be a uniform  decline in fiux o f  relatively equal slope, thus 

indicating a s im ilar level o f  fouling in each  process and orientation. The fouling itse lf 

exhibits the sam e sort o f  "dried m ud” appearance as that illustrated in Figure 3.12(b). It 

is d ifficult to ascertain  the fouling m echanism  at work here because o f  the fact that only 

the surface is being exam ined. It is therefore necessary to exam ine the cross section o f  

the fouling layer. This is accom plished by using the edge image process described in the 

previous subsection.
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(a)

I

( b ) (G)
Figure 3.13 Surface electron m icrographs (lOOOx m agnification) of: (a) static 

hum ic acid  fouled m em brane: (b) 90.180.90 orientation dynam ic 
hum ic acid  fouled m em brane: and (c) 90,180.0 orientation dynam ic 
hum ic acid fouled m em brane

The edge image process was only perform ed on m em brane m aterial from the roll 180 

experim ents, as the sam ples used in the roll 90/270 experim ents were no longer available 

at the tim e o f  this analysis. .As this analysis is used for determ ining fouling layer 

th ickness and possible deposition  m echanism s, the use o f  m em brane m aterial from the 

roll 90/270 experim ents is not considered necessary. Figures 3 .14 and 3.15 show  how  the 

hum ic acid fouling layers are built up on the surface o f  the m em brane. It is also 

interesting to see in Figures 3.14(b) and 3.15 how the m em brane becom es com pacted 

upon use. com pared to that show n in Figure 3.14(a). The fouling layer appears to be 

fairly dense in all cases, and indicates an adsorption fouling m echanism  is probably 

taking place. There seem s to be an initial adsorption o f  m aterial followed by a build up 

w ith concurrent com paction o f  the fouling layer. This com paction  is supported by the 

m icrographs, where there does not appear to be any stratification o f  built up layers. In 

term s o f  fouling layer th ickness, there does not appear to one particular orientation that 

show s a  thicker fouling layer than the others. In general, the layers are not alw ays easy to 

d ifferentiate, so the fouling layer thickness analysis is not com pletely  definitive.
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(a) (b)
Figure 3 .14  Edge electron m icrographs {lOOx m agnification) of: (a) unused 

m em brane: and (b) static hum ic acid fouled m em brane

I  Fouling Laver {

]. Membrane

Mounting
Tape
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(a) (b )

Figure 3 .15 Edge electron m icrographs ( lOOx m agnification) of: (a) 90.180.0
orientation dynam ic hum ic acid fouled m em brane: and (b) 90.180.90 
orientation dynam ic hum ic acid fouled m em brane
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D ifferentiation betw een the layers was attem pted by using the energy dispersive x-ray 

(EDX) detector on the SEM . The com bination o f  the im aging o f  the SEM  and the 

elem ental analysis capabilities o f  the EDX creates a  m eans o f  conducting this 

d ifferentiation. O ne o f  the advantages o f  this m ethod w as the fact that there was no need 

for sam ple preparation, as the SEM  samples discussed above could be used for this study. 

The technique involves focusing on a particular part o f  the sam ple, capturing the im age, 

and then scanning for em ission from one or m ore elem ents. In the output tile for the 

scan, the quantities o f  each elem ent selected are relative to each other, and not absolute. 

For exam ple, if  only sodium  and potassium  are chosen, each  o f  their quantities will add 

up to 100% . even though other elem ents may be present in greater amounts. The EDX 

can scan  and determ ine w hich elem ents are prevalent, how ever, it was determ ined that 

specified e lem ents w ould be scanned for all o f  the sam ples. The elem ents selected for the 

analysis w ere su lfu r and silica, as it was thought that they w ould be present in d ifferent 

quantities for the foulant and for the membrane.

It was thought that a  "pin  point" analysis could be perform ed based on the type o f  im ages 

given by the SEM s (Figures 3.14 and 3.15. for exam ple). H ow ever, once the im age was 

captured onto the EDX interface, the image becam e very unfocussed. For this reason, the 

EDX analysis was only capable o f  giving trends in the various samples. The first scan 

involved the analysis o f  an unused piece o f  m em brane, for reference. Looking at Figure 

3.14(a). one can see that the m em brane has two d istinct layers: a polym er film and a 

porous support below . The EDX scan showed that in going  from the polymer film to the 

porous support, the relative ratio o f  S:Si increased from  65:35 to >99:1. The next step 

was to exam ine the hum ic acid fouled m em branes. T he first scans were o f  the surfaces o f  

the hum ic acid  fouled m em branes (static. 90.180.0 and 90.180.90 orientations), w hich 

show ed that the hum ic acid foulant had a S:Si ratio o f  >1:99. O nce this was done, scans 

o f  the edge im ages could be looked at to see i f  the fouling layer existed. In the case o f  

the dynam ic (90,180,0 orientation) fouled m em brane (Figure 3.15(a)), in m oving from 

the fouled surface to the alum inum  support, the relative S:Si ratio went from >1:99, to 

21:79. to 73:27 to >99:1. A sim ilar trend w ith sim ilar num bers was determ ined for the 

static fouled m em brane (Figure 3.14(b)). These results, along with the ones for the
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unused piece o f  m em brane indicated the presence o f  a d istinct fouling layer, w hich 

confirm ed the allocation o f  the layers in Figures 3.14 and 3.15. The results also helped to 

show  the sim ilarity o f  the fouling layer for both the static and dynam ic fouled m em branes 

in the 90,180.y orientation experim ents. The presence o f  silica in the humic acid fouling 

layer occurs because o f  inert inorganic m atter present in the com m ercial humic acid 

flakes used for the feed solutions. Inert inorganic m aterial found in soil often contains 

levels o f  silica.

The EDX analysis was also used to determ ine how  well the hum ic acid foulant adhered to 

the surface o f  the m em branes used in different processes and orientations. In this 

experim ent, hum ic acid fouled m em branes were rinsed with distilled  water, dried, and 

then sam ples o f  each w ere prepared for SEM /ED X  analysis. Figure 3.16 illustrates what 

the hum ic acid fouled m em branes look like after they have been w ashed with distilled 

water. The EDX analysis showed that the relative S:Si ratio for the static, dynam ic-

90,180,0 and dynam ic-90,180,90 were 86:14, 52:48 and 75:25, respectively. This leads 

to the conclusion that the fouling layer seem s to adhere better to the m em brane surface in 

the CM D S process. Though this experim ent was not repeated for hum ic acid, a sim ilar 

trend occurring in the silica fouling experim ents (Subsection 3 .3 .4 .1 ) confirm ing that this 

is a feature in the CM D S process.
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(a) (c)

Figure 3 .16 H iO  rinsed m em brane surface electron m icrographs ( lOOx
m agnification) of: (a) static hum ic acid fouled m em brane; (b)
90.180.0 orientation dynam ic hum ic acid fouled m em brane; and (c)
90.180.90 orientation dynam ic hum ic acid fouled m em brane
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3.3 Colloidal Silica Fouling

3.3.1 Introduction

Silica represents one o f  the inorganic collo ids that may be encountered in natural waters 

[43]. Colloidal silica reacts with other natural w ater contam inants to form scale deposits 

in w ater d istribution system s. Conventional filtration equipm ent often fails to effectively 

rem ove colloidal silica, and most ion exchange resins are capable o f  rem oving only 

soluble silica [44]. Because o f  this, m em brane filtration has provided a viable m eans o f  

rem oving the silica from natural waters. However, with the use o f  m em brane 

separations, com es surface fouling. C olloidal silica can foul the surface o f  a m em brane 

by either the adsorption o r the pore blockage m echanism s [35].

