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ABSTRACT

Membrane microfiltration has important applications in the processing o f protein 

produced by the biotechnological industries. However, the utilisation o f this technique

is limited by the loss o f membrane performance with time.

The thesis addresses the problem o f predicting membrane performance through initially 

at a laboratory' scale and then translation to pilot scale using process feedstreams. 

There are three major developments.

Firstly, the mechanisms responsible for the decline in membrane performance was 

examined using pure enzyme solutions and capillary pore membranes. Two 

mechanisms were identified through the analysis o f filtration data and were shown to 

be concentration dependant it was demonstrated that a low concentration o f protein 

led to in-pore deposition, whereas higher concentrations o f protein led to an increased 

tendency for the deposition to occur on the separating surface o f the membrane. 

Atomic force microscopy was used to provide visual conformation of these 

conclusions Further studies were also performed to identify methods of maintaining or 

enhancing membrane performance.

Secondly, the microfiltration o f feedstreams from successive stages o f a process that 

leads to the isolation o f alcohol dehydrogenase from Baker’s yeast (Saccharomyces 

cerevisicie) was studied. This demonstrated the impact o f the feedstream complexity on 

microfiltration performance. It was demonstrated that after the second ammonium 

sulphate precipitation stage, improved recoveries were obtained. The yield o f active 

enzyme was calculated and this provided the basis for a discussion on the application 

o f microfiltration within the process.

The last section o f this thesis explores the development and prediction o f membrane 

performance for the scale-up of membrane processes based on small scale tests and 

empirical data. The gel polarisation model and a transmembrane pressure relationship 

were used as a framework to predict membrane performance. These predictions were 

investigated using process feedstreams and pilot scale microfiltration equipment.



Predictions generated using the transmembrane pressure relationship were 

demonstrated to successfully predict microfiltration performance, o f unclarified yeast 

homogenate, at a pilot plant scale.
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CHAPTER 1. INTRODUCTION

1.0 Overview

Membrane separation technology has evolved from a small scale laboratory 

technique to a large scale technique in the last thirty years. Membrane filtration is 

used in a wide range of applications, such as microfiltration of suspended solids, 

ultrafiltration of oil/water emulsions, desalination of seawater by reverse osmosis, 

electrodialytical treatment of industrial effluents, detoxification of blood using 

dialysis in an artificial kidney and the dehydration of organic solvents by 

pervaporation.

This thesis addresses the issues associated with the recovery of a target protein 

from a complex biological process feedstream using microfiltration technology. 

This thesis is structured to provide a logical progression, starting with the 

background reference information, leading to the experimental and discussion 

chapters. A summary of the chapter contents is presented below.

Chapter 1 presents an introduction to membrane separation techniques and a 

summary of the mathematical models used throughout this thesis. The 

biochemistry and physical properties of the enzyme used throughout this study are 

also presented.

Chapter 2 outlines the materials and methods used during the experimental work. 

Also included in this chapter is an outline of the data analysis methods, data 

reproducibility and reliability.

The results of the experimental aspects of this thesis are presented in chapters 3, 4, 

5, and 6. Chapter 3 investigates the fundamental filtration characteristics of a pure 

enzyme solution, specifically Yeast Alcohol dehydrogenase (YADH). The 

filtration characteristics are expanded upon in chapter 4, where changes are made 

to the solution composition and the membrane pore size.

In chapter 5 the pure enzyme solution is replaced by a process feedstream which 

contains the target enzyme YADH. A series of experiments is described where the
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complexity of the feedstream is altered by selecting different sampling locations in 

the downstream purification process.

Chapter 6 incorporates the use of a process feedstream and investigates the issues 

associated with the scale-up of microfiltration based small scale experiments. 

Results obtained in this chapter and previous chapters and the use of established 

mathematical models lead to the prediction of membrane performance. This 

chapter culminates with the verification of pilot scale membrane performance and 

comparison to the prediction generated.

All conclusions and inferences from this study and their implications in the use of 

microfiltration as a process operation is discussed in Chapter 7. The conclusions to 

this study are presented in Chapter 8. Based upon these conclusions, suggestions 

for further work are given in Chapter 9.
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1.1 Membrane Separation Technology

Membrane processes in biotechnology play an important role in many downstream 

separation processes. The term ‘membrane processes’ covers a number of 

separation process techniques unified by the use of a semi-permeable membrane 

barrier to separate the components of a liquid stream. Membrane processes are 

classified according to the different driving forces employed to produce flow 

through the membrane. There are three types of driving force; pressure driven, 

electrically driven and concentration gradient driven. This section presents an 

overview of membrane processes and commonly used driving forces.

1.1.1 Pressure Driven Membrane Processes

Pressure driven systems are the most widely used in biotechnology. There are 

three main classes of pressure driven membrane processes; microfiltration, 

ultrafiltration and reverse osmosis. These can be distinguished by their nominal 

pore diameter.

Microfiltration membranes have a nominal pore diameter within the range 0.1 pm- 

10pm. The hydrodynamic resistances of these membranes are low and small 

driving forces are sufficient to obtain high flux values. Separation is, in the first 

instance, on the basis of size under the influence of the driving force. However, 

specific interactions with the membrane are also important. Microfiltration is used 

to remove particulates, such as cells or cell debris from culture suspensions or cell 

homogenates.

Ultrafiltration membranes, with a nominal pore diameter between approximately

0.001pm and 0.1pm, are used to concentrate macromolecules such as proteins or 

polysaccharides. Ultrafiltration membranes can also be classified in terms of 

molecular weight cut off. This is defined as the molecular weight of a solute for 

which 90% is rejected by the membrane. However, neither ultrafilters nor 

microfilters should be regarded as possessing a sharply defined pore size nor 

molecular weight cut off as all membranes have a distribution of pore sizes. 

Reverse osmosis membranes have a nominal pore diameter of less than 0.001pm. 

These membranes are considered to be non-porous and the solute passes through

Chapter 1. Introduction
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them by a diffusive process rather than by convective flow. The separation ability 

of a reverse osmosis membrane depends on the mobility of the solute in the 

membrane material. Reverse osmosis membranes are used for the separation of 

microsolutes, such as inorganic salts from water. The major application of this 

technique is the desalination of sea water or brackish water to produce drinking 

water. This process requires the use of high pressures to overcome the high 

osmotic pressure of brackish or sea water.

1.1.2 Electrically Driven Membrane Processes

Membrane processes in which an electrical potential difference acts as a driving 

force uses the ability of charged ions or molecules to conduct an electric current. 

Application of an electrical current to a salt solution causes positive ions to 

migrate to the negative electrode, whereas negative ions migrate to the positive 

electrode. Uncharged molecules are unaffected. Electrically charged membranes 

are used to control the migration of ions. Such membranes are either cationic 

exchange membranes allowing the passage of positive ions or anionic charged 

membranes allowing movement of negative ions. The process of electrodialysis 

uses this principle in the removal of ions from an aqueous solution. Applications 

of this technique include the production of sodium hydroxide, sulphuric acid and 

the desalination of water.

1.1.3 Concentration Driven Membrane Processes

Pervaporation is an example of a membrane process where the chemical potential 

difference acts as the driving force. Pervaporation is a complex process involving 

mass and heat transfer. The process proceeds by three stages:

i) Selective absorption into the membrane on the feed side;

ii) Selective diffusion through the membrane;

iii) Desorption into a vapour on the permeate side;

A carrier gas is passed on the permeate side of the membrane to provide the low 

vapour pressure which is required. The membrane acts as a barrier between the 

liquid and vapour phase. Separation is based on differences in solubility and

Chapter 1. Introduction
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diffusivity. This process is used to separate a small amount of liquid from a 

mixture of liquids, for example the removal of organic components from water.

1.2. Composition and Structure of Synthetic Membranes

At the core of each membrane process is the use of a semi-permeable synthetic 

membrane. This section describes the composition, morphology and structural 

characteristics of these membranes. Furthermore, the membrane types chosen for 

use in this study are outlined.

1.2.1 Membrane Morphology.

Porous membranes are used in microfiltration and ultrafiltration. The selectivity is 

determined by the dimensions of the pores. The membrane material only affects 

the adsorption and chemical stability of the membrane during operation and 

cleaning. Synthetic membranes can be described as possessing two types of 

morphology: symmetric or asymmetric. Symmetric membranes include those that 

posses regular capillary pores, an irregular porous structure or an homogenous 

structure. These range in thickness from 10pm to 200pm. A decrease in 

membrane thickness leads to an increase in permeation rate, as mass transfer is 

determined by the total membrane thickness. These membranes are commonly 

used in microfiltration applications.

Asymmetric membranes consist of a dense top layer or skin, with a thickness of

0.5pm supported by a porous sublayer with a thickness of about 50-150pm. The 

top layer contains the smallest pores, these determine the rejection characteristics 

and hydraulic permeability. The sublayer or matrix consists of much larger pores 

which act as a support for the thin skin layer and offers a low resistance to flow.

A further development is the manufacture of composite membranes. These are 

asymmetric membranes, although the top layer and sublayer are composed of 

different polymeric materials.
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1.2.2 Composition of Synthetic Membranes.

Synthetic membranes can be prepared from organic (polymeric) and inorganic 

substances. Polymeric membranes are made from two classes of materials, 

cellulosics and non-cellulosics. Cellulosic membranes include regenerated 

cellulose and cellulose derivatives such as cellulose nitrate and cellulose acetate. 

Cellulosic membranes lack resistance to chemical, mechanical and thermal 

stresses. This prevents such membranes from being widely used in large scale 

industrial applications.

A wide range of non-cellulosic polymers can be used to produce microfiltration 

and ultrafiltration membranes. Non-cellulosic membranes are stronger and more 

resistant to extreme pH, chemical and thermal conditions.

Examples of polymers used in the manufacture of microfiltration and 

ultrafiltration membranes are shown in Table 1.2.1.

Microfiltration ultrafiltration

polycarbonate polysulphone

poly(vinylidene fluoride) poly(vinylidene fluoride)

polytetrafluoroethylene polyacrylonitrile

polypropylene polyimide

polyamide polyamide (aliphatic)

polysulphone poly(ethersulphone)

poly(etherimide) poly(etherimide)

Table 1.2.1 Examples o f polymers used in the production o f  synthetic 

ultrafiltration and microfiltration membranes.

The intrinsic properties of the constituent monomer determine the overall 

characteristics of the membrane. Furthermore, different manufacturing techniques 

are used with different polymers. Examples of the common manufacturing 

techniques are shown in Table 1.2.2. By using different polymers and 

manufacturing techniques a wide range of membrane types are available.
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Manufacturing technique Membrane Type

Track-etching MF

Phase inversion MF/ UF

Sintering MF/ UF

Leaching Glass

Stretching MF/ UF

Table 1.2.2 Manufacturing techniques used in the production o f synthetic 

membranes.

Membranes can also be fabricated from inorganic substances. There are three 

inorganic membrane types; ceramic, glass and metallic. Metallic membranes are 

produced by the sintering of metal powders, for example tungsten or 

molybdenum. Ceramic membranes are obtained by a combination of a metal 

(aluminium, titanium or zirconium) with a non-metal in the form of an oxide, 

nitride, or carbide. This class of inorganic membrane is commonly produced using 

aluminium oxide or alumina (y-Al20 3) and zirconium oxide or zirconia (Zr02). 

These membranes are prepared by a sintering or a sol-gel process. Ceramic 

membranes are the most frequently used inorganic membrane type.

Glass membranes are composed of silicon oxide or silica. This results in the 

production of a porous media with a wide distribution of pore sizes.

1.2.3 Techniques of Manufacture of Synthetic Membranes

1.2.3.1. Track-etching

Track-etched membranes are made from thin polymer films, typically about 10- 

20pm thick. In the production of track-etched membranes, the polymer film is 

bombarded with nuclei from a focused beam of U235 fission fragments or alpha 

particles. This leaves narrow tracks of damaged polymer which can be 

preferentially removed by passing the polymer through an etching bath. This
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process leads to the formation of cylindrical pores with a narrow pore size 

distribution.

1.2.3.2 Phase-inversion

Phase inversion techniques are used in the production of microfiltration and 

ultrafiltration membranes. A polymer is dissolved in a solvent and spread as a 

thick film of a thickness 20-200pm. A precipitant such as water, in the vapour 

state, is added to this liquid film causing separation of the homogenous polymer 

solution in a solid polymer and a liquid solvent phase. The precipitated polymer 

forms a porous structure. By varying the polymer type, polymer concentration, the 

precipitating medium or the temperature, membranes can be produced with a 

variety of pore sizes. A single polymer type can be used to produce a range of 

different membrane structures by altering the precipitate concentration.

1.2.3.3 Leaching

Glass membranes are composed of silicon oxide or silica. The preparation 

technique involves the mixing of two glasses followed by the removal of one of 

the glasses by leaching with an acid or base. This results in the production of a 

porous media with a wide distribution of pore sizes.

1.2.4 Membrane Modules and Configurations

Membrane equipment for industrial scale operation of microfiltration, 

ultrafiltration or reverse osmosis is supplied in modules. The modules may be 

connected in series or parallel to form the filtration plant.

Module types can be broadly classified into two configurations; tubular and flat 

sheet. Tubular configurations can be further divided into two classes based on 

internal diameter. Hollow fibres are small membrane tubes with an internal 

diameter of 0.2-2mm. Hollow fibre modules consist of bundles of these 

membranes sealed in a tube. In biotechnological applications, the feed is passed 

down the centre of the fibre and the permeate leaves through the exterior of the 

fibre.
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In comparison, tubular membranes have a large internal diameter, 10-25mm. The 

membrane is cast on the inside of a porous cylindrical support, that is often housed 

in stainless steel pipe. Tubular membranes are widely used where it is 

advantageous to operate in turbulent flow regimes, for example in the 

concentration of feedstreams with high solid content. The advantages and

disadvantages of hollow fibres and tubular membrane modules are summarised in

Table 1.2.3.

Advantages Disadvantages

Hollow Fibre Large membrane area per unit
volume of retentate
Can be operated in turbulent flow.

Fibre blocked by 
particulates.

Tubular Can be operated in turbulent flow. 
No blocking, easily cleaned.

Low surface area 
High volumetric hold-up.

Table 1.2.3 Comparison between hollow fibres and large-bore tubular membrane 

configurations.