Fouling o f  reverse osm osis (R.0) m em branes by inorganic colloids has been previously- 

investigated in a  conventional m em brane system  [34,38]. In this w ork it was determ ined 

that electrokinetic and hydrodynam ic forces influence the developm ent o f  the fouling 

layer. For neutrally- or negatively-charged particles, the electrokinetic forces create an 

interaction betw een the surface o f  the m em brane and the particles, thus creating the initial 

fouling layer. O nce this layer is form ed, the like-charged particles and the fouling layer 

tend to repel each o ther (more so for the negatively charged particles). However, this is 

m inim ized at h igher ionic strengths (NaCl concentrations > 0 .1M), w hich will be the case 

in the subsequent silica fouling experim ents (NaCl concentration = 0 .17M ). The 

hydrodynam ic forces are due in part to the perm eation forces, w hich are often sufficient 

to overcom e the particle repulsive forces. The perm eation forces aid in the form ation o f  a 

thick fouling layer, w hich once formed w ill reduce the flux through the m em brane.

The colloidal silica o f  this research refers to an aqueous colloidal dispersion o f  silica 

particles that have high specific surface area. The particles in the dispersion are discrete 

uniform  spheres that have no internal surface area o r detectable crystallinity  [45]. This 

type o f  colloidal silica has several industrial applications that include som e o f  the 

following: (1) pulp  and paper - paper coating ; (2) com puters and electronics -  silicon 

w afer polish; (3) m etal and m etalw orking - polishing agent; and (4) m arine - antiskid
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coating. The next section will discuss the chem ical and physical properties o f  the 

particular colloidal silica solution used in the fouling experim ents.

3.3.2 E xperim ental W ork

3.3.2.1 Prelim inary Experim ents

M uch o f  the physical and chem ical characterization o f  the colloidal silica was conducted 

as part o f  an undergraduate research project by G eorge C ollins [46], the results o f  which 

will be sum m arized below. Two types o f  colloidal silica were used for the fouling 

studies; DuPont Ludox TM and HS-40. The m anufactu rer's  supplied properties for these 

solutions are outlined in Table 3.5. From this table, it is noted that the silica particles 

have a negative charge, as the hum ic acid particles did in the previous fouling study 

(Section 3.2). H ow ever, the colloidal silica is stabilized with sodium  ions, thus creating 

an overall, neutrally charged particle. The particle charges o f  the fouling solutions, and 

how  they relate to fouling, will be discussed further in the concluding chapter o f  this 

dissertation (C hapter 4).

Property Ludox G rade
H S-40 TM

stabilizing counter ion Na Na
particle charge negative negative
average particle diam eter, nm 12 22
specific surface area, m '/g 240 140
silica (as S iO i). w t% 40 50
pH (25 “O 9.7 9.1
viscosity (25 X ) .  cP 20 37
specific gravity (25 X ) 1.31 1.4

T able 3 .5  D uPont Ludox properties

The effects o f  pH . ionic strength and tem perature on the stability  o f  the colloidal 

solutions were exam ined using solutions w ith a  silica concentration o f  e ither 5g/L o r 25 

g/L. For all o f  these determ inations, the particle size was m onitored over tim e using the 

dynam ic light scattering m ethod described in Subsection 3.2.2.1. In the pH 

determ ination, the solutions were altered w ith the addition o f  either sm all quantities o f  

HCl or NaO H. From  this study, it was found that the solutions rem ained as stable
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colloids at a  pH betw een 5 and 6. This corresponds to the m anufacturer's reported 

isoelectric point o f  5.6.

The effect o f  ionic strength  was exam ined by using varying concentrations o f  NaCl 

solution (500 to 20000 ppm ) to m ake up the colloidal silica solutions. From this 

experim ent, it was concluded that colloid stability degraded at higher ionic strength, and 

at higher silica concentration. For the fouling experim ents to be discussed in the next 

subsection (3.3.2.2). silica concentrations below  25 g/L are chosen and the corresponding 

NaCl solution concentration are to be 10000 ppm. A ccording to the ionic strength study, 

this com bination will give a solution that will rem ain stable for at least 2 days.

Finally, the effect o f  tem perature on colloid stability was exam ined. In this case, the 5 

g/L and 25 g/L solutions were place placed in a therm ostated water bath at 40 '̂ C. and 

also left at room  tem perature (-21  “C). It w as determ ined that the rate o f  coagulation 

increased w ith increasing tem perature. For the solution specifications to be used in the 

fouling experim ents, the solutions will rem ain stable for a m inim um  o f  2 days.

3.3.2.2 Procedure For Fouling Experim ents

W ith the inform ation for the characterization o f  the colloidal silica known, the 

preparation o f  the feed solution could be carried out. The concentrated silica solutions 

from the m anufacturer w ere diluted with a  10000 ppm NaCl solution (m ade with distilled 

water). As m entioned in Subsection 3.2.2.2 for hum ic acid, the salt solution was added to 

the silica in order to provide a means o f  identifying the quality  o f  the perm eate in both 

the static and the CM D S apparatus. The pH o f  the resulting solution was checked, and if 

it was found to be above 6, it was low ered to approxim ately 5.5 by the addition o f  0.5 M 

HCl. O nce prepared, the feed solution had a cloudy, grayish blue appearance. This feed 

solution was usually prepared fresh for each experim ent, but in no case was a solution 

ever used m ore than 24 hours after its initial preparation. As m entioned above, two 

different types o f  colloidal silica concentrate solutions were used in the experim ents, and 

this is indicated in Table 3.6.
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The procedure for the colloidal silica fouling experim ents was identical to that described 

for hum ic acid in Subsection 3.2.2.2. T he experim ental conditions used in all but one o f  

these experim ents include an applied pressure o f  4100 kPa, a feed recirculation rate o f  

2L /m in and a  tem perature o f  25 °C. The only exception to this was Experim ent #3 (see 

Table 3.6), w hich was run at the low er feed flow rate o f  0.6 L/min. In all o f  the 

experim ents, a 10000 ppm NaCl solution was circulated through the m em brane m odules 

for the first 70-80 m inutes to provide data  for the norm alization o f  the silica flux results. 

This was followed by an approxim ately 5-hour period o f  silica feed solution circulation 

through the m em brane m odules to observe the flux decline. As was the case in som e o f  

the previous experim ent, a m em brane m odule was occasionally rem oved for later 

SEM /ED X  analysis. The m em brane m odules used in the silica fouling experim ents were 

m ade o f  the sam e reverse osm osis m em brane m aterial (O sm onics DS-3™) described in 

Table 2.1 o f  the previous chapter.

3.3.3 Results

Fouling analysis using the CM DS apparatus for the colloidal silica solutions was 

prim arily conducted using the head w ith the tl.xed pitch angle o f  90°. However, a result 

from a previous investigation [19] utilized the head with the fi.xed pitch angle o f  0°. This 

particular result is included in this dissertation for com parison purposes. A sum m ary o f  

the experim ents is given in Table 3.6.

Experim ent
#

M em brane
M odule

O rientation

C olloidal Silica  
C oncentration

(g/L )

M ean Particle  
Diam eter  

(nm)

Ludox G rade  
Used in 

Experim ent
1 O.r.O (r = 0 & 

180)
15 30 TM

2 90.r.0 (r -  90 
& 270)

21 25 TM

3 90,270.0 21 13 HS-40
4 90.270.0 5 12 HS-40
5 90.180.y  (y = 0 

4 :9 0 )
21 13 HS-40

6 90 .180.y (y = 0 
6k 90)

21 14 H S-40

T able 2.6 C olloidal silica fouling experim ental conditions
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3 .3 .3 .1 0,r,0 Results

The orientations for this experim ent are show n in Figure 3.17. These are the same as the 

orientations described in Subsection 2.3.1 in the previous chapter on concentration 

polarization. This particular experim ent helps to illustrate the nature o f  the density 

separation aspect o f  the CM D S apparatus. The two orientations represent the extrem es o f  

the action o f  the centrifugal forces acting on particles on the m em brane surface. The 

graph o f  the relative flux over time (Figure 3.18) is produced in the same m anner as that 

described for hum ic acid in Subsection 3.2.3.1. The sam e can be said for all o f  the silica 

fouling graphs produced in Subsection 3.3.3.

0 ,0,0 0,180,0

Figure 3 .17 M em brane m odule orientation and feed flow direction (O.r.O)

In this experim ent, the 0.0.0 orientation has the centrifugal forces acting in such a m anner 

as to direct particles aw ay from the surface o f  the m em brane, while with the 0.180.0 

orientation the opposite  is true. .As the colloidal silica solution has particles with a 

specific gravity o f  2.6. the density separation effect inherent in the CM DS process is 

highlighted fairly well in this orientation. This is especially  true when com paring these 

results with the ones obtained for the neutrally buoyant NaCl solutions discussed in 

Subsection 2.3.1 o f  the previous chapter. W ith the NaCl solutions, the negative im pact o f  

the centrifugal forces, i.e. in the 0.180.0 orientation, w ere not as dramatic as those 

associated with the silica (F igure 2.2 v.v. Figure 3.18).
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F ig u re  3 .18 Colloidal silica e.xperiment # 1 |47]

The m ethod o f  quantification for the plots is the same as that discussed in Subsection

3.2.3.1 o f  this chapter. The quantification for this orientation, and for ail subsequent 

silica experim ents, will include the area o f  the data from  the 60-m inute m ark until the end 

o f  the run. In all o f  the plots to  be given in this subsection the same characteristic exists; 

for the reference static case and the unfavourable dynam ic orientations there is a fairly 

rapid flux decline over the first 60 minutes. As previously m entioned, this initial flux 

decline portion o f  the graphs is ignored in this analysis, and instead, the longer-term  

effects o f  fouling with respect to the static and dynam ic processes are exam ined.

The quantification o f  the results illustrated in Figure 3 .18 is given in Table 3 .7. Using the 

know ledge obtained in the previous section, it can be determ ined num erically  that the 

0,0,0 orientation is superior to  the 0,180,0 orientation based on a positive value o f  k  and a 

value o f  a  that is lower than one. W hile this appears fairly obvious, the  num bers will
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allow  for a com parison w ith the subsequent orientations used in the silica fouling 

experim ents.

O rientation & 
E xperim ent # a K

Static 1 1.0 0.00

0.0.0 1 0.87 0.21
0.180.0 1 3.7 -0.26

Table 3.7 a  and k va ues for O.r.O orientations

3.3.3.2 90,r,0 Results

O f  the three experim ents done in this subsection, only experim ent #2 used tw o different 

roll angles. 90 and 270 (for reference, refer to Figure 3.2 for m em brane m odule 

orientation relative to flow; in all cases the flow is in the sam e direction as that o f  the 

centrifugal force). O nce this initial experim ent was conducted, it becam e apparent that 

the 90.270.0 orientation was sim ilar to the 90.90.0 orientation, so no further orientation 

experim ents were conducted for the 90.r.0 orientation. Instead, the next two experim ents 

(#3 and #4) investigated the effects o f  feed flow rate and colloidal silica feed 

concentration. The relative flux over tim e plots for this orientation are all very sim ilar, 

therefore a typical result for this orientation is given in Figure 3.19. The a  and k values 

are also presented, in Table 3.8.

O rientation & 
Experim ent # a K

Static 2 1.0 0.00
3 1.0 0.00
4 1.0 0.00

90.90.0 2 5.9 0.53
90.270.0 2 1.7 0.53

3 0.14 0.59
4 -0.06 0.33

T able 3 .8 a  and k  values for 90.r.0 orientations
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Figure 3.19 Colloidal silica expcrimenl #2

The results show ed that the 90,270,0 orientation performed the best o f  the 90,r,0 

orientations exam ined. Though the value o f  a  obtained for experim ent #2 in the 90,270,0 

orientation is greater than one, it is not that significant given that the other tw o results for 

the same orientation are well below  one.

3.3.3 3 90,180,y Results

As m entioned in Subsection 3.2.3.2, the 9 0 ,180,y orientation (fo r reference, see Figure 

3 .7) is useful in helping to  exam ine the effects o f  Coriolis forces in the CM D S process. 

The 90,180,0 orientation is capable o f  giving m axim um  Coriolis forces, while the

90,180,90 orientation gives the m inim um  forces. A typical result for this analysis is 

g iven in Figure 3 .20, and upon exam ination o f  the curves, a sim ilar trend to  that shown 

for hum ic acid fouling at the sam e orientation (Figures 3.8 and 3.9) is noted. That is, this
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analysis does not show a significant difference betw een the m inim um  and m axim um  

Coriolis force orientations. The differences betw een the tw o different fouling so lu tions’ 

flux declines will be exam ined further in the concluding chapter (Chapter 4).

1.1

1.0  -

0 .9  -

%
E  0.8 4

-3  0 .7  -

0.6

0 .5  -

0 .4

 * Wwmi*
Static
Dynamic - 90.18Ü.9Ü 
Dvnamic 90.180.0

-50 0 50 100 150 200 2 5 0  300 350 400

E lapsed T im e (min)

F ig u re  3 .20  C olloidal silica experim ent #5

O rientation &  
Experim ent #

a K

Static 5 1.0 0.00
6 1.0 0.00

90,180,0 5 1.8 0.40
6 0.09 0.42

90,180,90 5 1.4 0.42
6 0.14 0.33

Table 3.9 a  and k values for 9 0 ,180,y orientations
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The values o f  a  and K (Table 3.9), for the m ost part, fall into what is apparently typical o f  

the CM D S process, based on the full set o f  experim ents already com pleted in these 

orientations. The slope analysis is a little m isleading in that the a  values for experim ent 

#5 are slightly  above one. indicating poorer perform ance relative to the static case. 

H ow ever, this result can also be tem pered against the high k  values obtained in the 

experim ents. It is also very clear in the relative tlux over time figures that the 

perform ance o f  the dynam ic process is superior to that o f  the static process, under the 

sam e conditions.

3.3.4 M icroscopic A nalysis o f  Fouling Layer

3 .3 .4 .1 SE M  Results

The procedures used in the preparation o f  sam ples were described in Subsection 3.2.4. 

and were used to exam ine silica fouled m em brane sam ples. However, some difficulties 

were encountered in using these sam ples. O nce dry. the silica layers tended to crum ble, 

thus rem oving the deposits from the surface. This m ade it very difficult to prepare the 

edge sam ples for fouling layer thickness analysis. From the wet sam ples, a visual 

inspection noted fouling layers that appeared to be thin, glassy sheets.