Flat sheet membranes used in process operations are either in a plate and frame 

configuration or a spiral wound configuration. Plate and frame configurations 

consist of flat membrane sheets stacked in parallel with spacers separating the 

membranes. The spacers contain either the flow channels for the permeate or 

channels for the feed and retentate. Spiral wound modules are of a similar 

construction except that the membrane and spacers are rolled around a perforated 

hollow tube. The edges of the membrane are sealed to each other and to the 

perforated tube. This produces a cylindrical module. The feed enters at one end of 

the module and the permeate spirals towards the centre of the tube for collection. 

The advantages and disadvantages of each system are shown in Table 1.2.4
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Advantages Disadvantages
Plate and Frame Operates in high particulate 

systems.
Ease of scale-up

Occupy a large plant area

Spiral wound Large membrane area per unit 
volume of filtrate

Blockage of feed 
channels.
Prone to fouling. 
Difficult to clean

Table 1.2.4 Comparison between plate and frame and spiral wound membrane 

configurations.

1.2.5 Membranes and Membrane Systems Used in this Study.

As discussed, there are many different membrane types and configurations which 

can be used in industry. However, for fundamental studies, it is important to 

choose a membrane type which can be analysed in engineering terms. It is also 

important to choose a membrane type where results can be related easily to the 

membrane structure and where flow characteristics can be predicted.

Developments in polymer technology have enabled the production of track-etched 

membranes with a narrow pore size distribution and a regular capillary pore 

structure. These membranes are available in a wide range of pore sizes. The 

porosity of these membranes is low. Initially, the membranes used in this study 

will be capillary pore membranes of the types described above, operated in a dead

end mode. These membranes will allow the filtration characteristics of a pure 

enzyme solution to be studied easily.

However, capillary pore membranes or dead-end mode operations are not 

commonly used within industrial applications. Therefore, in order to express any 

observations in terms of their applicability to industrial systems, it is necessary to 

alter the membrane type used. Industrial flat sheet membranes differ from 

capillary pore membranes and filtration processes are normally operated in a 

cross-flow mode.

It is rare to find a true industrial membrane type and configuration available at a 

laboratory scale. However, Filtron Omega (see Chapter 2), a polyethersulphone 

membrane, is available in small flat sheet discs and small cross-flow
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configurations. This membrane is also available in pilot scale and process scale 

modules. It is this membrane system which will be used to study the 

microfiltration of process feedstreams and the scale-up of microfiltration.
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1.3 Membrane Filtration of Biological Materials

The economic production of biologically active molecules and the recovery of 

food products provides a great challenge to pharmaceutical and industrial 

companies. As a result of this, the membrane filtration of proteins has been 

intensely studied.

It has been shown that upon filtration, the flux obtained in protein microfiltration 

or ultrafiltration decreases with time, in comparison to the flux of a pure solvent, 

where experimental conditions are identical.

This section discusses the membrane filtration of biological materials. The 

mathematical basis of filtration is discussed in section 1.4.

Several research groups have identified mechanisms that led to this observed 

reduction in membrane flux over the filtration period.

i. Concentration polarisation

ii. Protein adsorption

iii. Protein deposition

Protein adsorption and protein deposition are often defined as mechanisms that 

lead to membrane fouling. A distinction between concentration polarisation and 

fouling mechanisms can be made. Concentration polarisation is regarded as a 

reversible process, whereas membrane fouling refers to an irreversible change in 

membrane performance. In cases where fouling occurs, membrane performance 

can only be restored, or in extreme cases partially restored, by chemical cleaning.

Mechanisms responsible for the reduction in flux do not occur exclusively, a 

combination of concentration polarisation, protein adsorption and protein 

deposition is thought to occur. It has been proposed (Aimar et al. 1988, Fane 

1983, Hallstrom et al. 1989) that the decline in flux in ultrafiltration processes 

proceeds by three stages during which each mechanism can be identified. Initially, 

concentration polarisation occurs within the first minute of operation. This is 

followed by a second stage, characterised by a sharp decrease in flux, which
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occurs as a result of protein adsorption and protein deposition. Finally, 

consolidation of the fouling layer or further deposition is thought to account for 

the final stage which is characterised by a slow decline in flux. At this stage, it is 

the properties of the fouling layer that affect the performance of the membrane.

In addition to the decline in flux, the rejection of protein has been shown to 

increase with time (Aimar et al. 1988, Fane et al. 1983,). This is an advantage in 

ultrafiltration applications as high protein rejection is required. However, this is a 

disadvantage in many microfiltration applications where high transmission of 

protein through the membrane is required.

1.3.1 Concentration Polarisation.

Concentration polarisation is common to all membrane processes. At the 

membrane surface, separation of the solute and solvent molecules occur. The 

rejected molecules build up at the membrane front surface. At equilibrium, the rate 

at which the molecules are convected back into the bulk liquid by molecular 

diffusion (or eddy diffusion if the flow is turbulent) is equal to the rate at which 

the molecules are brought the membrane surface by transmembrane flow. The 

solute concentration in the layer adjacent to the membrane surface must remain 

higher than that in the bulk liquid for this condition to be satisfied. During batch 

filtration the concentration of the solute at the membrane surface increases, 

leading to an increase in the thickness of the boundary layer. This directly 

influences the hydraulic resistance. The development of a concentration gradient 

is a function of the hydrodynamic conditions and is independent of the physical 

properties of the membrane.

Models of filtration based on the phenomena of concentration polarisation and the 

subsequent increase of the solute in the boundary layer have been developed. 

These include the film model, gel layer model, osmotic pressure model and are 

outlined in section 1.4.
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1.3.2 Membrane Fouling Mechanisms.

1.3.2.1 Protein Adsorption

Adsorption can be defined as the partitioning of a solute between a solution and 

surface. Therefore, adsorption only refers to molecules that are in direct contact 

with the membrane, that is a monolayer of molecules. The existence of a 

monolayer has been confirmed by quantitative studies on protein adsorption on 

membranes. (Turker and Hubble 1987; Bowen and Gan 1991; Clark et al. 1991)

The adsorption of a protein at the membrane occurs as a net result of the 

interactions between the protein molecule and the membrane. Also, it occurs 

between the target protein molecule and the other components within the 

feedstream. For example, interactions occur between the solvent and the protein 

and between any other low molecular mass ions present. The heterogeneity of the 

amino acid residues comprising the protein molecule allows a wide variety of 

interactions to occur. These interactions include Van der Waals forces, Lewis 

acid-base forces, electrostatic, hydrophobic effects, structural orientation and 

packing of the molecule (steric forces).

For adsorption to be facilitated the protein molecules must be transported to the 

interface. MacRichie (1987) demonstrated that simple diffusion was sufficient to 

account for the transportation mechanism. It was demonstrated that molecules in 

the immediate vicinity to a clean interface will be readily adsorbed and the rate at 

which this occurs could be predicted using diffusion theory. In membrane 

separations, this is enhanced by hydrodynamic shear and crossflow velocity.

As adsorption occurs the conformational state may alter to one that is more 

energetically stable. Kondo et al. (1992) using circular dichroism techniques, 

showed that conformational changes occur when protein molecules are adsorbed 

to ultrafine polystyrene particles. Adsorption to a surface decreases the stability of 

the protein molecule. Steadman et al. (1992) observed, using Lysozyme, that the 

more hydrophobic the surface the greater the destabilising effect. This is an 

example of hydrophobic interactions occurring between the protein and the

Chapter 1. Introduction
15



surface. Unfolding of the protein occurs, which exposes apolar sites that undergo 

hydrophobic interaction with the apolar surface. This concurs with the findings of 

Perrson et al. (1993) who showed that protein adsorption was increased on 

hydrophobic membrane materials.

As a result of protein adsorption the filtration flux decreases. Belfort et al. (1994) 

calculate that for a typical microfiltration membrane (pore radius 0.1-0.5 pm) the 

expected flux reduction caused by the adsorption of a protein with a molecular 

size of 60A (equivalent to the protein bovine serum albumin, BSA) is only 2-12%. 

Many experiments have shown that the actual flux reduction is greater than this 

value. Therefore, a further fouling effect must occur to account for this practical 

observation.

1.3.2.2 Protein Deposition

The amount of protein deposited onto a membrane is often greater than that 

corresponding to a protein monolayer. Fane et al. (1983) found that the amount of 

BSA deposited on an ultrafiltration membrane corresponded to 100-400 layers of 

protein. Le and Howell (1983) concluded that membrane fouling by protein occurs 

firstly by physical adsorption leading to the production of a protein monolayer and 

then further deposition occurs. This deposition is thought to occur as a result of 

intermolecular bonding and hydrophobic interactions.

There is also evidence that deposition can occur within the membrane pores as 

well as on the surface (Sheldon et al. 1991; Hanemaaijer et al. 1989; Bowen and 

Gan 1991). In ultrafiltration, the amount of protein deposited within the membrane 

pores is small compared with that on the membrane surface. However, in 

microfiltration there is greater deposition within the pores, and the internal fouling 

appears to dominate in membranes with pore sizes larger than the target molecule.
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1.4 Membrane Theories and Models

As a filtration process proceeds, flux is observed to decrease with time, under 

conditions where the operating pressure is held constant. Flux decline in filtration, 

especially in ultrafiltration applications has been studied by many research groups. 

This section describes predictive theories that have been proposed to account for 

the observation in the decline of membrane performance with time.

1.4.1 Transport Through Porous Membranes

Porous membranes are used in microfiltration and ultrafiltration processes. These 

consist of a defined matrix in which pores within a range of 2nm to 10pm are 

present. The volume flux through the pores can be described by Darcy's Law, 

where flux is proportional to the applied pressure.

J y = AAP [Eq. 1.1]

K is a permeability constant, which describes structural factors such as porosity 

and pore size.

Different pore geometries are produced as a result of different methods of 

membrane manufacture. These lead to different flow characteristics and can be 

described by different models. If the membrane is composed of parallel cylindrical 

pores and the pore radius is assumed to be constant, flux can be described by the 

Hagen-Poiseuille equation.

Sr2 AP
J = — ------  [Eq. 1.2]

tjS t  Ax

However, if the membrane consists of a system of closed packed spheres, flux can 

best be described by the Kozeny-Carman relationship.

E3 AP
J =  :--------- r —  [Eq. 1.3]

^>?S2(1 -E )2 Ax

The equations, 1.2 and 1.3 indicate that flux is proportional to the driving force,

i.e. the pressure difference (AP), across a membrane of thickness Ax and inversely 

proportional to the viscosity (r|). The quantity I  is the surface porosity. This
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relationship is described by Equation 1.4. Where the ratio of the pore area to 

membrane area (Am ) is multiplied by the number of pores (np). While t

represents the tortousity of the pores. In membranes which have cylindrical pores 

t is equal to unity.

E = n f [Eq. 1.4]

1.4.2 Expansions of Darcy’s Law

Other filtration models that have been described can be considered as expansions 

of Darcy’s law. Hermia (1982) proposed four models, based on Darcy’s Law; 

complete blocking model (CBM), intermediate blocking model (IBM), standard 

blocking filtration model (SBM) and the cake filtration model (CFM).

Each of these models is based on an assumption that relates the target molecule to 

the membrane. The ratio (a s) of particle size to membrane pore size provides the 

selection criteria for the use of each model. If a s is greater or equal to one it can be 

assumed that the particle will completely seal the membrane pore and hence the 

complete blocking model and the intermediate blocking law can be applied. The 

distinction between these models arises if a subsequent build-up of particles 

occurs on top of the pore sealing particle.

In this study, the target molecule used for filtration is smaller than the membrane 

pore diameter i.e. the ratio a s is less than one. Therefore, it can be assumed that 

one particle will not completely block the pore. This assumption is satisfied by 

two of the models outlined by Hermia, the standard blocking model and cake 

filtration model. These models are used throughout this thesis and are expanded to 

show their derivation.
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1.4.2.1 Standard Blocking Filtration Law

This model has been shown to apply to the filtration of inorganic colloids 

(Visvanathan and Ben Aim 1989), to the filtration of beer (Blanpain et al. 1993) 

and to the filtration of two proteins (Bowen and Gan 1991,1992)

For the model to be applicable the following criteria must be fulfilled:

• constant pressure operation;

• particle size less than the minimum pore size; and

• membrane is composed of cylindrical pores.

In the derivation of the standard blocking law, it is assumed that pore volume 

decreases proportionally to filtrate volume by the deposition of particles on pore 

walls. The clean membrane is assumed to consist of pores that have a constant 

diameter and length. The decrease in pore volume is then equal to the decrease in 

the cross section of the pore.

A mass balance equation applied to the dispersed particles gives,

N* (-2/n-dr)L = CdV [Eq. 1.5]

Integration of this expression gives,

N V (r0! - r 2)L = CV [Eq. 1.6]

Integration and substitution of the Poiseuille equation

Q0 = N * 0 04|AP| / 8 fjL) [Eq- 1 -71

leads to the derivation of the relationship,

Q = Qoi \ - { K s VI2) )2 [Eq. 1.8]

where the standard blocking constant Ks is equal to,

2 C / jcLN'7„2 = 2 C H A 0 [Eq. 1.9]

The volume flux as a function of time is derived from the integration and

rearrangement of equation 1.10,

Kst t 1
—  = —  ----  [Eq. 1.10]2 V Q0 L 4 J

Equation 1.10 predicts a linear relationship between t and t/V, from which Ks and

the volume of particles deposited on the pore wall per unit volume of filtrate, C,
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can be obtained. It is also possible to calculate the resulting pore diameter using 

equation 1.6 and the calculated value of C.

1.4.2.2 Cake Filtration Model.

The build up and formation of a layer or cake on the surface of the membrane is

known to occur in ultrafiltration processes. During a filtration procedure, particles

deposit on the surface of the membrane. At this interface, adsorption of the

particulate material occurs. This forms a base layer on which further deposition

can occur leading to the formation of a cake layer. This presence of a cake layer

leads to an alteration in the hydraulic resistance of the membrane. Using a mass

balance equation on the cake layer and equations to describe the resistance of the

membrane, the following relationship can be derived.

Rt = R0(1 + KcQ0V) [Eq. 1.11]

where the cake filtration constant Kc is represented as

ays aysu
Kc = ^  ' ------- - =  9 r H----- [Eq. 1.12]

AR0Q0(l-m s)  A P (l-m s)

which leads to,

__PA________ PA___________ Q0
Qt "  //Rt "  //R0(1 + KCQ0V) "  1 + KCQ0V [Eq- 1131

which yields

K.V =
Q, Qo

r cV = -k — k -  [Eq. 1.14]

Integration of equation 1.14 gives,

KCV t 1
[Eq. 1.15]

2 V Q0

This is the V= / ( t) relationship. It predicts that if cake layer formation is occurring 

and influencing membrane permeability then there will be a linear relationship 

between V and t/V.
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1.4.3 Resistance Models

As demonstrated in the derivation of the cake filtration model, resistance can be 

considered in the formulation of a predictive model.