Figure 3.21 gives a surface view  o f  the silica fouled m em brane sam ples and com pares 

them  to an unfouled piece o f  m em brane m aterial. In looking at the surface o f  the 

statically fouled m em brane under lOOOx m agnification (Figure 3.21(b)). it was difficult 

to get a good understanding o f  what was happening at the surface. For this reason, an 

additional v iew  at 500x m agnification was done (Figure 3.21(c)). This image show s the 

"p late-like '’ structures that w ere identified in the visual inspection o f  the m em brane, and 

also how the fouling layer flaked o ff  o f  the m em brane surface upon drying. The shadow s 

in the im age help to give a sense o f  the size o f  the structures, which appear to be larger 

than the ones illustrated for hum ic acid (F igure 3.12). It seem s that the silica fouling 

layer is an  agglom eration o f  m aterial that form s "plates" on the surface.
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i

(a) ( b ) (c)
Figure 3.21 Surface electron m icrographs of: (a) unused m em brane ( 1 OOOx): (b) 

static silica fouled m em brane ( lOOOx); and (c) static silica fouled 
m em brane (500x)

M icrographs o f  the 90.180.V  experim ents are presented in Figure 3.22. In this series o f  

im ages it is interesting to see the distinct differences in the nature o f  the fouling layers on 

the static and dynam ic sam ples. The static sam ple (F igure 3.22(a)) is very sim ilar to the 

one given in Figure 3.21. while the dynam ic fouling layers seem s to have fouling "p lates" 

which are sm aller and som ew hat better adhered to the m em brane surface. U nfortunately, 

only the static case could be exam ined in the edge profile (Figure 3.23). and thus the 

fouling thickness o f  the dynam ic orientations could not be studied. As m entioned before, 

this was due to the fact that the silica fouling layer degraded considerably once dried. 

The difference betw een static and dynam ic cases is not a surprise given the considerable 

difference in their respective relative fluxes (Figure 3.20). The surface study o f  the 

m icrographs seem s to indicate that the dynam ic fouling layers are m ore porous or 

possibly thinner, and thus more perm eable.
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a
5 *

(a) (b ) (c)

F ig u re  3.22 Surface electron m icrographs ( I OOOx m agnitlcation) of: (a) static 
silica fouled m em brane: (b) 90.180.90 orientation dynam ic 
silica fouled m em brane: and (c) 90.180.0 orientation dynam ic 
silica fouled m em brane

The thickness o f  the static fouling layer (F igure 3.23(b)) gives som e insight into the 

nature o f  the fouling layer. It seem s to have the sam e characteristics as that show n for 

hum ic acid in the edge view  o f  the static fouled m em brane (Figure 3.14(b)). There 

appears to be a built up layer that is quite dense, indicating an absorptive fouling 

m echanism . One source o f  error, not discussed in the hum ic acid section, concerns the 

preparation o f  the sam ples. The edge sam ples w ere prepared by cutting the sections with 

a scalpel. In doing this, the im age presented in the m icrograph m ay represent a 

com paction caused by the cutting action o f  the scalpel. This could have been determ ined 

definitively if  sam ples for the dynam ic orientations could have been prepared from the 

fouled m em brane m odules.
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F ig u re  3.23 Edge electron m icrographs ( 100% m agnification) of: (a) unused 
m em brane; and (b) static silica fouled m em brane

3.3.4.2 ED X R esults

The elem ents selected for the analysis were again sulfur and silica, as it was assum ed that 

they would be present in d ifferent quantities for the foulant and for the m em brane 

m aterial. As was m entioned in Subsection 3.2.4.2, the EDX analysis was only able to 

identify trends w ith respect to the fouling layers, and not identify their exact interfaces on 

the edge m icrographs (F igure 3.23). The first scan involved looking at the surface o f  the 

silica fouled m em branes to see w hat the S:Si ratios were. For the static. 90.180.0 and

90.180.90 orientations, the ratios w ere found to be 71:29. 13:87 and 25:75. respectively. 

As a reference, these values can be com pared to the ratio for the unused m em brane 

m aterial. 87:13. The high ratio for the static m em brane sam ple m ay be m isleading given 

that m ore o f  the dried foulant was probably gone from the m em brane surface, com pared 

to the dynam ic fouled sam ples (Figure 3.22).

A n analysis o f  the edge view  o f  the static fouled m em brane (Figure 3.23(b)) indicated 

that a  silica fouling layer ex ists on the m em brane surface. This analysis was not as 

critical as the one perform ed for the humic acid, as the silica fouling layer is quite 

apparent in tlie edge view  im age (Figure 3.23(b)), as com pared to that for the hum ic acid 

(F igure 3.15. for exam ple). In this experim ent the S:Si ratios were, going from the
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fouling surface towards the a lum inum  support, as follows: 26:74, >1:99. >1:99, 98:2 and 

>99:1. The 26:74 value is anom alous, how ever, as described above, this m ay have been 

due to som e surface silica rem oved upon drying.

Finally, the EDX analysis w as also used to determ ine how  well the silica foulant adhered 

to the surface o f  the m em branes used in different orientations. O nce again for this 

procedure, the silica fouled m em branes were rinsed w ith distilled water, dried, and then 

sam ples o f  each were prepared for SEM /ED X  analysis. Figure 3.24 illustrates what the 

silica fouled m em branes look like after they have been washed w ith distilled  water. 

These im ages indicate that there is m ore material on the surface o f  the dynam ic fouled 

m em branes (surface has a rougher appearance), thus indicating better adhesion. The 

EDX analysis showed that the S:Si ratios for the static, 90,180,0 and 90,180,90 

m em branes w ere 87:13, 20:80 and 39:61, respectively. As determ ined in Subsection

3.2.4.2 on EDX analysis o f  unused m em brane m aterial, a "clean” m em brane should have 

a high S:Si ratio. Thus, this is a further indication that more foulant has adhered to the 

dynam ic fouled membranes. This result, along with the sim ilar one obtained for humic 

acid, illustrates the apparent contradiction o f  how the foulant is better adhered to the 

m em brane surface in the CM D S process, while still obtaining higher flu.xes relative to the 

static case.
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(a)

m .

(b ) (c)

F igure  3.24 H ]0  rinsed m em brane surface electron m icrographs ( lOOx
m agnification) of: (a) static silica fouled m em brane: (b) 90.180.0 
orientation dynam ic silica fouled m em brane; and (c) 90.180.90 
orientation dynam ic silica fouled m em brane

3.4 Nanofiltration

This section exam ines the nanofiltration o f  a feed solution containing protein, and thus 

changes the focus o f  the fouling from sm aller particles to m acrom olecules. However, 

m ore im portantly, the focus has shifted from reverse osm osis m em branes to 

nano filtration m em branes, enabling the study o f  a different transport m echanism  in the 

CM O S process. N ano filtration (N F) m em branes have pore sizes that are twice that found 

in reverse osm osis (RO ) m em branes (10-20 Â vs. 5-10 A ) [3]. The factors that effect 

separation for the two types o f  m em brane also d iffer som ew hat. Reverse osm osis 

transport is prim arily dependent upon diffusivity and solubility  o f  the solvent w ithin the 

m em brane m atrix, w here nanofiltration transport depends prim arily  on the relative size o f  

particles va-, pore. N F m em branes have a high perm eability  for m onovalent salts (NaCl 

and KCl for exam ple) and organic com pounds w ith  low  m olecular weight (<500 

Daltons). However, they have very low perm eability for h igher m olecular w eight organic 

com pounds (>500 D altons) such as proteins [49]. This section w ill illustrate how  the
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CM D S process is universal in its application for both significantly different feed 

solutions and for d ifferent transport m echanism s.

3.4.1 Introduction

In the past few years, there has been considerable interest in the use o f  m em brane 

separation processes for the fractionation o f  com plex protein m ixtures [48 ]. M em branes 

are also being used for de-w atering dairy products, rather than using energy-intensive 

evaporation m ethods. W ith the use o f  m em branes for these protein separations com es the 

inevitable problem  o f  protein  fouling on the surface o f  the membrane.

W hen using feed solutions that contain m acrom olecules, such as proteins, the fouling that 

occurs on the m em brane surface is a form o f  concentration polarization. This is governed 

by the sam e equations as those described by equations 2.1 through 2.3 in Section 2.1. 

H ow ever, in this case, a m acrom olecular solute can build up on the surface o f  the 

m em brane and a gel layer will begin to form. Once this layer forms and reaches a point 

lim ited by the so lu te 's  concentration, any further build up o f  solute must occur by a 

thickening o f  the existing gel layer at the m em brane 's surface. This creates a reduction in 

flux, w hich eventually reaches the point w here the convective transport is equal to the 

d iffusion backfiow  transport. In this situation the perm eate flux becomes constant and 

Cw is replaced by C» giving equation 3.3:

—  = exp —  (3.3)

; w here Co is the concentration o f  the solute at the gel layer surface. This is w hat is 

referred to as the "gel polarization m odel” , and is represented by Figure 3.25. In this 

figure, the area directly  adjacent to the m em brane (yellow  area) is the gel layer (blue 

area). This gel polarization representation o f  concentration polarization show s that w ater 

flux (Jv): ( I )  is independent o f  pressure upon form ation o f  the gel; (2) decreases w ith 

increasing feed concentration; and (3) depends on fluid dynam ics {i.e. lam inar or 

turbulent flow conditions) [26]. The flux behaviour o f  th is fouling model is generalized
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in Figure 3 .26, which shows at what point the  gel layer form s on the m em brane and what 

transport m echanism s are governing the flux.

Figure 3.25 Gel polarization concentration profile
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Figure 3.26 G eneralized N F transport relationship (after [49])

The feed solution that was chosen to be used in the nanofiltration experim ents was that o f  

w hey. Whey contains four m ajor proteins: (1) P-lactoglobulin; (2) a-lactalbum in: (3) 

bovine serum album in; and (4) im m unoglobulin G [5 0 1. H ow ever, for this study the term 

“protein" will used to represent all o f  the protein present in the whey feed solution. In 

addition to the protein there are o ther solids present in whey, w hich are represented in 

T able 3.10.

C onstituent Percentage o f  T otal Solids
Fat 0.9
Protein 10.2
N on-protein N itrogen 2.7
Lactose 74.0
Lactic Acid 2.2
Soluble Salts 9.6
Insoluble Salts 0.4

Table 3.10 Typical solids content o f  whey [51

The m olecular w eights o f  the m ajor constituents are below  500 Daltons (for exam ple -  

lactose is 342 D altons [52]), and thus it is m ostly the protein that will retained by the
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nanofiltration m em branes. It is this retention that will m anifest itse lf as a gel layer, as 

described above.

3.4.2 Experim ental W ork

3.4.2.1 Prelim inary Experim ents

The source o f  w hey selected for the experim ents was a com m ercial whey pow der (Sigm a 

A ldrich Co.). w hich had a m inim um  protein content o f  11% (m anufacturer's guarantee). 

The prim ary characterization o f  the whey pow der involved determ ining its solubility. 

Inform ation provided by Sigm a-A ldrich indicated that the pow der was soluble at 50 g/L

[53]. and tests confirm ed that this was the case. .A test solution with a concentration o f  

50 g/L was prepared w ith the addition o f  the whey pow der to distilled w ater, followed by 

5 m inutes o f  gentle, m echanical stirring. The resulting m ixture was a light yellow, turbid 

solution. This solution was allow ed to sit 24 hours, and a subsequent observation found 

that there was no precipitation, o r degradation o f  the solution. This rem ained the case for 

another 48 hour period, at w hich tim e the solution began to precipitate. .A "spoiled m ilk" 

odour also began to becom e prevalent during this period, indicating the bacterial 

breakdow n o f  the lactose to lactic acid. This experim ent indicated that the feed solution 

would rem ain stable for a  period o f  at least 24 hours. However, it was decided that fresh 

whey solution would be prepared for each d ay 's  experim ents.

For these experim ents, the m em brane m aterial used in the m em brane m odules was DS- 

5™. a thin-film  nanofiltration m em brane from Osm onics. Table 3.11 sum m arizes some 

o f  the specifications for the m em brane m aterial.

Specification Value
application D ye rem oval/concentration, heavy m etals rem oval, and 

acid purification
pH range 2.0 - 11.0 operating range and 1.0 - 11.5 cleaning range
typical operating pressure 500 -  2800 kPa
m axim um  pressure 3500 kPa
m axim um  tem perature 50°C

T able 3.11 DS-5™ m em brane m aterial specifications [54]
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As all o f  the experim ents done thus far involved reverse osm osis m em branes, NaCl 

concentration (via conductivity  m easurem ents) o f  the perm eate was used to determ ine 

how  well the m em brane w as working. In the case o f  nano filtration m em branes, NaCl is 

not retained, and thus a  new  m ethod o f  determ ining m em brane integrity had to be 

developed. The m ain aspect o f  these experim ents involves protein retention, therefore a 

m ethod to quantify protein concentration in the perm eate was necessary. A protein assay 

procedure based on  the Bradford dye-binding procedure was chosen for this 

quantification (B ioR ad reagent) [55], This colourm etric determ ination (595nm ) is useful 

for protein concentrations o f  up to 1.4 g/'L. This value represents a % rejection 

m easurem ent o f  25%  based on a 50 g/L whey feed solution, thus it is effective in the 25- 

100 % rejection range. This analysis was to be done using the perm eate from the static 

process experim ents, as it was the only process capable o f  capturing the perm eate. In all 

cases it was found that the m em branes were not leaking protein into the perm eate 

stream s.

An experim ent sim ilar to that described in Section 1.4 was also conducted on the 

nanofiltration m em brane m odules to see if  backpressure was a factor to be considered. 

This experim ent was done after the integrity o f  the m em branes had been confirm ed with 

the protein assay o f  the perm eate. In this procedure, distilled w ater was run through the 

NF m em branes at a constant transm em brane pressure o f  690 kPa (varying the applied and 

backpressures correspondingly). No effect was observed using a range o f  backpressures 

from 0 to 1400 kPa.

3.4  2.2 Procedure For Fouling Experim ents

The procedure for these experim ents differed som ew hat from that used for the humic acid 

and colloidal silica fouling experim ents. One type o f  experim ent was done to try to 

reproduce the flux curves, illustrated in Figure 3.26, for both the dynam ic and the static 

processes. The other type o f  experim ent conducted was identical to the ones in the two 

previous sections on  fouling, though at a low er applied pressure. For all o f  these 

experim ents, a feed solution o f  whey was prepared to a concentration o f  50 g/L by adding
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the appropriate am ount o f  whey pow der to d istilled w ater in the feed tanks (no N aC l was 

added, as w ith the hum ic acid  and silica feed solutions).

The first type o f  experim ent involved circulating w hey feed solution first through the 

static process, and then through the dynam ic process. This was done by varying the 

transm em brane pressure from  450 to 4200 kPa. in 350 kPa intervals. Flow rate sam ples 

were m easured at each pressure for 10 to 15 m inutes, and an average flux for each 

pressure was determ ined. The second type o f  experim ent was done in m uch the sam e 

way as that described in Subsections 3.2.2.2 and 3.3.2.2. In this case how ever, the 

applied pressure was fixed at 1400 kPa rather than 4200 kPa.

3.4.3 Results

All o f  the experim ents using the whey feed solution were conducted on the m em brane 

head with the pitch o f  90. A sum m ary o f  these experim ents is given in Table 3.12.