Several research groups (Fane et al. 1980: Reihanian et al. 1983) have described 

membrane flux with a model based on resistance. The membrane, the deposited 

solute layer and the presence of any boundary layer all contribute to the overall 

resistance of the system. Each resistance can be defined separately and is 

expressed in series to form the resistance model, as shown in equation 1.16.

________ AP
t]{Rm + &d + &b)

[Eq. 1.16]

The solute resistances are calculated as resistance per unit mass deposited per unit 

area, these can be expressed as:

Rcj = a cjM (j [Eq. 1.17]

and

Rb = a b Mb [Eq. 1.18]

The resistance models provide a simple method of explaining the observed flux 

decline. Subsequently, this model has been developed further, Suki et al. (1984) 

assumed that the deposition of solute was a kinetic process. This lead to the 

modification of Equation 1.16:

AP
J  = ------------------ —------------  [Eq. 1.19]

'/(^m + adMdW + «bMb)
Fane (1986) also modified the resistance model by expressing the specific 

resistance in terms of a modified gel polarisation model with solute accumulation. 

Shear induced diffusion prompted Romero and Davis (1988) to develop models 

where Rd (in equation 1.17), was replaced by two specific resistances, representing 

the flowing and stagnant cake layers.

These models can be used to describe flux in ultrafiltration and microfiltration 

processes, however, their application is limited. Particles prone to deformation or 

cross-linking show deviations from these resistance based models. Many of the 

models are also highly specific to the operational mode employed. These
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resistance models neglect the presence of any particular deposition or 

accumulation within the membrane matrix.

1.4.4 Film Model

The film model assumes that a thin polarised boundary layer of retained solutes or 

solids exists between the bulk solution and the membrane surface. When steady 

state is reached, the solvent flux and the thickness of the boundary layer remain 

constant with time. The convection of the retained solutes towards the membrane 

by the filtrate flux, J, is balanced by its diffusion away from the membrane in 

response to the concentration gradient, dC/dy. This balance is given by:

JC = -D -7 -  where (dC/dy) < 0  [Eq. 1.20]
dy

Integration across the boundary layer leads to:

where k is the effective mass transfer coefficient. An expression for k can be 

obtained from the analogous solutions for the heat transfer coefficient. In

In laminar flow yw is directly proportional to the mean crossflow velocity, U. 

Under turbulent conditions other equations to represent k must be used.

The film model as expressed in equation 1.21 can not be used directly to predict 

flux as the wall concentration is not known. The film model is also based on the 

assumption that the solute is totally rejected by the membrane. This can limit the 

application of this model in protein microfiltration, where transmission of the 

target molecule is required.

[Eq. 1.21]

conditions of laminar flow, Leveque’s solution may be used to obtain k in terms of 

the velocity gradient at the wall yw:

k = 0.816(—  d ) 3 [Eq. 1.22] Porter 1972.
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1.4.5 Gel Layer Theory

The gel layer theory is an extension of the film model. If the solute is of a high 

molecular weight or colloidal in nature, the accumulation of particles forms a 

coherent layer, often in the form of a gel. This causes an increase in the hydraulic 

flow resistance, which decreases the overall permeability of the membrane. If the 

molecular weight of the solute is low, the high osmotic pressure in the boundary 

layer will cause a reduction of the effective pressure for filtration, again leading to 

a decrease in membrane flux.

Models of filtration based on gel layer theory were described by Michaels (1968); 

and later developed by Blatt et al. (1970) and Porter (1972). Their observations led 

to the equation,

J  = k In
C - C'-'W' '- 'P [Eq.1.23]cb-cf

Klein and Hoelz (1982) showed that this equation was limited, as Cw was

interpreted as a constant gelling concentration. This infers that there is a constant 

boundary layer over the entire membrane area. Nakao et al. (1970) measured gel 

concentrations, and showed that values varied with experimental conditions. This 

model also assumes that the diffusion coefficient is independent of the solute 

concentration.

1.4.6 Osmotic Pressure Model

The osmotic pressure model is based on the assumption that the deviation from the 

pure water flux occurs due to the osmotic pressure at the membrane surface. This 

model is based on an extension of the gel-layer theory (see section 1.4.5).

The Hagen-Poiseuille model for flux originally contained a term for osmotic 

pressure (ATI), (see equation 1.24.). However, the term was excluded as 

macromolecules and colloidal suspensions have negligible osmotic pressures in 

comparison to the applied hydraulic pressure. If the solute concentration is high, 

the osmotic pressure increases and has to be included in predictive models.
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A P -A n
J = — ------ [Eq. 1.24]

K.

The osmotic pressure model has been investigated by Jonsson 1984; Vilker et al. 

1984; Kozinski and Lightfoot, 1972; Tretti and Doshi,1981. The application of 

this model is limited to ultrafiltration processes and systems where total rejection 

of the solute occurs.

1.4.7 Flux Paradox for Suspended Solids

In the ultrafiltration of suspended solids, the standard film model proves to be an 

inadequate model for filtration. Theories of inertial lift and shear induced diffusion 

offer explanations for the increased transport of particles away from the membrane 

surface which cannot be explained by Brownian diffusion.

1.4.7.1 Inertial lift.

The quantitative studies of the radial migration of rigid spheres in Poiseuille flow 

made by Segre and Silberberg (1961,1962) led to the theory of inertial lift. They 

found that neutrally buoyant spheres migrated across streamlines to an annular 

region approximately 0.6 of the tube radius from the centre, a phenomenon they 

termed the tubular pinch effect. This suggests that during crossflow 

microfiltration, the particles may not contact the membrane surface.

The effect of lift forces upon filtration has been studied by several research 

groups. The application of inertial lift forces is limited as the model ignores any 

particle interaction.

1.4.7.2 Shear Induced Diffusion

Within a suspension of identical particles without any interparticle reactions 

(inertial forces and Brownian motion) particles will not deviate from the direction 

of flow (Leighton and Acrivos 1987). However, if a simple shear force is 

introduced, interactions between particles generate irregular motions. This leads to 

lateral migration and a dispersal effect.

Two mechanisms responsible for this effect have been proposed (Eckstein et al. 

1977). Each particle rotates with an angular velocity, establishing a circulatory
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fluid motion around the particle. This creates a drag force on the neighbouring 

particles, causing lateral migration and an interruption in the direction of flow of 

the particles (Eckstein et al. 1977).

If a particle overtakes or passes another it will then move in the velocity field of 

its neighbours. In cases where low numbers of particles are present and if these are 

travelling far from boundary walls passing encounters are unlikely. Particles will 

not experience a net lateral displacement. With many particles present, multiple 

passing encounters occur and overlap. This leads to net lateral displacements and a 

dispersal effect being observed (Eckstein et al. 1977).

This movement can be characterised by an effective (shear) diffusion coefficient. 

Using the data of Eckstein et al. (1977), Zydney and Colton (1986) developed an 

equation based on Leveque solution for mass transfer.

The particle diffusivity and flux are given as:

D = 3xlO‘6rsV w [Eq. 1.25]

J  =  0.078 a
c b -u

[Eq. 1.26]

where r is the solute radius and yw is wall shear rate. This model described 

filtration flux in blood plasmapheresis with greater accuracy than previous models 

(Zydney and Colton 1986).

Where shear is applied, molecules may deviate from the direction of flow. Within 

a membrane matrix these deviations will increase the probability that collisions 

will occur. Collision with either the pore wall or with other molecules may lead to 

adsorption or deformation of the molecule. In enzyme microfiltration this will lead 

to loss of conformation and activity.

1.4.8 Scour

In process scale microfiltration, the feedstream is unlikely to consist of one 

species of macromolecule in solution. The feedstream will consist of a mixture of 

macromolecules and particulate material. This will affect the performance of the 

membrane.
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Fane (1983) described the existence of a scouring effect, where large particulates 

remove the build-up of surface deposits by erosion. This leads to an improvement 

in the membrane permeation and hence the performance of the membrane. A 

model to account for this phenomenon was proposed.

For the ultrafiltration and microfiltration of suspensions this model relates 

convective deposition and scour removal:

J = Ke CjJ Vsm [Eq. 1.27]

where Ke is the erosion coefficient, Cb is the bulk concentration Vs is the feed 

velocity and m and n are constants.

This theory was supported by later work (Fane 1986) where the addition of 

particles greater than 20pm in diameter was shown to be beneficial to flux, 

through erosion of a cake layer. In experiments where the addition of particles 

smaller than 20pm were investigated, Fane showed this was detrimental to 

membrane flux.

This interaction is highly relevant in ultrafiltration applications, where formation 

of a gel layer and build-up of surface deposits are largely responsible for the 

observed decline in flux. In protein microfiltration, the protein molecules and 

small particulates enter and pass through the membrane pores. Therefore, a 

scouring action on the surface of the membrane will not directly affect the 

transmission of the target protein. However, in complex feedstreams, the action of 

large particulate matter such as cell debris cannot be ignored. It can be suggested 

that a feedstream with a wide particle size distribution may lead to an 

improvement in membrane flux. A scouring action of the larger particles will lead 

to a disruption of the cake layer on the membrane surface.

1.4.9. Models Used in this Study.

Mathematical models that have been generated and developed to explain filtration 

processes are numerous. However, many were originally developed using 

ultrafiltration processes and laboratory scale applications. The purpose of an 

ultrafiltration process is to concentrate the original feedstream. Ultrafiltration is 

usually characterised by low permeate flux and high rejection values of the target
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molecule. In contrast, protein microfiltration processes are often characterised by 

high flux rates. In this process, transmission rather than rejection through the 

membrane is required. These fundamental differences reduce the number of 

mathematical models that can be applied to microfiltration data.

In this study, several mathematical models are used. No single model was found to 

be applicable throughout this study. This section outlines the models which were 

used and the justification for the use of these models.

Small scale fundamental studies were performed using membranes with 

cylindrical pores and operated in a dead-end mode at a constant applied pressure. 

These conditions allow the application of a group of models described by Hermia 

(1982) (see section 1.4.2). In particular, the standard blocking model and cake 

filtration model is used as the particle size of the target molecule is known to be 

several orders of magnitude smaller than the membrane pore. These models are 

used extensively in Chapters 3 and 4.

In Chapters 5 and 6, the choice of model differs from the models used in the 

earlier chapters. There are several reasons for this change.

Firstly, in order to simulate industrial membrane applications, a change in the 

membrane type was necessary. The membrane type used in Chapters 5 and 6 have 

a large pore size distribution and the pores are no longer cylindrical in nature. 

Secondly, a change in the mode of operation was also necessary. A crossflow 

mode of operation was used, to mimic an industrial application of protein 

microfiltration. In dead-end filtration the feedstream is introduced directly on to 

the membrane surface, therefore, the applied pressure is held constant. In 

crossflow filtration where the flow is introduced parallel to the membrane surface, 

therefore, pressure is no longer constant. A pressure drop exists along the 

membrane length. This is known as transcartridge pressure. The pressure 

difference across the membrane thickness, transmembrane pressure is affected by 

this pressure drop and does not remain constant. Experimental measurement of the 

pressure at the inlet, outlet and permeate outlet allows the calculation of 

transcartridge and transmembrane pressure.
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The mathematical models used in Chapters 5 and 6 are considered to be classical 

membrane filtration models and are accepted as applicable to all membrane 

separations. The models used are:

1) Resistance model

2) Gel Polarisation model

3) Film Model

The models use variables which can be easily measured and interpreted. However, 

neglected from these models is the inclusion of terms representing the interactions 

between the different components of the feedstreams.

In Chapter 2, a description is outlined showing how experimental data was 

analysed using the models described in this section.

In summary, although different models are used throughout this work, the change 

is justified and makes use of the best model for each circumstance, membrane 

configuration and operating procedure.
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1.5 Yeast Alcohol Dehydrogenase

1.5.1 Choice of Protein for Present Study

The study of protein microfiltration and protein ultrafiltration is highly dependent 

upon the choice of feedstream. Previously, many research groups have studied the 

filtration characteristics of bovine serum albumin (BSA). In many cases this 

choice was influenced by the physical characteristics, stability, abundance and low 

cost of this protein. BSA has been regarded as a model protein. However, recently 

the suitability of this protein has been questioned, as it is felt to have certain 

characteristics inherent with its biological and physiological function which 

influence it’s filtration behaviour. BSA readily adsorbs to surfaces, is highly 

flexible, and readily undergoes conformational changes. These characteristics 

could lead to the production of misleading experimental data. A BSA solution is 

also untypical of industrial feedstreams.

No clear successor to BSA has emerged. However, to monitor the structural 

behaviour of proteins during a filtration process, an enzyme is preferred. This 

allows activity measurements to be made, which can be related to the 

conformation of the protein. It has been proposed by Dunnill and co-workers that 

shear-related effects are responsible for the loss in enzyme activity. Their work 

used the enzyme, yeast alcohol dehydrogenase (YADH) exclusively. This enzyme 

was also used by Bowen and Gan (1992) in fundamental microfiltration studies. 

This project builds on the experiences of these two research groups.

1.5.2 Structure and Properties of Yeast Alcohol Dehydrogenase (YADH)

The enzyme alcohol dehydrogenase (ADH), catalyses the oxidation of an alcohol 

to an aldehyde in a reaction also requiring the coenzyme nicotinamide adenine 

dinucleotide (NAD).

alcohol + NAD+ —> aldehyde + NADH2 

Horse liver alcohol dehydrogenase (HLADH) was the first enzyme of this type to 

be isolated. Other forms of this enzyme have been isolated from human liver,
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yeasts and bacilli. Each source of ADH is substrate specific, acting on a specific 

alcohol or range of alcohols.

Yeast alcohol dehydrogenase (YADH) was isolated and extracted from baker's 

yeast, (Saccharomyces cerevisiae) by a process outlined by Racker (1950). YADH 

is highly specific to ethanol and shows high reactivity. In comparison, HLADH 

has a broad range of substrate specificities, including secondary alcohols and 

branched polyols (Buhner and Sund 1969) and shows lower reactivity.

YADH is an intracellular enzyme located in the cytoplasm and mitochondria of a 

yeast cell. Multimeric in structure, YADH consists of four identical subunits of a 

molecular weight of 36-37 000 (Buhner and Sund 1969;Kagi and Vallee 1960). 

The total molecular weight is regarded as 150,000.