Experim ent # M em brane M odule  
O rientation

Experim ent T ype

1 90.270.0 variable pressure
2 90.270.0 variable pressure
3 90.180.y (y = 0 & 9 0 ) variable pressure
4 90.180.y (y = 0 & 90) fixed pressure

T able 3.12 W hey solution fouling experim ental conditions 

3.4.3.1 V ariable Pressure Results

This experim ent exam ined if  the CM D S process gives a fiux-pressure response sim ilar to 

that illustrated in Figure 3.26. The results o f  this experim ent are illustrated in Figure 

3.27. The shape o f  the curve indicated that there was a gel layer form ing in both 

processes, but the onset o f  this was reached at a h igher pressure in the case o f  the 

dynam ic process (orientation 90.270.0). The graph a lso  indicated that a higher flux was 

being achieved in the dynam ic process. This sam e type o f  analysis was perform ed for the 

90.180.y orientation (F igure 3.28), w ith sim ilar results. The only difference in this case 

occurred w ith the onset o f  the gel layer form ation. In this case, it seem ed to occur at 

approxim ately  the sam e pressure as the static process.
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Figure 3.27 Whey experiment # I

Q uantification o f  these results differed som ew hat from  that done for the hum ic acid and 

silica fouling results. The benefit o f  the dynam ic process over the static process could be 

m easured by exam ining the part o f  the curve w here the flux is mass transfer controlled, or 

the portion w here the gel layer forms. A m odified offset factor (k ) and a “rollover”

pressure term  ( p j  are used for the variable pressure experim ents. The k is based on the

sam e idea as the k term  used in the previous tw o sections on fouling (refer to Equation 

3.2), how ever this offset is based on the difference in absolute flux rather than relative 

flux. B ecause o f  this, the value o f  k will be considerably larger than that o f  k, and 

therefore will not allow  for direct comparison. The term  pr refers to the pressure at which 

the flux levels off, o r w here the gel layer forms. This is determ ined by visual inspection 

o f  the  pressure flux plots. The results for the variable pressure experim ents are presented
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below  in Table 3.13. These results indicate that the 90,270,0 dynamic orientation 

achieves the onset o f  the gel layer at a higher pressure and provides a higher flux relative 

to  the static case.
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I  .0
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o  6  -
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2 4 

0

Static
Dynamic - 90.1SO.90 
Dy namic - 90.180.0

500 1000 1500 2000 2500 3000 3500 4000 4500

Transmcmbranc Pressure (kPa)

Figure 3.28 Whey experiment #3

O rientation & 
Experim ent #

k ' P r  ( k P a )

Static 1 0.0 1200
2 0.0 1300
3 0.0 1100

90,270,0 1 17 2700
2 10 2000

90,180,90 3 7.3 1400
90,180,0 3 9.6 1400

Table 3.13 k' values anc “rollover” pressures for varia )le pressure experim ents



95

3.4 .3  2 Fixed Pressure Results

This experim ent involved an experim ental approach sim ilar to that presented in the 

sections o f  this chapter on humic acid and silica fouling. The results o f  this experim ent 

(Figure 3,29) show ed som e different results relative to those given for the silica fouling 

stream  (see Figure 3.19), but provided som e sim ilarity to the results obtained from the 

hum ic acid fouling experim ents (see Figure 3.9). The sim ilarity exists in the fact that 

there was a significant pattern o f  decay in relative flux for both the static and dynam ic 

cases. This may be due to  the rapid onset o f  the gel layer under the operating pressures 

used.

-50

IXnam ic - W.lHO.yO 
Dvnamic - 40.180.00.9

0.8

=  0.7 
Z
>  0.6

0.4

0.3

0.2

50 100 150 200

Elapsed Time (min)

250 300 350

F ig u re  3 .29  W hey fouling experim ent #4

The results for the quantification o f  the flux over tim e plot are given in Table 3.14. As 

w as the case for some o f  the results obtained for the  silica fouling, the values o f  a  for the 

whey w ere greater than one, indicating a  m ore rapid decline in flux relative to  the static
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case. U nfortunately, the runs were lim ited in elapsed time; so this trend could  not be 

exam ined further to determ ine if  these a  values w ould rem ain greater than one over a 

greater period o f  tim e. However the positive k values illustrated a  greater flux in the 

dynam ic processes relative to the static case. The experim ent also once again  confirm ed 

that the m axim um  Coriolis force orientation (90,180.0) produces an im proved 

perform ance relative to that o f  the m inim um  C oriolis force orientation (90,180,90).

O rientation a K
Static 1.0 0.00

90,180,0 1.6 0.17
90,180,90 1.9 0.11

T able 3 .14  a  and k values for fixed pressure experim ent (experim ent #4)

3.4.4 M icroscopic .Analysis o f Fouling L ayer

Only an SEM  analysis was undertaken, as the com position o f  the fouling layer did not 

allow  for an effective EDX analysis. This is due to the fact that the fouling layer is 

com posed prim arily  o f  organic m aterial w ithout a significant portion o f  inorganic 

material in its m atrix  (as was the case w ith hum ic acid fouling layers). The preparation 

o f  the sam ples for the SEM  analysis was the sam e as that described in subsection 3.2.4 o f  

this chapter.

The results o f  the surface SEM images (F igure 3.30) were not very conclusive, and 

surface m aterial w as difficult to d ifferentiate from  the m em brane m aterial. This may 

have occurred due to a possible decom position o f  the protein fouling layer during the 

gold coating process. .As m entioned in Subsection 3.2.4.1, the sputter coating process 

involves the use o f  desiccation and a vacuum  environm ent to prepare a sam ple for 

coating. It is this process that may have dam aged the fouling layer, thus m aking it 

difficult to observe under the m icroscope. V isual inspection o f  the m em brane m odules 

after a fouling experim ent also gave little insight into the nature o f  the fouling layer. It 

appeared to be a  fairly translucent layer, w ith a  slim y, gelatinous texture.
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(a) (b ) (c)
Figure 3.30 Surface electron m icrographs (250x m agnification) of': (a) unused 

m em brane; (b) static protein fouled m em brane; and (c) 90.180.90 
orientation dynam ic protein fouled m em brane

The edge SEM  images (F igures 3.31 and 3.32) provided even less inform ation than that 

from the surface images. The identification o f  a fouling layer in Figures 3.31(b) and 

3.32(b) cannot be established relative to the im age o f  the unused m em brane in Figures 

3.31(a) and 3.32(a). As an EDX analysis o f  the fouling layer could not be undertaken, 

thus the presence o f  this fouling layer could not be confirm ed. Once again, the culprit 

m ay have been the degradation o f  the layer during the gold coating process. It is 

interesting to note that the m em brane itse lf did not show  the sam e level o f  com paction as 

that for the experim ents utilizing the reverse osm osis m em brane m aterial (refer to Figures 

3.14. 3.15. and 3.23). This indicates that there may be a critical pressure were 

com paction occurs for a given m em brane m aterial, o r that the level o f  perm eation may 

play a role in this com paction. In either case, the apparent lack o f  com paction m ade it 

too difficult to identify the presence o f  a fouling layer.
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(b )

F igu re  3.31 Edge electron m icrographs ( lOOx m agnification) of; (a) unused 
m em brane and (b) static protein fouled m em brane
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(a) (b )

F ig u re  3.32 Edge electron m icrographs ( 1 OOx m agnification) of: (a) unused
m em brane and (b) dynam ic (9 0 ,180,90 orientation) protein fouled 
m em brane
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A different qualitative m ethod was utilized to determ ine if  a fouling layer was present on 

the surface o f  the m em branes. This test was done w ith m em branes that had ju s t been 

used in a fouling experim ent, as well as ones that had been rinsed to see if  fouling layers 

adhered to the m em brane (sim ilar to that done for hum ic acid and silica in Subsections