Four YADH isoenzymes have been identified (Lutsdorf and Megnet 1968) and 

isolated (Scimpfessel et al. 1968). The relative quantities of the different 

isoenzymes is dependent on the composition of the growth medium. In the 

presence of a high concentration of glucose, for example, the major isoenzyme 

was found to be type I YADH. The synthesis of other isoenzymes (for example 

type II) is repressed by the presence of glucose (Scimpfessel et al.1968). Each 

isoenzyme type has a different thermal stability and substrate specificity, but all 

require NAD and have the same optimum pH for activity.

Each subunit consists of two domains, namely, a coenzyme binding domain and a 

catalytic domain, containing the active site. The catalytic domain also contains a 

bound zinc atom. Inhibition by o-phenanthroline and other chelating agents was 

observed to render the molecule inactive (Vallee and Hock 1955). This confirms 

that the zinc atom is required for the activity of the molecule. The need for the 

bound zinc atom has been suggested by Vallee and co-workers, thought to be 

essential to the stability of the molecule. Analysis of the number of zinc atoms per 

a YADH molecule led to values of 3.5 to 5.2 being suggested by Coleman and 

Weiner(1973); Buhner and Sund(1969). The amount of zinc has now been 

generally accepted as four atoms (Vallee and Hock,1955;Kagi and Vallee, 1960). 

These are tightly bound one per subunit by three ligands; sulphur from CYS 46 

and CYS 174 and nitrogen from HIS 67 (Branden in Boyer VII).
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Each YADH molecule was shown to bind four molecules of NAD+, one per 

subunit (Hayes and Velick 1954). This molecule is involved in the catalytic action 

of the enzyme, during which the cofactor, NAD+, becomes reduced to NADH2. 

Proteolytic treatment of YADH has led to the determination of the primary 

structure (Jomvall et al. 1974,1978). Each subunit of YADH has been 

demonstrated to consist of 333 amino acids residues. Also present are a large 

number of cysteine residues creating 8 (Harris 1964) or 9 (Buhner and Sund 1969) 

free sulphide groups per subunit. These are involved in the binding of the zinc 

atoms and play an important role in the stability of the molecule. In comparison 

with horse liver alcohol dehydrogenase, the degree of amino acid homology was 

40%(Jomvall 1978). All structurally and functionally important residues are 

highly conserved. YADH is 41 residues shorter than HLADH. A deletion of 21 

residues within the catalytic domain situated away from the active site does not 

affect the activity of the enzyme. It has been proposed by Jomvall et al. (1978) 

that this deletion affects the stability of the molecule and influences the substrate 

specificity.

In the classification of proteins proposed by Levitt and Chothia (1976), based on 

the secondary structure, ADH was classified as a class IV protein, consisting of 

alternating a-helical and p-sheet regions. This is based on the model for Horse 

liver alcohol dehydrogenase (HLADH), as the general architecture of the catalytic 

domains is similar (Eklund et al. 1974). A three dimensional model of the subunit 

conformation of YADH was proposed by Jomvall et al. (1978).

The isoelectric point of the active form of type I YADH is 5.4 (Hayes and Velick 

1954). Outside the range 6.0-9.0 the enzyme is unstable. Below pH 6.0, the loss of 

the integral zinc atoms leads to an irreversible loss in activity accompanied by the 

dissociation of the subunits (Snodgrass et al. 1960). The optimum pH for the 

conversion of ethanol to acetaldehyde is pH8.8. However, if the pH increases to 

pH 9.0 all activity is lost.
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Using the Stokes-Einstein equation, the hydrodynamic diameter of the molecule 

can be calculated as 9.1nm. Crystallography studies performed by Jomvall (1974) 

showed that the diameter of the enzyme was 7nm.

Activity of YADH can be determined using adaptations of a method proposed by 

Racker (1950). The reduction of nicotinamide adenine dinucleotide forms the 

basis of this assay as the reduced form absorbs light at 340nm. As reaction 

proceeds, an increase in absorbance occurs and this rate forms the basis of the 

assay of the enzyme. This method is used throughout this thesis, to determine the 

activity of the enzyme. Detailed information on this method is given in Chapter 2.
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1.6 Inactivation of Enzymes

Protein molecules can be regarded as not possessing a fixed conformation but 

existing in a dynamic state. Where, conformation and activity are a compromise 

between flexibility of structure and stability of the molecule (Campbell et al. 

1993). The consequence of this affects all protein and enzyme processing 

applications.

In the isolation of a enzyme it is not sufficient to separate the target enzyme. It is 

important to maintain the enzyme activity. Bowen and Gan (1992) demonstrated 

that a loss in enzyme activity occurred during the microfiltration. Studies by 

Truskey et al. (1987) have shown that protein molecules undergo a conformational 

change as a result of passage through microfiltration membranes. An observed 

loss in activity or conformation may also have a secondary effect upon filtration. 

The presence of inactive or denatured material may increase the likelihood of 

aggregation occurring or may act as promotion sites for surface deposition to 

occur.

The mechanisms responsible for inactivation have to be understood to prevent or 

limit the loss of activity during microfiltration and hence affect product yield.

It has been demonstrated that the structure and folding of the protein molecule are 

controlled by the free energy of stabilisation (Campbell et al. 1993). This is 

defined as the difference between stabilising and destabilising forces and is 

approximately 50 kJmol'1. It is attributed to a small number of hydrogen bonds, 

ion pair bonds and hydrophobic interactions. The energy required to destabilise a 

protein molecule can be supplied as a result of physical or chemical interactions.

The inactivation of enzymes may result from a minor or major conformational 

change in the structure of the protein molecule. Inactivation may also be caused by 

the strong interaction of an inhibiting substance at the catalytic or coenzyme 

binding site.
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The denaturation of an enzyme molecule is defined as a major change from the 

native state of a protein molecule, without alteration of the amino acid sequence. 

Denaturation and inactivation can be reversible or irreversible. This has been 

represented by the diagram below: (Zale and Klibanov 1986)

N o  U —» I
Where N is enzyme or protein in the native state, U represents an unfolded 

reversible state and I represents an irreversible inactivated enzyme or denatured 

protein. This mechanism can be illustrated by the inactivation sequence of YADH. 

From the native active tetramer the molecule unfolds becoming a partially active 

tetramer, and further to an inactive tetramer (see Figure 1.1) The final irreversible 

step results when the tetramer dissociates into four inactive monomers (Buhner 

and Sund 1969). Enzyme activity cannot be restored when the enzyme is present 

as monomers. The monomer units do not have any enzymatic activity.

Active Tetramer
Partial Inactive Inactive
Tetramer_________ Tetramer Inactive Monomers

Figure 1.1 Schematic Diagram showing the inactivation o f  a YADH tetramer to 

constituent monomers.

This section outlines mechanisms responsible for the inactivation of enzymes and 

identifies methods that can protect the protein molecule from damage. Also 

outlined in this section is a description of the calculated adiabatic compressibility 

of yeast alcohol dehydrogenase. This value can be used to classify the protein 

molecules in terms of their ability to undergo conformational change. It is a 

indicator whether the protein is susceptible to loss of activity, or will be readily 

adsorbed onto surfaces.
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1.6.1 Chemical Effects

1.6.1.1 Effect o f pH

Protein molecules are naturally occurring polymers constructed from amino acid 

subunits. There are twenty amino acid groups which exist in nature. The sequence 

of amino acid units within the protein affect the conformation, structure and 

function of the protein.

Each amino acid consists of an amino group, a carboxyl group and a distinctive 

side chain. The ionisation state of the amino acid varies with pH. At neutral pH 

values amino acid groups exist as zwitterions, where the carboxyl group is 

dissociated (-COO) and the amino group protonated (-NH3+). Under acidic 

conditions the carboxyl group becomes deionised (-COOH) and the amino group 

is ionised (-NH3+). Under alkaline conditions, the carboxyl group is ionised 

(-COO ) and the amino group is deionised (-NH2). The side chain group can be 

basic, acidic or neutral and can also undergo ionisation and dissociation reactions 

when the pH of the solution is changed. Therefore, protein molecules are highly 

susceptible to alteration in their solution environment through the ability of their 

amino acid residues to undergo changes in their ionisation state. Changes in the 

overall ionisation state of the protein can lead to the disruption of molecular bonds 

and alteration in the properties of the protein molecule. This can lead to structural 

changes leading to aggregation, or subunit dissociation, or to unfolding of the 

tertiary structure. Specific inactivation of enzymes occurs due to the alterations in 

the enzyme structure either at the active site and/or a coenzyme binding site.

1.6.1.2 Effect o f Ionic Strength

A change in the ionic environment can lead to a disruption or alteration of the 

charge distribution on the protein molecule. Alteration in the intermolecular or 

intramolecular forces can lead to the denaturation or inactivation of the enzyme. It 

is also possible that the solubility of the molecule is affected. This occurs as a 

result of aggregation conditions becoming increasingly favourable, due to a 

lowering of the repulsive intermolecular forces. Precipitation of the larger 

aggregated particles occurs as solubility is lost. Changes in the intramolecular
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forces can cause minor alterations to the enzyme structure, for example, a change 

in charge of molecules at the active site. This leads to a loss of enzyme activity, 

loss of substrate specificity or the inability to operate efficiency.

1.6.1.3 Oxidation

Air can be introduced at stages of the fermentation process, namely, during 

stirring, at air/liquid interfaces, mixing and vortexing. Enzymes can be inactivated 

by oxidation of sulphydryl (SH) side chains of cysteine residues and oxidation of 

the indole ring in tryptophan residues. Rich in free sulphydryl groups, YADH is 

susceptible to oxidation. Buhner and Sund (1969) showed that oxidation of SH 

groups resulted in the dissociation of the subunits, leading to enzyme inactivation. 

This was also supported by Harris and Perlman (1965), who observed that 

glyceraldehyde-3-phosphate dehydrogenase was inactivated by the oxidation of 

the SH groups. To further support this theory, experiments using a lipase 

containing free SH groups, conducted in an absence of oxygen showed that no 

significant inactivation occurred (Lee and Choo 1989). Whereas, experimentation 

in the presence of oxygen showed a high degree of lipase inactivation.

A susceptibility to inactivation by oxidation is probably enzyme specific as it is 

dependent on the presence of individual amino acid residues.

1.6.1.4 Metal ion Contamination

The presence of metal ions in an enzyme solution can cause inactivation. Metal 

ions can be introduced into solution through corrosion or cavitation erosion of 

stainless steel parts of apparatus (Coakley et al. 1973).

Free metal ions can be removed by chelation agents, e.g. EDTA or 1-10-0- 

phenanthroline. However, metalloenzymes such as YADH, are inactivated by 

these substances, through the removal of their integral metal atoms (Kagi and 

Vallee 1960). This causes the molecules to become destabilised and the subunits 

to dissociate to form inactive monomers.

Tirrell and Middleman (1978b) in studies with Urease, proposed that the presence 

of metal ions was not directly responsible for inactivation. The metal ions
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catalysed a shear promoted oxidation of sulphydryl groups, which led to the 

denaturation and inactivation.

The effect of metal ions, by either mechanism, appears to be enzyme specific. 

With YADH (Dunnill and co-workers), and Urease (Tirrell and Middleman 

1978b) being highly susceptible whereas a lipase from Candida cylindracea (Lee 

and Choo 1989) was unaffected.

1.6.2 Physical Effects

1.6.2.1 Shear and Enzyme Inactivation

An external shear field has a complex effect on macromolecules. Macromolecules 

may be oriented or experience changes in conformation.

During many stages of processing, proteins are exposed to shear. For example, in 

the passage through pipes, mixing, centrifugation and pumping. Early studies 

regarded shear as a possible cause of protein denaturation and enzyme 

inactivation.

The effect of shear of enzyme activity has been studied by many research groups. 

Using Catalase, rennet and Carboxypeptidase, Charm and Wong (1970) showed 

that partial inactivation occurred when these enzymes were exposed to shear in a 

viscometer. Studies by Tirrell and Middleman (1978) proposed that hydrodynamic 

shear stress rather than shear rate was responsible for the inactivation of Urease 

and lactate dehydrogenase. Reese and Ryu (1980) concluded that denaturation of 

the catalytic sites of a Cellulase of Trichoderma reesi was caused by mechanical 

shear. A lipase from Candida cylindracea studied by Lee and Choo (1988) was 

shown to lose activity as a function of shearing time and shear rate. However, 

continuous shearing in a stirred tank reactor did not denature the lipase, indicating 

that the inactivation of the lipase in a stirred tank reactor was a shear related 

effect.

This proposal agrees with the findings of Dunnill and co-workers. Only a small 

reduction in specific activity occurred after vigorous agitation and in the presence 

of air. In experiments using a coaxial cylindrical viscometer, the shear rate was 

altered. Shear did not cause an increase in activity loss. These results led to the
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proposal that yeast alcohol dehydrogenase is not sensitive to shear forces alone but 

was sensitive to shear-related interfacial effects. Further work (Thomas and 

Dunnill) using Catalase and Urease showed that yeast alcohol dehydrogenase was 

not atypical. Therefore, suggesting that other factors in combination with shear 

forces were responsible for the inactivation of an enzyme.

It was suggested by Reese and Robbins that a range of surfactants could protect 

proteins against denaturation. Shearing experiments by Lee and Choo (1989) 

showed that surfactants could be used to limit damage on a protein molecule. 

Addition of polypropylene glycol significantly reduced the rate of denaturation of 

the lipase by 93%. There has been little work relating structure of the surfactant to 

protective ability. However, a series of betaine derivatives with varying alkyl 

chain lengths was studied by Reese and Robins (1981). It was shown that 

compounds containing chain length of 14-16 C atoms were more effective than 

compounds having shorter lengths of 8-10 atoms. The ability to protect a protein 

molecule against damage was also shown to be concentration dependant. Reese 

and Robins state that 2 parts of surfactant per 100 parts of protein is sufficient to 

protect the protein from inactivity.

1.6.2.2 Heat Denaturation

Heat can be introduced during many stages in downstream processing, for 

example during the cell disruption technique of homogenisation. Exposure to heat 

causes the alteration of protein conformation.

Firstly, the protein partially unfolds due to a disruption in the non-covalent 

interactions within the molecule (Klibanov 1983). This results in partial or 

reversible inactivation of the enzyme. However, enzymes can be sensitive to heat 

and prolonged exposure to heat. During prolonged heating, especially above a 

value where the heating effect is critical, (Tm), the free energy of denaturation 

becomes negative. This favours denaturation and irreversible inactivation of 

enzymes occurs. The magnitude of Tm is specific to each protein, being indicative 

of the protein's thermal stability. Values of Tm often are well above 60°C, for
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example YADH has a Tm value of 79°C (Kennedy et al. 1989) well above process 

optimum temperatures. Control of temperature was demonstrated by Lee and 

Choo, keeping lipase solutions at a constant temperature of 30°C, eliminating heat 

as a cause of enzyme activity loss.

A balance between operating temperature and thermal stability of the enzyme 

must be established. Also in biological systems, where proteases are present, 

temperature conditions must be managed to limit protease activity. However, in 

membrane filtration, there are two physicochemical reasons for the operating 

temperature to be as high as possible. Firstly, diffusivity is increased, this reduces 

the effect of concentration polarisation at the membrane surface. Furthermore, the 

viscosity of the solution decreases and hence membrane flux will increase (Ref 

Equation 1.2).

In most industrial processes the temperature is strictly controlled using on-line 

computer sensors and the operations are performed in cold rooms or cooled 

vessels or equipment is used. Therefore, the degree of denaturation by heat and 

protease attack is limited.

1.6.2.3 Wall Collisions

Shear induced wall collisions have been suggested as a mechanism of enzyme 

inactivation in biological membrane associated enzyme complexes (Talboys and 

Dunnill 1985). These enzyme groups are larger than soluble enzymes.

This mechanism may be particularly relevant to the inactivation of enzymes 

during membrane filtration, as the membrane surface and pore walls may induce 

wall effects. It has been suggested (Sherman 1970) that when particles are passed 

through a concentric viscometer they must be less than one tenth the size of the 

gap width to avoid wall effects. Wall effects are collisions that occur between the 

wall and the particle. During filtration, protein adsorption occurs at the entrance of 

the pores, thus narrowing the pore diameter. Alteration of the ratio between pore 

diameter and enzyme size may increase the possibility of wall collisions and 

damage to the protein structure. Also, collision between a particle and the wall 

increases the likelihood that adsorption to the walls will occur.
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1.6.3 Protein Flexibility.

It is possible to classify proteins by their structural flexibility. The structural 

flexibility is related to the compressibility of the protein molecule. Proteins have 

been described as being “soft” or “hard” (Kondo et al. 1992). Soft proteins are 

highly flexible and contain large amounts of alpha helical regions. Whereas hard 

proteins are less flexible and consist of large amounts of beta pleated sheets. Using 

circular dichroism techniques it has been shown that soft proteins have a greater 

susceptibility to undergo conformational changes upon adsorption to polystyrene 

surfaces than hard proteins (Kondo et al. 1992).

Flexibility and compressibility influence the adsorption characteristics of the 

enzyme and hence the ability to undergo conformation change. Conformational 

changes often lead to an inactivation of the enzyme molecule.

Gekko and Noguchi showed that protein compressibility is a function of the 

hydrophobicity of the protein. Further, Gekko and Hasegawa (1986) showed that 

protein compressibility is a function of the amino acid composition of the protein. 

The amino acid composition of many proteins is now known. Therefore, 

calculations can be performed to estimate the compressibility using the primary 

structure of YADH as determined by Jomvall (1978).

The adiabatic compressibility value was calculated from the primary amino acid 

sequence for BSA and YADH. Most proteins have an adiabatic compressibility 

ranging from 0 to 11 xlO12 dyn/cm2. The soft proteins have high values whilst the 

hard proteins have low values.

Bovine serum albumin is a highly flexible molecule and the value of 

compressibility was calculated as 10.8 xlO12 dyn/cm2 whereas YADH was 

calculated as 7.0 xlO12 dyn/cm2. This suggests that bovine serum albumin will 

readily undergo conformational changes upon adsorption to a solid surface 

whereas YADH will be less susceptible. This provides evidence to suggest that 

BSA can not be regarded as a typical protein in the study of filtration.
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1.7 Scale-up Procedures in Biotechnology

Scale-up can be defined as the successful operation of a commercial size unit 

whose design and operating procedures are based upon experimentation at a 

smaller scale of operation. The procedure of scale-up involves many industrial 

activities, both technical and commercial. This section concentrates on the 

technical aspects of scale-up.

The scales of operation which are used in the development of a bioprocess or the 

manufacture of a biotechnological product often differ from bioprocess to 

bioprocess. For example, the commercial production of penicillin involves the use 

of fermenters with a capacities of thousands of litres. Whereas the production of a 

gene therapy product may only use a fermenter of several orders of magnitude 

lower, for example 1-2 litres. However, both products will have evolved from 

experimentation at a smaller scale and therefore whatever the final size of the 

commercial plant a number of scale-up procedures will have been performed.

This section outlines the approaches that can be used in scale-up procedures and 

identifies the specific problems associated with the scale-up of membrane 

processes.

1.7.1 Approaches to Scale-up of Bioprocesses.

The general approaches to the scale-up of industrial processes have been classified 

by Kline et al. (1974). This outlines several approaches that can be applied, which 

are dependant upon the nature of the process, knowledge of the process and the 

economic considerations.

1.7.1.1 Full scale up

In this strategy no scale-up experiments are performed only full scale tests are 

performed. Full scale tests are often performed at existing plants using existing 

equipment. At this scale, only a limited range of variables can be studied and the 

total costs are high. This approach also assumes that a similar process has been 

performed previously.
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1.7.1.2 Modular scale-up

The principle of modular scale scale-up involves the testing of individual 

segments or stages of an overall system. The major disadvantage to this approach 

is that the interactions between each stage are not tested. This is extremely 

relevant in bioprocesses where each stage is linked to form the overall production 

process. For example, a centrifugal cell recovery stage leading to a 

homogenisation stage, leading to the isolation and purification techniques.

1.7.1.3 Known scale-up correlations

In chemical processes many mathematical and engineering correlations are 

available for use in the prediction of the performance of large scale equipment. 

The correlations are particularly applicable for heat transfer and distillation 

applications. This allows acceptable designs of a full scale process to be made 

without extensive experimental studies, if the relevant physical data is available. 

However, in bioprocesses few generally acceptable correlations are known. It is 

likely that for each new bioprocess, fundamental tests would have to be performed 

to modify or create correlations. The introduction and use of sophisticated 

computer modelling software allows the manipulation of many variables and 

correlation can be produced.

1.7.1.4 Fundamental Approach

The fundamental approach involves modelling of the process system followed by 

the performance of validation experiments. Verification of the model at several 

scales of operation and hydrodynamic regimes is required. This approach can lead 

to rapid development of scale-up protocols. However, the generation of the 

information and models can be both expensive and time consuming if the 

relationships are not known or have to be modified for the specific application. 

Mathematical models can be used in the scale-up process. These models may 

result from theoretical (fundamental) studies or be derived from dimensionless 

analysis or correlations from experimental data. In the development of systems 

using biological materials models may be based on assumptions. This may lead to 

inaccuracies in the process design.
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1.7.1.5 Empirical Approach

The empirical approach involves sequential scale-up studies, where each step 

builds on knowledge gained at the previous step. This approach allows changes 

and modifications to the process conditions and equipment to be made. This is use 

in the chemical process industry where empirical data is readily available.

1.7.1.6 Principle o f  Similarity

Laboratory and pilot scale data can be used in the design process to determine the 

dimensions and relative sizes of industrial equipment. In these cases the principle 

of similarity can be employed. This involves the maintenance of the dimensionless 

groups that characterise the process constant from small scale to pilot scale and 

then to commercial scale. However, this may be difficult if the process is complex 

or if a major process change is required.

1.7.2 Scale-up of Membrane Processes.

Large membrane plants are often built-up from a series of identical membrane 

modules. Therefore, it can be considered that the scale-up of membrane processes 

is straight forward. In principle, the performance of a particular feedstream can be 

determined for a single membrane module and results used directly to determine 

the size of the full plant. Several research groups have studied the scale-up of 

membrane processes (Dosmar and Scholz 1995; Cardew and Byrne 1995; 

Tutunjian 1985). The results and scale-up procedures discussed are specific to 

either the membrane type used or process that was studied.

The major difficulty to the scale-up of membrane processes is the lack of a 

generally applicable mathematical models of membrane behaviour. Ultrafiltration 

and microfiltration processes must be considered as different unit operations. 

Ultrafiltration has been extensively studied and a wide range of mathematical 

models exist. However, these are often based on the separation of colloidal or 

single protein feedstreams. In comparison, microfiltration is less well understood. 

This is particularly appropriate in microfiltration applications, where complex
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process feedstreams are used. Accurate models would enable the performance of 

industrial scale modules to be predicted with the minimum amount of testing.

1.7.3 Issues Associated with the Scale-up of Membrane Processes.

Membrane performance is highly sensitive to changes in the feedstream 

composition so trials must be performed on representative samples. However, in 

the early developmental stages of a new product there may be insufficient 

feedstream to perform industrial or even pilot scale trials. In some pharmaceutical 

and therapeutic developments the feedstream may be too valuable to test at these 

scales. In many biological product purification processes, membrane separations 

(microfiltration and ultrafiltration) can be used at several positions during the 

isolation procedure. Also, many different membrane systems and membrane types 

could be used and it is not always obvious at what point in the process and which 

membrane system or feedstream should be used.

Membrane fouling impedes the collection of accurate data. These changes in 

membrane performance can be erratic and are time dependent. Therefore 

membrane trials must be performed over many cycles of operation and cleaning 

regimes must be standardised. This testing strategy would be expensive to perform 

on an industrial scale. Complex rheological properties of the feedstream further 

complicate the scale-up of membrane process and makes the prediction of 

performance difficult. For example in a multichannelled membrane system, if the 

flow can be described as non-Newtonian, it can be difficult to ensure that the feed 

flow through each channel is identical. Poor flow distribution can cause a loss in 

performance and in narrow channel systems this could lead to the blockage of the 

channel or membrane module.

The scale-up of membrane processes is associated with many different problems. 

However, the benefit of being able to predict performance from laboratory scale 

experiments has great advantages, both economic and scientific.
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1.8 Techniques of Feedstream and Membrane Characterisation.

The characterisation of membrane and feedstream can play an important role in 

the prediction of the resulting membrane performance.

Many different techniques can be used to characterise the membrane and the 

process feedstream. Two advanced analytical techniques were used during this 

project.

Knowledge of the feedstream constituents and their size distribution can influence 

the choice of membrane type used in the process. Measurement of size distribution 

can also identify the presence of aggregated species. This section describes an 

advanced technique which was used to measure the size distribution of protein 

molecules in solution. Photon correlation spectroscopy has been used to size the 

enzyme YADH in protein solutions before and after filtration. This technique 

allows the effect of solution conditions on the aggregation of the protein molecule 

to be studied. This will enable the selection of solution conditions which will 

maximise the membrane performance.

A number of techniques have been applied to the characterisation of the pore size 

for microfiltration and ultrafiltration membranes. These are often based on 

measuring fluid (liquid or gas) permeability and fluid intrusion pressure (for 

example bubble point porosimetry). Dimensional parameters obtained from these 

measurements are based on geometric assumptions. Testing microfiltration 

membranes with particles of a known size is also a common technique (challenge 

tests). Visualisation of structural features is advantageous as this does not rely on 

geometric assumptions or physical testing. Scanning electron microscopy is a 

widely used tool that allows the elucidation of the structures of synthetic 

membranes. This technique used in conjunction with immunochemical staining 

techniques has also led to the location of foulants within an ultrafiltration 

membrane. However, recent advances in electron microscopy have led to 

development of a further technique with a greater resolution. Atomic force 

microscopy is a technique which enables the visualisation of the membrane
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surface before and after filtration has been performed. Location of the protein 

deposits will enable the elucidation of the mechanisms by which filtration 

proceeds.

The second part of this section describes this technique and outlines its use in this 

project. This section outlines the importance of these characterisation techniques 

and their principles of operation.

1.8.1 Size Distribution Measurements Using Light Scattering Techniques

The characterisation of the particle size distribution using photon correlation 

spectroscopy is a recently developed technique. The technique has a high 

resolution enabling the measurement of nanometer particles. A summary of the 

theory is presented below.

As light strikes a small particle, a fraction of the incoming light is redirected. The 

interaction of the incident light with the electrons in the sample induces oscillating 

dipoles. These dipoles act as transmitters, radiating light in all directions, causing 

a light scattering effect. The characteristics of the particles, such as size, shape, 

orientation and structure directly influence the intensity of the scattered light.

For small particles, as compared with the wavelength of light, the scattering 

radiation is said to be isotropic. This means that equal energy is scattered at all 

angles. This enables measurements to be taken at one fixed angle, i.e. 90°. 

Therefore, the measurement of small particles can be achieved.

Particle sizes comparable with or larger than wavelength of light lead to the 

scattering of light radiation to become angle dependent and multi-angled analysis 

is required. This method is more complex and assumptions have to be made. 

Therefore, for smaller particles such as proteins fixed, angled analysis is 

performed and accuracy is improved.

For this technique to be successful a coherent light source must be used. Advances 

in laser science and laser technology have enabled lasers to be used in this 

application. The light source interacts with the electrons present in the molecular 

bonds of the sample. This interaction leads to an increase in the energy state of the
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electron. As the energy level returns from the excited state to the normal energy 

state, a photon is emitted. When a photon is detected by a sensitive photocathode a 

discrete electrical pulse is generated. The measurement of the scattered intensity 

involves the counting of these pulses over a time period (10-200seconds). A 

correlator translates this fluctuating signal to produce value for a diffusion 

coefficient. This parameter is incorporated into the Stokes-Einstein equation (see 

equation 1.28) to generate the particle size. This is expressed in the terms of the 

hydrodynamic diameter.

In the equation:

kT
D = -----  [Eq. 1.28]

6 a  jj

This technique enables the sizing of the particles within a solution.

The ability to perform particle size analysis on a filtration feedstream can assist in 

the choice of membrane pore size to gain efficient separation, or assist in the 

adoption of solution conditions which minimise aggregation.

1.8.2 The Characterisation of Membrane Surfaces Using Atomic Force 

Microscopy.

Different microscopy methods have been used to observe the surface and matrix 

of ultrafiltration and microfiltration membranes (Sheldon and Reed 1988). The 

techniques of scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) have been used. However, the use of an electron beam under 

high vacuum conditions is thought to limit the effectiveness of this technique. 

Also, membranes are often manufactured from polymeric materials, which posses 

low conductivity. Bombardment of the sample with electrons will lead to charging 

of the surface unless the sample is coated with a heavy metal such as gold, 

platinum or palladium. The technique of coating the sample involves extensive 

dehydration and drying processes. This could alter the structure of the membrane 

and coating may also obscure the fine structural details. In the preparation of 

membrane samples for examination using SEM, damage to the membrane or the 

production of artefacts may occur. The technique of transmission electron 

microscopy (TEM) is more complex involving the production of replicas and
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extensive solvent exchange techniques. In can be argued that this leads to further 

distortions of the original sample or the production of artefacts. Although artefacts 

may be introduced, the techniques and SEM and TEM remain valid. Structural 

information on the membrane can still be obtained.