3.2.4.2 and 3.3.4.2, respectively). This test used the sam e BioRad reagent that was used 

in the protein assay analysis. It was noted that w hen the diluted reagent was in the 

presence o f  protein, a resulting blue colour was established. U tilizing this observation, 

the m em brane m odules were covered in the diluted reagent and allow ed to sit for 5 

m inutes. The greater the am ount o f  protein on the m em brane surface, the m ore prevalent 

the blue colour. From  this analysis it was noted that the static fouled m em branes show ed 

bluer colour on the surface than the corresponding dynam ic fouled m em branes. This 

qualitative experim ent appears to indicate more protein fouling on the surface o f  the 

static fouled m em branes. Using this test on the rinsed m em branes yielded little blue 

colouration, thus indicating protein was not present. This also identifies a loosely 

adhered fouling layer on both the static and dynam ic fouled m em branes.
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4 Conclusions

4.1 CMDS Process Conclusions

The previous tw o chapters have outlined a  variety  o f  experim ents utilizing the CM D S 

process. From this w ork, several conclusions w ith respect to both the perform ance o f  the 

CM DS process and fouling m echanism s can be draw n. By using different feed solutions, 

m em brane m aterials and process conditions in the various experim ents, a  num ber o f  

phenom ena have been observed. However, underlying these conclusions is the m ain 

point o f  the research; when com pared to a conventional m em brane process, does the 

CM DS process w ork better with respect to fouling reduction and tlux enhancem ent? The 

answ er to these questions is yes. W hile the process does not eliminate fouling, it was 

found to m inim ize its deleterious effects. Table 4.1 provides an overall sum m ary o f  the 

experim ents com pleted (typical results illustrated), and how they relate to m em brane 

orientation and the forces at work in the C M D S process. The significance o f  the various 

factors presented in Table 4.1 can be sum m arized as follows: (a) a value o f  p greater than 

one indicates tlux enhancem ent relative to the static process; (b) a value o f  a  less than 

one indicates that the tlux is not declining at the sam e rate at it is for the static process; 

(c) a value o f  k  g reater than zero indicates that there is a higher tlux relative to the static 

case; and (d) a value o f  k ’  greater than zero indicates that there is a higher absolute tlux 

relative to the static case The subsequent subsections will sum m arize the observed 

phenom ena o f  the previous two chapters that support the assertion that the CM D S 

process is a better m eans o f  m em brane separation relative to a conventional system .
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M em b ran e
Orientation

Centrifugal
Force

Coriolis
Force

Brine

NaCl MgS04

Humic
Acid

Silica Whey

0,0.0 away from 
membrane 

surface 
(normally)

directed
normally
towards

membrane
surface

(3=1.16 (3=1.49 N /A a = 0 . 8 7  
<=0 21

N /A

0 ,1 8 0 .0 towards
membrane

surface
(normally)

directed
normally

away
membrane

surface

P = 0 .8 8 p = 0 .9 l N /A a = 3 . 7
< = -0 .2 6

N/A

90 ,9 0 ,0

Î
c r

away from the 
membrane 
surface in 
plane with 
feed flow

directed 
langentially 
away from 
membrane 

surface

p = l . 2 7 N /A a = l . l
< = - 0.01

a = 5 . 9

<=0 .53

N/A

9 0 ,1 8 0 ,0

! t
away from the 

membrane 
surface in 
plane with 
feed flow

directed 
normally 

away from 
membrane 

surface

P = l . 5 4 N /A ot=0.6l
< = 0.01

a -0.09 

< = 0 .4 2
< = 9 . 6
a  1.6 
< = 0 .1 7

9 0 ,1 8 0 .9 0 away from the 
membrane 
surface in 

plane at right 
angles with 
feed flow

minimum 
Coriolis force

P = I . I 2 N /A a = 0 . 6 9

< = -0 .03

a = O . I 4

<=0 .33
< '= 7 .3  
a = l . 9  

< = 0 .11

9 0 ,1 8 0 ,1 8 0 away from the 
membrane 
surface in 

plane against 
feed flow

directed
normally
towards

membrane
surface

P = I 2 2 N /A N /A N/A N /A



1 0 2

90,180,270

c
away from the 

membrane 
surface in 

plane at right 
angles with 

feed flow

minim um  
Coriolis force

p=1.12 N/A N/A N/A N/A

90.270.0
A

' c

away from the 
m embrane 
surface in 
plane with 
feed flow

directed 
tangentially 
away from 
mem brane 

surface

N/A N/A 5=0.39 
K=0.14

5=0.14 
<=0.39

k'=17.5

90.270,90

o

away from the 
m em brane 
surface in 

plane at right 
angles with 

feed flow

directing 
particles 

away from 
the 

mem brane 
surface 

(tangentially)

N/A N/A 5=0.70
k=0.04

N.'A N/A

Table 4.1 Sum m ary o f  m em brane orientation perform ance for tlux enhancem ent

4.1.1 M em brane O rientation

The focus o f  this part o f  the research involves exam ining several orientations and 

observing their tlux behaviour with respect to m em brane orientation. The purpose is not 

to highlight any particular orientation, but rather to understand the influence o f  the 

rotating environm ent on a variety o f  fouling processes. W hen discussing m em brane 

orientation, one is developing links betw een the direction in w hich the feed is passed over 

the m em brane w ith respect to the Coriolis and centrifugal forces.

In the chapter on concentration polarization (C hapter 2) it was determ ined that the 

90.180.0 orientation gave the greatest flux enhancem ent o f  the orientations tested, 

relative to the static case (h igher p num ber). In this orientation (Figure 4.1). the 

centrifugal force is directed from the axis o f  rotation to the periphery, in the sam e m anner 

as the feed flow (positive y direction). The Coriolis force is being directed away from the 

m em brane in a  direction that is norm al to the surface (positive x direction). As suggested 

in the com putational fluid dynam ic w ork done by Pharoah [21.22], it is the com bination 

o f  the Coriolis and centrifugal forces that create the flow instabilities, w hich then create
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better m ixing o f  the bulk fluid at the m em brane surface. W hile this phenom enon occurs 

at m ost orientations in the CM D S process, it is the 90.180.0 orientation that gives the 

greatest m agnitude o f  these forces acting upon the m em brane surface creating flow 

instabilities. This is based only on the experim ents conducted for the concentration 

polarization determ ination and the CFD  sim ulations, both o f  w hich d id  not exam ine all 

orientations.

Permeate
Face

jr

< ■

F igu re  4.1 90.180.0 orientation with reference axis

The fouling experim ents gave slightly different results w ith regard to w hich o f  the 

studied orientations created m ore fouling reduction and greater tlux enhancem ent. For 

both the humic acid and silica results, the 90.270.0 orientations show ed the m ost promise 

with respect to flux enhancem ent relative to the static process experim ents. This was 

based on the analysis o f  the results using the derived term s a  and k .  A s  m entioned in 

Subsection 3 .2 .3 .1, a value o f  a  less than one and a positive value o f  k  indicated that the 

particular dynam ic orientation had a slow er rate o f  flux decline and a  g reater flux relative 

to the static case. In this orientation (Figure 4.2). the centrifugal force is also directed 

from the axis o f  rotation to the periphery, in the sam e m anner as the feed flow (positive y 

direction). The Coriolis force is directed in the plane o f  the m em brane (positive x 

direction). There is no direct com parison w ith the results obtained for the concentration 

polarization experim ents, as the 90.270.0 orientation was not studied in these 

experim ents. H ow ever, in experim ents done by Bergen [18] it was noted that the two 

orientations perform ed the sam e at 22500 ppm  N aC l. For the silica and hum ic acid, the
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results obtained for the 9 0 ,180.0 orientation in the fouling experim ents were not as good 

as those obtained for the 90.270,0 orientation, but they w ere still quite reasonable. This 

suggests that the 90.180.0 orientation is also a  suitable one with respect to flux 

enhancem ent for all types o f  feed solutions.