The development of atomic force microscopy (AFM) by Binnig et al. (1986) 

provided a technique which enabled a surface profile to be generated, without 

extensive sample preparation. This technique is regarded as a more sensitive, 

realistic and less likely to lead to the introduction of artefacts.

An atomic force microscope operates as an ultra-low force surface profiler (Binnig 

et al. 1986).An ultrafine tip is attached to a weak, flexible cantilever that is 

brought into contact with the sample. A laser beam is then focused on the 

cantilever. Three dimensional features on the membrane surface induce a 

deflection of the tip, through the changing of the forces between the atoms at the 

tip and the surface. Vertical motion of the tip is detected by a two segment photo 

diode. This senses the deflection of the laser beam which has been reflected by the 

back of the cantilever unit. The information which is received is processed to 

produce an image of the surface.

Immersion of the tip, cantilever and sample in aqueous solutions, prevents damage 

to organic molecules, by preventing an attractive force driving the tip towards the 

sample.

Imaging of the surface occurs instantly when the tip is engaged and aligned on the 

membrane surface. Computer software allows the configuration of the image and 

analysis of the data leads to the production of membrane surface profiles. This 

allows the identification and measurement of membrane surface features. It has 

been demonstrated (Dietz et al. 1991; 1992) that AFM can be successfully used to 

image the surface structures of synthetic ultrafiltration membranes, and track- 

etched capillary pore microfiltration membranes.

The ability to image the surface structure and morphology of microfiltration and 

ultrafiltration membranes leads to an understanding of membrane effectiveness. 

Knowledge of the pore size determines membrane selectivity, whereas accurate
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information on pore number and pore density allows the estimation of membrane 

flux. Information on the surface topography provides an indication of likely 

surface interactions and the adsorption of macromolecules.
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1.9 The Aims of this Study.

The overall aim of this study is to investigate the microfiltration of an enzyme. 

Initially, using small scale laboratory filtration systems and then to investigate 

microfiltration at pilot scale operation. The process feedstream will also vary in 

molecular complexity. The study will start by using pure enzyme in a buffered 

solution. Feedstream complexity will be introduced through the use of process 

feedstreams obtained from the downstream processing of block yeast, a multistage 

process which leads to the isolation of yeast alcohol dehydrogenase (YADH). The 

use of industrial membrane types, membrane configuration and process 

feedstreams in this project will simulate an industrial membrane separation. 

Assessment of filtration flux and the transmission of the total protein and active 

enzyme will be used to provide an indication of membrane performance.

In addition to this overall aim, the following objectives have also been set:

• to identify if the manipulation of solution conditions can maximise 

microfiltration membrane performance;

• to identify mechanisms responsible for the observed decline in permeate flux 

and transmission in the microfiltration of YADH;

• to investigate and propose methods to enhance the microfiltration of the 

enzyme;

• to perform crossflow microfiltration using complex process feedstreams 

containing the target enzyme, to assess the suitability of microfiltration as a 

downstream processing stage for the recovery of the enzyme from a typical 

process stream;

• to identify mathematical models and membrane experiments which could be 

used to scale-up membrane processes, using small scale tests to provide 

filtration data to predict performance at a larger scale of operation; and

• to perform pilot scale microfiltration trials using process feedstreams to assess 

these predictions.

In addition to these aims new aspects of microfiltration understanding are 

introduced in the following ways:
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• the use of high resolution particle sizing techniques to determine the effect of 

solution conditions on the molecular size of the target molecule;

• the use of atomic force microscopy to image membranes used in a 

microfiltration process in order to determine the mechanism of filtration;

• to use membranes of different pore sizes to further elucidate filtration 

mechanisms;

• the use of a protective agent to prevent conformation changes of the enzyme 

occurring as microfiltration proceeds;

• to use process feedstreams obtained from sequential points during a successful 

isolation of an intracellular enzyme; and

• to use laboratory scale tests and correlations to generate data that can be used in 

the prediction of membrane performance at larger scales of operation.

In summary, this thesis aims to address the issues relating to the industrial

microfiltration of an intracellular enzyme by experimentation performed at

laboratory and pilot scale.
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CHAPTER 2. MATERIALS AND EXPERIMENTAL METHODS

2.0 Introduction

There are three sections within this chapter. The first section outlines all the 

materials used throughout the experiments described in this thesis. Also within 

this section there is a description of the membrane systems and equipment used. 

The second section describes the experimental methods used throughout this 

thesis.

The experimentation performed in this study produced a large amount of raw, 

experimental data. In order to interpret this data, methods of data analysis have 

been used. These methods are outlined in the third section of this chapter. The 

final section of this chapter also includes a discussion on the experimental error.

2.1 Materials

This section describes all the materials used in this study. A description of the 

membrane systems and the equipment set-up is also outlined

2.1.1 Microfiltration Membranes

Two membrane types were used throughout this study.

i) Track-etched organic membranes

Track-etched polycarbonate capillary pore membranes were obtained from 

Whatman, (Cyclopore), (Maidstone, Kent UK). These membranes are symmetrical 

with a narrow pore size distribution. Membranes with pore sizes 0.1 pm (Cat. no. 

7060 2501), 0.2pm (Cat. no. 7060 2502), 0.8pm (Cat. no. 7060 2508) and 8.0pm 

(Cat. no. 7060 2514) were used in this study. The pore density of each membrane 

is given as 0.04, 0.14, 0.15 and 0.05 respectively. Pore density is a ratio that 

relates the surface area taken up by membrane pores and the total surface area of 

the top surface. The thickness of each membrane was 10pm, 10pm, 9pm and 

12pm respectively.
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ii) Organic asymmetric membranes

Polyethersulphone membranes were obtained from Filtron (Sittingboume, Kent, 

UK). These membranes are asymmetric with tortuous pores of a nominal sizes 

0.16pm and 0.3pm. Membrane porosity as calculated from the water permeation 

rate was 0.6 and 0.4 respectively. The Omega series of polyethersulphone 

membranes are surface modified during manufacture to reduce protein binding. 

Both membrane types were supplied as 25mm discs. In addition, the Filtron 

Omega membranes were supplied in the small and pilot scale crossflow filtration 

devices.

2.1.2 Membrane Systems

i) Dead-end studies

Permeation measurements were performed using a lOmL filtration cell (Amicon 

Corp. Beverley, MA, USA, model 8010), connected to a solution reservoir with a 

maximum capacity of 1.0L. The effective membrane area was 4.1 cm2. The system 

was pressurised with nitrogen gas. An applied pressure of 103.5kN/m2 (15psi) was 

used. The temperature was maintained at 20°C. Rates of permeation were 

determined by continuously weighing the permeate on an electronic balance 

connected to a microcomputer.

ii) Small scale laboratory crossflow

Small scale laboratory crossflow studies were performed using a flat sheet 

membrane device. A mini-ultrasette supplied by Filtron was used. The filtration 

cartridge contains two Filtron Omega membranes (see section 2.2) and had an 

open channel configuration. Flow was generated using a gear pump obtained from 

Ismatec (Carshalton, Surrey UK.). Pressure was determined at three points on the 

system, after the pump and either side of the filtration device. The retentate was 

returned to the solution reservoir. The temperature was maintained at 20°C. Rates 

of permeation were determined by continuously weighing the permeate on an 

electronic balance connected to a microcomputer.
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in) Pilot scale crossflow filtration studies

The Filtron Maximate membrane cartridge contains six Filtron Omega membranes 

with a nominal pore size of 0.3pm. The total effective membrane area is 0.372m2. 

The feedstream reservoir had a capacity of six litres and retentate was returned to 

the reservoir. Flow was generated by a lobe pump obtained from Watson and 

Marlow (Falmouth, Cornwall, UK). Pressures were measured at the inlet and 

outlet to the module and the permeate outlet The temperature was maintained at 

20°C.

2.1.3 Chemical and Biological Materials

i) Yeast alcohol dehydrogenase

Yeast alcohol dehydrogenase (YADH) from Baker’s yeast (cat. no, A7011) was 

obtained from Sigma Chemical Co. (Poole, UK). The stated purity of this enzyme 

was >95%.

ii) Yeast

Baker’s Yeast (Saccharomyces cerevisiae) was obtained, in the form of 1kg 

blocks, from Distillers Co. Ltd (Surrey, UK)

Hi) Surfactants

The surfactants used in this study were polypropylene glycol (Mwt. 2025), Zonyl 

FSN and Tween 80. Polypropylene glycol (Mwt. 2025) was obtained from BDH 

(cat no. 29767-67, Lutterworth, Leics UK), Zonyl FSN was obtained from Dupont 

(Willmington USA) and Tween 80 (polyoxyethylene sorbitan monoolerate, cat. 

no. P-1754 was obtained from Sigma Chemical Co. (Poole, Dorset, UK).

iv) Dithiothereitol

Dithiothereitol (Cleland’s reagent) was obtained from the Sigma Chemical Co. 

(Poole, Dorset, UK) cat. no D0632. The stated purity of this chemical was 99%.
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v) Ammonium sulphate andpolyethyleneimine.

Ammonium sulphate was obtained from BDH (Merck Ltd, Lutterworth Leics, 

UK) cat. no 10003. and was of AnalR grade. Polyethyleneimine (Mwt. 40 000-60 

000) was obtained from the Sigma Chemical Co. (Poole, Dorset, UK) cat. no (P- 

3143). Concentrations of polyethyleneimine are expressed as absolute w/v 

percentages, though this product contains 50% polyethyleneimine in aqueous 

solution.

vii) Yeast alcohol dehydrogenase assay chemicals.

Glutatione and P-Nicotinamide dinucleotide (NAD+) was obtained from Sigma 

Chemical Co. (Cat. no G-4251 and N-7004). The purity of glutathione is rated as 

98-100% and p- NAD+ is rated at 98%. Tris(hydroxymethy aminomethane) was 

obtained from Fluka Biochemika(Gillingham, Dorest, UK) Cat. no. 93352. Pure 

ethanol was obtained from BDH (Merck Ltd, Lutterworth Leics, UK).

viii) Other Chemicals

All other chemicals were of AnalR grade and were obtained from BDH (Merck 

Ltd, Lutterworth, Leics. UK.)
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2.2 Experimental Methods.

This section describes the experimental methods used throughout this study. 

Analytical methods which enable the determination of protein concentration and 

enzyme activity are outlined. The advanced methods of photon correlation 

spectroscopy and atomic force microscopy are outlined. The methods used in the 

generation of yeast process feedstreams are also summarised.

2.2.1 Total Protein Determination.

Two assay techniques were used throughout this study. Both methods determine 

protein concentration by a spectrophotometric technique. A Kontron UNIKON 

922 UV/VIS double beam spectrophotometer was used to measure absorbance.

In studies using pure enzyme solutions, protein concentrations were determined 

using the BCA (bicinchonic acid) method. Reagents were obtained from Pierce 

Ltd (Illinois USA). This technique has a sensitivity of 0.02 AU/ pg protein and is 

unaffected by the presence of non-ionic detergents. The binding of the reagent to 

the protein molecule leads to a generation of a purple colour which can be 

measured at 562nm. The greater the aborbance at this wavelength the higher the 

concentration of protein present.

In studies using process feedstreams, protein concentrations were determined 

using the Bradford method (1976). This method is based on the observation that 

the absorbance of an acidic Coomassie Brilliant Blue G-250 shifts from 465nm to 

595nm when binding to protein occurs. The quantification of the protein 

concentration is based on the measurement of absorbance at 595nm.

Reagents were obtained from BioRad (BioRad Laboratories Ltd, Hemel 

Hempstead, Herts, UK).

Both techniques involved the pipetting of the sample into a cuvette and mixing 

with the reagents. The absorbance is measured using a spectrophotometer. A 

standard calibration curve was prepared using pure samples of Yeast Alcohol 

dehydrogenase of known concentration. The absorbance measurements were then 

converted to protein concentrations using this calibration curve.
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2.2.2 Yeast Alcohol Dehydrogenase Assay.

The activity of alcohol dehydrogenase using the method described by Bergmeyer 

(1979). Reaction rates were measured by following a change in absorption at 

340nm of the solution. Ethanol and NAD+ were used as reaction substrates. The 

Bergmeyer method (1979) follows the reaction:

Ethanol + NAD+ -» Acetaldehyde + NADH + H+

The enzyme activity E, is expressed as units of activity per ml of solution and is 

given by

1 AAVC
E = — ~ ^ t D  [ E q 2 1 ]340 m  VS

Where Vc is the final volume of the cuvette, Vs is the sample volume added to the 

cuvette, D is the dilution factor. The molar extinction coefficient, which is denoted 

by e340 has a numerical value of 6.22 pmol'1. The rate of change of absorption was 

followed spectophotometrically at 340nm and AA/At was recorded.

Semicarbazide hydrochloride was included in the reaction mixture to remove 

acetaldehyde from the reaction equilibrium, thus promoting the reaction to 

proceed in the forward direction. Glutathione was included to maintain stability of 

the enzyme.

2.2.3 Particle Size Distribution.

The particle size distribution of the enzyme in solution was determined using 

photon correlation spectroscopy (PCS, see Chapter 1 section 1.8). The instrument 

used was a Malvern autosizer Lo-C (Malvern instruments, Malvern UK). This 

instrument was equipped with a Uniphase 75mW Argon laser which allows sizing 

to lnm to be performed. The sample of the enzyme was prepared in a phosphate 

buffer solution. This solution had been prepared using high quality water and the 

buffer solution was filtered before use. A well-dispersed sample of enzyme 

solution was pipetted into a 5ml quartz cuvette. Care was taken to ensure that no 

air was entrained into the cuvette and that the sides of the cuvette were clean and 

dry. The cuvette was placed into the autosizer. Samples were measured over a five 

minutes period. This technique was controlled directly by a microcomputer. This
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unit performed all the data manipulation and returned the size data in graphical 

and tabular formats.

2.2.4 Atomic Force Microscopy.

Membranes were imaged before and after filtration using the Atomic Force 

Microscope (AFM). The instrument used was a Nanoscope II (Digital Instruments 

Inc., San Diego, USA).

A discussion of the theory and the advantages of this techniques have been 

outlined in chapter 1, (sectionl.8).

Samples to be imaged were taken from the membranes. These samples were 

approximately 1cm2 and were taken from the middle of the membrane disc. The 

wet membrane samples were not allowed to dry out. The membrane samples were 

transferred using specialised tweezers.

The samples were mounted using double sided adhesive tape to stainless steel 

discs (0.5” in diameter). The mounted sample was placed face upwards on the top 

of the scanner tube. The cantilever unit was then placed above the sample and the 

cover was closed. The laser was aligned on to the back of the cantilever unit using 

the control buttons located on the base of the unit and the digital voltmeter. After 

the set-up procedure was completed. The tip was brought into contact with the 

sample and the sample is scanned in a raster movement. The deflection of the tip 

and the cantilever unit and the resultant deflection of the laser was sensed by a two 

element photodiode. This unit transmits a signal to the signal processor unit within 

the computer workstation and an image is generated. After the sample has been 

scanned the image can be manipulated by the computer workstation.

2.2.5 Preparation of Yeast Homogenate.

High pressure homogenisation techniques were used to disrupt yeast cells. The 

disruption of the cells occurs when a high pressure is used to force cells through a 

restricted orifice or valve. Block yeast was resuspended in phosphate buffer 

(lOOmM, pH7.5) at a concentration of 50% w/v. For large quantities of 

homogenate the cells were disrupted at 4°C in a Manton-Gaulin Lab 60
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homogeniser (APV, Crawley, UK). Homogenisation was performed at 500bar and 

the suspension was passed through the homogeniser a total of 5 times. Smaller 

quantities of homogenate were disrupted at 4°C in a Manton-Gaulin Lab 40 

homogeniser (APV, Crawley, UK). This was operated at 1200 bar with two passes 

through the homogeniser.

Further dilution after homogenisation were performed using phosphate buffer 

(0.01M and pH7.5).

2.2.6 Preparation of Clarified Homogenate using Centrifugation Techniques.

Centrifugation was used to remove the cell debris and in the removal of precipitate 

particles. A tubular bowl centrifuge (Sharpies IP) was operated at a speed of 45 

000 rpm. This speed is achieved by an air driven turbine, operating at 1.5 barg. A 

peristaltic pump (Watson and Marlow, Falmouth, UK) was used to pump the 

suspension into the centrifuge. The speed of this pump was set at 10% of the 

pump capacity, at a speed of 5 L/hr.

This centrifuge has three main components, the bowl, the cover and the drag 

assembly. The drag assembly consist of the feed nozzle and the nozzle holder. 

Before use each of these components was assembled. During operation it is 

essential that the glycol cooling system is connected and operated, as heat is 

generated. After start-up, the turbine speed is gradually increased until 45,000rpm,

1.5 barg is obtained. The feed pump was now started and homogenate was 

pumped into the centrifuge. The pump speed was maintained at 5 L/min until the 

required amount of homogenate had been processed. The feed pump was switched 

off and the centrifuge speed was decreased by lowering the delivered air pressure 

to the turbine. When the centrifuge has stopped, disassembly was performed to 

remove the solid material and to clean the unit.

2.2.7 Fractional Precipitation

Protein precipitations were performed in a batch reactor of a volume of 1.4L. The 

reactor was agitated with a standard 6 blade Rushton turbine and cooled with an 

external jacket with glycol at 2°C. Clarified homogenate was prepared for each 

experiment and the volume of saturated ammonium sulphate was added to give a 

concentration of 40% for the first precipitation cut or 60% for the second
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precipitation cut. After the 40% precipitation cut the solution is clarified using the 

tubular bowl centrifuge, and the supernatant is retained before the second 60% 

precipitation is performed. The operation of the tubular centrifuge was identical to 

the method described in section 2.2.6 except that the suspension containing the 

precipitant particles was pumped into the centrifuge used instead of the 

homogenate suspension.

2.2.8 Flocculation with Polyethyleneimine

A polyethyleneimine solution was added to samples of yeast homogenate. The 

PEI solution contained 0.025% polyethyleneimine and had been adjusted to pH

7.4 using 2M HC1. The resulting solution was mixed by inversion and then 

clarified using laboratory centrifuge (Beckman, UK) operated at 500 RPM, 2°C 

for 30 minutes. The supernatant was recovered by decantation.

2.2.9 Viscosity

The viscosity of filtration feedstreams was measured using a concentric cylinder 

viscometer (Rheomat 115, Contraves, Germany). This was operated at room 

temperature. The sample was placed in a cylindrical vessel that contained the solid 

inner cylinder. Increasing the values of applied torque which is applied to the solid 

cylinder causes a value for shear stress to be generated. Graphical representation 

of torque as a function of shear stress shows that the all the fluid measured in this 

thesis were Newtonian in nature. This allowed viscosity to be calculated using the 

following equation, where viscosity is equal to the gradient of the line.

t = py [Eq. 2.2]

The instrument was calibrated before and after each sample using de-ionised 

water.
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2.3 Experimental Data Analysis

As a result of the studies performed as part of this thesis a large amount of data 

has been produced. It is important in every experimental procedure to ensure that 

the maximum amount of data is obtained, that the correct analysis method is used 

and the data produced is reliable. This section describes the data collection 

methods, the data analysis methods and discusses the experimental error.

2.3.1 Data Collection

The work reported in this thesis is based on the generation of data to relate 

experimental conditions to the performance of microfiltration. The performance of 

a protein microfiltration procedure is based on the rate of permeation through the 

membrane and the concentration of the protein and active enzyme that passes 

through the membrane and is contained within the permeate stream. Therefore, 

there are three measurements which have to be taken during each experiment. It is 

also necessary to make these measurements throughout the duration of the 

experiment.

Unless otherwise stated in the experimental chapters, the microfiltration period 

was two hours. During this time the permeation rate was measured at minute 

intervals. Samples of the permeate for protein and active enzyme analysis were 

taken at the following intervals, see Table 2.3.1.

In addition, before each microfiltration experiment, the protein concentration and 

enzyme activity was determined. This ensured that the experimental condition 

with respect to the starting concentration was correct. A sample of the feedstream 

used was kept under identical conditions to the feedstream which was being used 

for the filtration experiment. This unfiltered sample acted as the control and was 

tested at the same time as the filtered sample.

In the crossflow microfiltration experiments described in Chapter 5 and 6, it was 

also necessary to take sample of the retentate stream. This were also taken at the 

same time periods as shown in Table 2.3.1
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Time

(minutes)

Protein Concentration Enzyme Activity Assay

1 / S

2 / S

3 ✓

4 ✓ ✓

5 ✓

6

7 ✓ ✓

8 ✓ ✓

9 ✓

10 / ✓

15 / ✓

20 / ✓

25 J ✓

30 / V

45 ✓ s

60 / s

90 / s

120 / s

Table 2.3.1 Sampling times for Micro filtration Experiments.

Each filtration experiment described in this thesis was performed three times. 

Each of the samples taken for protein and enzyme activity determination were 

tested in triplicate. Low levels of variation between the results were observed 

between identical experiments (see Section 2.3.3). In analysis of the performance 

data and the presentation of the filtration data it is the arithmetic mean figure 

which has been reported.

During the crossflow experiments outlined in Chapters 5 and 6 it was necessary to 

re-use the membrane cartridge, the water flux through the membrane was
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calculated before the filtration experiment was performed. This was performed to 

ensure that the cartridge had been cleaned successfully and the water flux had 

been restored.

2.3.2 Data Analysis

This thesis uses a number of mathematical models to analyse and interpret the data 

collected from the experimental procedures. The details of the models and the 

reasons for their choice have been outlined in Chapter 1, section 1.4. This section 

outlines how the data has been analysed using the mathematical models.

2.3.2.1 Standard blocking model

The standard blocking models states that the performance of a filtration procedure, 

operated at a constant applied pressure, declines with time due to the deposition of 

material within the membrane. To analyse filtration data against this model it is 

necessary to plot the time divided by the filtrate volume, (t/V) against time (t). If 

the model is valid, a linear relationship between these two variables exists. To 

demonstrate the degree of linearity, linear regression analysis was performed. This 

calculates a regression coefficient which indicates the strength of the linear 

relationship between the plotted variables. A value of 100% indicates there is a 

linear relationship between the plotted variables, whilst a value of 0% would 

indicate there was no correlation between the plotted variables. The linear 

regression line has been plotted on each of the graphs analysed using this 

technique. The regression line has not been restricted to pass through the origin. 

This is due to the initial high flux rate observed at the start of each experiment.

If a strong linear relationship is observed, the gradient of this line was used to 

calculate the value of C, the volume of particles deposited on the pore walls per 

unit volume of filtrate, (see equations 1.10, 1.9 in section 1.4). In Chapters 3 and 4 

the value of C was used further to calculate the pore size after filtration, (see 

equation 1.6, section 1.4).
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2.3.2.2 Cake Filtration Model

The cake filtration model used in this thesis was described by Hermia (1980). This 

model states that the decline in filtration performance is due to the deposition of 

material on the surface on the membrane. (Chapter 1 section 1.4). To analyse 

filtration data against this model it is necessary to plot the time divided by the 

filtrate volume, (t/V) against the volume of filtrate (V). If the model is valid, a 

linear relationship between these two variables exists. To demonstrate the degree 

of linearity, linear regression analysis was performed. This calculates a regression 

coefficient which indicates the strength of the linear relationship between the 

plotted variables. A value of 100% indicates there is a linear relationship between 

the plotted variables, whilst a value of 0% would indicate there was no correlation 

between the plotted variables. The linear regression line has been plotted on each 

of the graphs analysed using this technique. The regression line has not been 

restricted to pass through the origin. This is due to the initial high flux rate 

observed at the start of each experiment.

2.3.2.3 Resistance Models

The filtration models that describe filtration performance by the summation of 

resistance factors has been summarised in section 1.4.3. A resistance model was 

used in this thesis in Chapter 5 to analyse the microfiltration of the process 

feedstreams. The intrinsic resistance of the membrane was calculated from the 

water flux value. As filtration proceeded, the values of flux were used to calculate 

the total resistance. Subtraction of the intrinsic membrane resistance lead to the 

calculation of the change in resistance due to filtration procedure.

2.3.2.4 Scale-up Models

In Chapter 6 of this thesis, the basis for the scale-up strategy was to perform small 

scale laboratory experiments to generate relationships between microfiltration 

performance and the operating variables. Using the models described in Chapter 6, 

values generated from experimentation were substituted in and the required 

calculations were performed.
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2.3.3 Reproducibility of Experimental Data

As previously described in section 2.3.1 the experiments within this thesis were 

repeated a minimum of three times. There were also repeat assays of protein 

concentration and enzyme activity.

All precautions were taken to reduce experimental error and the correct equipment 

was used in the set-up and operation of the equipment.

The experimental data can be divided into two types: the permeate flux data and 

the assay data.

2.3.3.1 Permeate Flux Data

In all the microfiltration experiments performed the observed trend was identical, 

in that there was a decline in the level of permeate flux with time. In the dead-end 

experiments where a new membrane was used for each experiment or in 

experiments where a pure enzyme solution was used, the variability in flux value 

was low, approx. 1%. This was increased to values of 5-9% during the filtration of 

the process feedstreams reported in Chapter 5. The increase in variability is due to 

the use of process feedstreams and the re-use of membrane cartridges.

2.3.3.2 Assay Data

Protein concentration and enzyme activity were assayed using the methods 

described in section 2.2. In the assay of pure YADH solution there was a very low 

level of variability, less than 1%.

The use of process feedstream and block yeast led to an increased variability 

between experiments. Block yeast even when stored at 4°C losses YADH activity 

with time. To minimise variation between experiments, fresh block yeast was used 

for each experiment. However, the inter-experiment variability increased to 10% 

during these experiments. Variability between repeat assays was low 

approximately 5%.
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CHAPTER 3. PROPERTIES OF MICROFILTRATION MEMBRANES:
MECHANISMS OF FLUX LOSS IN THE RECOVERY OF AN ENZYME

3.0 Introduction

The relevance of this chapter within this thesis is to provide an understanding of 

protein microfiltration. In particular, this chapter aims to investigate the 

microfiltration characteristics of a pure solution of yeast alcohol dehydrogenase 

(YADH). Knowledge gained in this chapter will be used throughout the remaining 

chapters of this thesis.

The typical uses of microfiltration in biotechnology include, primary cell recovery 

from fermentation broths and sterile filtration as the final step in the production of 

a protein product. In these cases, transport of the target protein through the 

membrane is required. Hence, the interactions between protein molecules and the 

internal membrane matrix have a substantial influence on the effectiveness of the 

separation. Both in primary separation and sterile filtration operations, the 

nominal pore size of the membranes used is often a degree of magnitude larger 

than the target protein molecule. However, biological molecules are susceptible to 

aggregation and alteration in their native structure. This can increase the molecular 

size or shape of the protein molecule. Any alteration in size or shape can affect the 

efficiency of the transmission of protein molecule. It can be predicted that 

increased transmission of a protein molecule would be achieved if the protein was 

present in solution as a discrete molecule where changes to size and shape have 

been limited or prevented. Change in size or shape can be more important in 

separations where the target molecules is an enzyme. In these cases it is not 

sufficient to increase the transmission of the target molecule but also maintain its 

biological activity.

The molecular state and the degree of aggregation of yeast alcohol dehydrogenase 

(YADH) in common with many other enzymes is dependant on the solution 

conditions. In particular, the conditions of pH and ionic strength. In order to
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maximise transmission of the active enzyme it is important to identify the solution 

conditions which minimise aggregation.

Transmission of pure protein and enzyme solutions through microfiltration 

membranes is usually high. However, the rate of filtration decreases with time at a 

constant applied pressure. Opong and Zydney (1991) have explained this decline 

by the deposition of protein on the front face of the membrane. It has also been 

shown (Kelly et al. 1993) that fouling by bovine serum albumin (BSA) is 

associated with the deposition of aggregated and/or denatured protein, with such 

species acting as initiation sites for the continual deposition of protein. However, a 

continual decrease in the filtration rate has also been reported where there was no 

deposition or concentration polarisation occurring on the front face of the 

membrane (Bowen and Gan 1991, 1992, 1993, Franken et al 1990). Such 

decreases are much greater than that which can be explained by adsorption. The 

decrease in filtration flux in the filtration of bovine serum albumin, with time, 

have been by quantified by the standard blocking model (Bowen and Gan 1991).