Y Permeate
/ .  Face

X

F igure 4.2 90.270.0 orientation with reference a.\is

W ith respect to m em brane m odule orientation, certain configurations performed in a less 

satisfactory way. It was observed that the orientations w here Coriolis and centrifugal 

forces are directed tow ards the face o f  the m em brane, flux performance is poor. 

Exam ples o f  these orientations include 0.0.0. 0.180.0 and 90.180.180.

4.1.2 Fouling in C M D S and C onventional M em brane Processes

4.1.2.1 Fouling Feed Stream  D ifferences

A significant difference w as observed in the flux decline for the humic acid com pared to 

the colloidal silica, w ith respect to the static fouling o f  the reverse osmosis m em branes. 

This occurred due to a com bination o f  factors. The first o f  these is the feed solution 

concentration, w hich was significantly  higher for the silica than for the humic acid  (21 

g/L for silica com pared to 0.3 g/L for hum ic acid). It is expected that a feed solution w ith 

a  higher concentration w ill foul at a  greater rate. On a  general note, the feed solution 

concentrations that were used in the reverse osm osis fouling experim ents were quite  high 

com pared to those used in experim ents described in m em brane fouling literature [42,39]. 

This further adds to the observations that indicate that the CM D S is capable o f  sign ificant
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flux enhancem ent relative to a conventional m em brane process. How ever, the protein 

concentration o f  the w hey feed solution that was used in the nanofiltration experim ents is 

typical o f  that described in the literature [51 ].

A nother factor involves the electokinetic properties o f  the two feed solutions realtive to 

that o f  the m em brane m aterial. As previously m entioned, the m em brane m aterial has an 

overall negative charge, w hile the hum ic acid and silica have a negative and a neutral 

charge, respectively. In term s o f  initial fouling layer deposition, the attraction o f  the 

neutrally charged silica particles to the negatively charged m em brane m aterial is 

favoured. For the subsequent build up o f  the fouling layer, the neutrally charged particles 

are not as likely to repel each other as are the negatively charged hum ic acid particles. 

O ne final difference betw een silica and humic acid that may account for the increase in 

the rate o f  fouling is their respective specific gravities. W hile hum ic acid has a specific 

gravity close to 1.0, that o f  silica is approxim ately 2.6. This density difference could 

account for a denser fouling layer for the silica feed solution, which in turn leads to a 

g reater decline in tlux com pared to the hum ic acid feed solution (only in the 

conventional, static m em brane process).

The density difference described above may also contribute to the greater tlux 

enhancem ent o f  the silica relative to the humic acid in the CM D S process (for exam ple. 

Figure 3.19 vx Figure 3.3). As there are significant centrifugal forces at work, a denser 

particle is more likely to be draw n aw ay from the surface o f  the m em brane (except where 

the centrifugal force is acting toward the surface o f  the m em brane, for exam ple 0,180,0 

orientation). This w ould reduce the solute concentration at the m em brane surface, as 

well as create a scouring effect upon the fouling layer. As described previously, there is 

evidence that m aterial is being sloughed o ff  the surface o f  the m em brane and is being 

deposited at the top o f  the flow channel (Figure 3.10), thus indicating a density 

separation.
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4.1.2.2 Fouling Layer Perm eability

O ne o f  the m ost significant observations was that the fouling layer thickness appeared to 

be the sam e in both the static and the dynam ic process for the two feed stream s that were 

exam ined (silica was excluded as an edge sam ple could not be prepared for the reasons 

m entioned in Subsection 3.3.4.1). G iven that there was a tlux enhancem ent in the 

dynam ic process relative to the static process, it would appear that the fouling layer in the 

dynam ic process has a higher perm eability. This was probably caused by the unstable 

tlow  at the m em brane surface causing the fouling layer to be deposited in an irregular 

way. In a large scale version o f  the CM DS process this would provide a significant 

benefit over a conventional m em brane process in the reduction o f  m em brane module 

cleaning frequency.

4.1.2.3 Adherence o f Fouling Layer

A nother significant observation was that the fouling layer tended to adhere better to the 

m em brane m odules that had been used in the CM D S apparatus com pared to those used in 

the conventional static apparatus. It is an interesting contradiction given that the fouling 

layer in the CM DS m em branes is m ore perm eable than that in the static process 

m em branes. This adhered material is likely a rem nant o f  the initial fouling layer that is 

deposited on the m em brane surface. This phenom enon occurs in the CM D S process 

because o f  the higher flux and its associated higher force due to the perm eation. The 

higher perm eation force, denoted as Fd in Figure 1.2. is causing the particles to be more 

strongly attached to the m em brane surface and its pores. Subsequent layers m ight be 

m ore porous than the static case, but the initial layer is held firmly.

This phenom enon does not occur w ith the protein fouling o f  the nanoflltration 

m em branes, as the foulant is poorly adhered to the m em brane 's surface in both processes. 

U nlike the reverse osm osis fouling, lower perm eation forces are not the cause o f  poor 

fouling layer adherance. In the nanoflltration m em branes, there is significant perm eation, 

so by using the logic o f  the previous paragraph, the foulant should adhere quite well. It 

appears that the lack o f  adherence for both the static and dynam ic processes is due to the
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nature o f  the foulant itself. The protein is fairly soluble in the rinse w ater, therefore it is 

easily rem oved from  the surface o f  the m em brane, for both processes.

4.2 Toward Industrial Applications

.A.S the CM D S process is a new  approach to m em brane separations, it is useful to identify 

where it m ay fit in the field o f  industrial process stream  applications. W hile the benefits 

o f  m em brane processes in general are know n, the problem s associated w ith fouling still 

rem ain as a barrier to universal industrial acceptance. In general, process stream s that are 

d ifficult to treat in conventional m em brane processes would benefit from  the fiux 

enhancing capabilities o f  this dynam ic m em brane process. Som e o f  these process 

applications may include: (1) surface w aters -  with high humic m aterial and silica 

content: (2) m unicipal w astew ater -  high suspended solids content. (3) brackish and sea 

w ater -  significant dissolved solids. (4) various pulp and paper process stream s -  high 

fibre burden or paper fillers, and (5) food product dewatering -  high solids content.

Future developm ent o f  the CM D S process will involve going from a m em brane area in 

the cm" scale to one in the m" scale. D evelopm ent o f  this next step hinges upon the need 

for the benefits obtained from this process. For some process industries, stream  value is 

significant, and thus recovery/purification m ay drive the need for a larger scale CM DS 

apparatus. In term s o f  a centrifugal m em brane process with a larger m em brane surface 

area, the C entrifugal Reverse O sm osis (C R O ) process developed by V ickers and Wild 

[15.16] provides this. The fouling reduction potential o f  this process has yet to be 

exam ined, but its use o f  conventional spiral wound cartridges would create an attractive 

cost benefit. As the fouling research in this dissertation has illustrated the fact that there 

are several m em brane orientations that can enhance flux, the m ultiple m em brane 

orientations available in the spiral w ound cartridges may suffice for som e orientations. 

H ow ever, i f  a large flux enhancem ent is necessary, then a  new  m odule based on the 

preferred orientation would have to be developed. Bergen describes the potential o f  a 

m odule design w ith  annular rings or axial vanes [18]. He m entions that the module 

w ould be functionally sim ilar to the spiral w ound m odules used in the C R O  design, but 

optim ized for the dynam ic environm ent, thus m aking it m ore attractive. The
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developm ent o f  such a m em brane m odule for use in the CM D S apparatus w ould 

necessitate series o f  fouling experim ents to evaluate the level o f  the benefits obtained. 

O nce again, silica and hum ic acid experim ents would help to quantify the benefits o f  this 

scaled up design.
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