Particle sizing methodology will form the basis for the study into the effect of 

solution conditions on the molecular state of the YADH molecule. Initially, these 

studies will be performed using static solutions. Once established, the effect of 

solution conditions on the microfiltration of YADH will be studied. This will lead 

to the identification of the solution conditions at which maximum membrane 

performance and the maintenance of enzyme activity occurs. Establishment of 

optimal solution conditions will enable the further investigation into the 

mechanisms responsible for the decline in membrane performance with time. The 

use of atomic force microscopy techniques will be used to visualise the surface of 

the membrane before and after microfiltration. Identification of surface deposition 

will further enhance the ability to elucidate the mechanisms responsible for 

decline in filtration performance.
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3.1 Size Distribution of Yeast Alcohol Dehydrogenase in Solution.

The biochemistry and amino acid sequence of alcohol dehydrogenases from yeast, 

horse liver and microbial sources has been elucidated and is reported within 

Biochemical references.

Structural information and physico-chemical properties have also been reported. 

These are reviewed in Chapter 1, (section 1.5). The radius of horse liver alcohol 

dehydrogenase measured by crystallography techniques was shown to be 70A 

(7nm) (Jomvall et al. 1978). Further studies demonstrated that there is a structural 

homology in the amino acid composition between the alcohol dehydrogenases 

from horse liver and yeast (Jomvall 1978). It is stated by Jomvall (1978) that the 

molecular radius of yeast alcohol dehydrogenase can be regarded as similar to that 

of horse liver alcohol dehydrogenase. Therefore, it is assumed that the molecular 

radius of YADH is 70A (7nm).

The size distribution of yeast alcohol dehydrogenase (YADH) in phosphate buffer 

at three ionic strengths (0.1M, 0.01M and 0.001M) and pH 7.5 was determined 

using photon correlation spectroscopy (Figure 3.1.1).

The distribution in the 0.01M solution corresponds to a mean (by number 

distribution) diameter of 7.6nm with a width (at half peak height) of 1.3nm. The 

distribution is asymmetric with a “tail” on the high side, this may indicate that 

some aggregation is present. However, this mean diameter value indicates that 

under these conditions, YADH can be considered as a discrete, non-aggregated 

molecule. In a 0.001M solution the distribution corresponds to a mean diameter of 

65.1nm with a width of 14.2nm. In a 0.1M solution, four peaks are observed at 

580, 835, 1039 and 1243nm with respective widths of 87, 99, 142 and 87nm.

This demonstrates that the size of YADH is highly dependent on the ionic strength 

of the buffer solution. It can be concluded that the transmission will be increased 

if a solution of ionic strength 0.01M is used, providing other factors do not induce 

aggregation.

The pH of the solution can also affect the size of the enzyme. Figure 3.1.2 shows 

the size distribution of YADH in 0.01M phosphate buffer at six pH values, 6.0, 

6.5, 7.0, 7.5, 8.0 and 9.0. The distribution at pH 7.5 has a mean diameter of 7.6nm
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with a width of 1.3nm. At pH values above or below pH 7.5 increases in mean 

diameter and the width of the distribution occur. The mean diameters and the

widths of distribution at the different pH values are summarised in Table 3.1.1.
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Figure 3.1.1 Effect o f ionic strength on the size distribution o f YADH. (a) 0.001M.

(b) 0.0IM, (c) 0.1M
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Figure 3.1.2 Effect o f pH  on the size distribution o f YADH: (ci)pH 6.0,(b)pH 6.5,

(c)pH 7.0, (d)pH 7.5, (e)pH 8.0, (f)pH 9.0
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pH 6.0 6.5 7.0 7.5 8.0 9.0

Mean Diameter (nm) 68.5 34.4 30.5 7.6 23.5 53.6

Width (nm) 13.3 8.8 9.0 1.3 4.0 10.4

Table 3.1.1 Effect o f pH  on size distribution o f YADH

This demonstrates that the size of the YADH molecule is dependent on the pH of 

the solution. When a buffer at pH 7.5 is used the molecule has the lowest diameter 

value. It is stated that this value is equivalent to YADH in an unaggregated form. 

It can be predicted that transmission will be increased if the YADH solution is 

buffered with phosphate buffer at a pH value of 7.5 during microfiltration 

experiments.

Changes in particle size distribution can also be time dependent. This was 

investigated at the pH and ionic strength conditions of pH 7.5 and 0.01M. Results 

are shown in Figure 3.1.3 where the points indicate the mean diameter and the 

errors bars correspond to the width of the size distribution. Over a period of two 

hours a slight upward trend in the mean diameter of YADH was observed. 

However, this is unlikely to affect filtration performed over the same time period 

using microfiltration membranes with a nominal pore size of 200nm.

This section has demonstrated that particle size distribution measurements can be 

obtained using photon correlation spectroscopy. This technique has been used to 

show that alterations to the pH and ionic strength of the YADH solution produced
f

aggregates of YADH. This led to the identification of conditions where YADH 

was present in an unaggregated form. Solutions of pH 7.5 and an ionic strength of 

0.01M gave a mean particle size for YADH which corresponds to the particle size 

stated for YADH in the literature. It is predicted that under these solution 

conditions microfiltration performance will be increased in comparison to 

filtration under conditions which promote aggregation of YADH.
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Figure 3.1.3. Time dependence on the mean particle size o f YADH in 0.01M 

phosphate buffer at pH  7.5 and a temperature o f 25°C.
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3.2 Filtration of YADH at Conditions pH 7.5 and 0.01M

Experiments were performed to test the hypothesis that membrane performance 

would be enhanced by operating the filtration under solution conditions where 

YADH was demonstrated to be present in an unaggregated form. Filtrations were 

performed using YADH at a concentration of 0.25g/L in phosphate buffer 

solution, at three pH values; pH 6.0, pH 7.5 and pH 9.0. The ionic strength of the 

buffer solution was 0.01M in each experiment.

A decline in membrane flux was observed with time for each of the three pH 

values. The decline is less severe in the filtration performed at pH 7.5 (see Table 

3.2.1). Although a decline in flux still occurs see Figure 3.2.1.

pH Initial Flux 

m s1 (xlO6)

Final Flux 

m s1 (xlO6)

Average Flux 

m s1 (xlO6)

6.0 15.1 0.04 0.27

7.5 13.0 0.12 0.68

9.0 13.5 0.06 0.31

Table 3.2.1 The effect o f solution pH  on the permeate flux o f pure YADH solution.

15

12
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6

3

0
0.0 0.80.2 0.4 0.6 1.0 1.2

Time / hr

Figure 3.2.1 Microfiltration o f  a 0.25g/L solution o f  YADH at a track etched 

membrane with a pore size 0.2 pm. 0.01M phosphate buffer, pH  7.5.
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The amount of protein transmission was also affected by the pH of the solution. 

An increased level of transmission occurs at pH 7.5 (see table 3.2.2).

pH Average % 

Transmission

Std. Dev. Mean

Particle size (nm)

Width

(nm)

6.0 69.7 13.4 95.3 71.2

7.5 94.7 3.7 11.0 0.6

9.0 70.3 24.5 144.3 109.0

Table 3.2.2 Effect o f pH  on the transmission and particle size distribution for the 

filtration o f pure YADH.

At pH 7.5 the transmission is high throughout the filtration, whereas, at pH 6.0 

and 9.0 transmission declines with time. This is reflected by the increased values 

of calculated standard deviation for the filtration experiments performed at pH 6.0 

and pH 9.0.

Measurement of the particle size distribution of YADH in the permeate showed 

that at pH 6.0 and pH 9.0 large aggregates and/or denatured protein molecules 

were present. These findings were consistent with measurements performed on 

unfiltered solutions previously reported in section 3.1. However, as a result of 

filtration at pH 6.0 and pH 9.0 an increase in the particle size distribution was 

observed over time. In the unfiltered, static experiment the size distribution 

remained constant.

This section confirms the prediction that membrane performance can be enhanced 

by controlling the solution conditions. Filtration performed at conditions which 

had been shown to minimise the formation of aggregates led to an increase in 

filtration rate and transmission of YADH through the membrane.

Also if solution conditions promote aggregation to occur it is demonstrated that 

microfiltration further increases the size of the aggregated species.
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3.3 Elucidation of Filtration Mechanisms.

In the preceding section, it was demonstrated that membrane performance could 

be influenced by the solution conditions. However, even at pH7.5 and ionic 

strength 0.01M, which were shown to increase membrane performance, a decline 

in permeate flux was observed with time. The aim of this section is to investigate 

the mechanisms which led to this decline.

Filtrations were performed using three concentrations of YADH (0.005g/L, 

0.05g/L and 0.25g/L). Filtrations were performed in a dead-end mode, using track- 

etched capillary membranes with a nominal pore size of 0.2p.m. A constant 

applied pressure of 104kN/m2 was used.

Transmission of the enzyme through the membrane was high. Transmission values 

averaged over a two hour filtration experiment were 98.4% ± 1.77 for the 

0.005g/L solution, 91.1% ± 9.0 for the 0.05g/L and 90.1% ± 6.0 for the 0.25g/L 

solution. At all concentrations, the rate of filtration decreased continuously 

throughout the duration of the experiment.

The data for each experiment is presented according to two filtration models, the 

standard blocking filtration model (SBM) and the cake filtration model (CFM). 

These models are described in Chapter 1, section 1.4. Analysis using the complete 

blocking model and the intermediate blocking model were also considered at this 

stage. However, the particle size under these conditions of pH and ionic strength 

has been shown to be several orders of magnitude less than the pore diameter. The 

complete and intermediate blocking model assumes that the particles are similar in 

size or larger than the pore diameter. This would ensure that complete blocking or 

blinding of the pores occurs. The standard blocking and cake filtration models 

explain that the decline in flux is due to deposition of small particles on the pore 

surface, membrane surface or within the membrane matrix.

The analysis method is described in Chapter 2, (section 2.3).
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Both models require the experimental data to be expressed in a graphical form. 

The validity of the model is indicated by the presence of a linear relationship 

between the plotted data.

Therefore, after the data had been plotted according to each model, a further 

statistical method was required to assess the linearity of the relationship. Linear 

regression analysis was performed to identify the mechanism responsible. In order 

to assess the linearity of each curve, the coefficient of determination was 

calculated. This value indicates the percentage agreement with the linear 

regression calculation. A value of 100% indicates that the relationship is linear. 

The calculated values for the filtration of YADH are shown in Table 3.3.1.

Coefficient of determination %

Protein Concentration g/L Standard Blocking model Cake filtration model

a) b) a) b)

0.005 99.2 99.2 90.1 90.0

0.05 98.3 99.6 99.9 98.4

0.25 95.4 99.5 99.6 95.2

Table 3.3.1 Coefficient o f  determination applied to the analysis using the standard 

blocking model and the cake filtration model. Where a) represents the first 

filtration and b) represents the refiltration o f permeate.

The filtration of a 0.005g/L solution of YADH is plotted according to the SBM 

and CFM (see Fig 3.3.1). Data from two types of experiment are shown, filtration 

of a freshly prepared solution and the refiltration of the permeate from the 

previous filtration. The rate of filtration is comparable in the first filtration and the 

refiltration. It is shown that in both cases, the SBM plot is more linear than the 

plot constructed according to the CFM (see table 3.3.1). This suggests the standard 

blocking model is valid for the filtration at this concentration. From these results it 

is stated that the main reason for flux loss was due to the deposition of YADH on 

the pore walls.
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Figure 3.3.2 shows typical data for the microfiltration of 0.05g/L solution of 

YADH plotted according to the SBM and CFM. The plot for the filtration of the 

freshly prepared solution showed deviations from the SBM and CFM. This 

suggests that the decline in filtration rate is due to a combination of an in-pore 

blocking and cake deposition. However, the data for the refiltration of the 

permeate shows an increased correlation to the SBM. The rate of filtration is 

greater when a refiltration of permeate is performed. Therefore, it can be 

suggested that during the first filtration an aggregated fraction of YADH was 

deposited on the membrane surface. It was this fraction which led to partial 

correlation with the CFM. During the refiltration of the permeate with this fraction 

removed, the filtration of YADH more closely obeys the SBM.
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Figure 3.3.1. Filtration o f a 0.005g/L YADH solution at a 0.2pm track-etched 

membrane;!). 01M phosphate buffer at pH  7.5. (O) First Filtration, (O ) 

Refiltration, (a) SBM. (b) CFM
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Refiltration, (a) SBM. (b) CFM
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Experimental data from the filtration of YADH solution with a concentration 

0.25g/L solution is shown in Figure 3.3.3. A good linear correlation is observed 

when data from the first filtration is plotted according to the CFM (see Table 

3.3.1) Refiltration of the permeate shows an increased correlation to the SBM, and 

the rate of filtration is higher. At this concentration, it can be stated that the loss in 

flux is due to a build-up of YADH on the surface on the membrane.

From the analysis of the filtration data, two conclusions can be proposed. Firstly, 

that the change from an in-pore to a surface deposition is due to a fraction of 

YADH which is removed by the first filtration. This causes the rate of refiltration 

to be higher in subsequent refiltrations where, flux losses are due only to the 

occurrence of in-pore deposition. Secondly, that the predominant mechanism 

responsible for the decline in flux of freshly prepared solutions of YADH changes 

from in-pore deposition (SBM) to surface deposition (CFM) as the concentration 

of the YADH solution was increased.
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Figure 3.3.3. Filtration o f a 0.05g/L YADH solution at a 0.2pm track-etched 

membrane;0.0lM phosphate buffer at pH  7.5. (O) First Filtration, (O) 
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3.4 Examination of Microfiltration Membranes Using Atomic Force 

Microscopy

The technique of atomic force microscopy allows the direct visualisation of 

membrane material before and after use. The aim of this section is to use this 

technique to provide direct visual evidence to identify mechanisms responsible for 

flux loss. These were compared to the observations and predictions made in the 

previous section. At low protein concentrations it was predicted the an in-pore 

deposition mechanism was responsible for the loss in membrane performance. 

Whereas, at a higher protein concentration the performance loss was due a surface 

deposition mechanism.

Figure 3.4.1 shows a clean, wet, track-etched membrane. The pores are clearly 

visible. Examination of the membrane showed that most pores (over 90%) have a 

regular circular shape, though some are ellipsoidal. These arise from an 

overlapping of single pores and are known to be common in the production of 

track-etch membranes. The average pore diameter was measured and was 269 

(±34.7)nm. This was determined by the analysis of 20 pores chosen at random 

over the whole membrane sample.

Figure 3.4.2 shows a wet, track-etched membrane after the microfiltration of a 

0.005g/L YADH solution for 30 minutes. The pores are still distinctly visible. 

However, there are changes in the morphology of the top surface of the 

membrane, suggesting that deposition of protein deposits or aggregates has 

occurred. The clear visibility of the pores indicates that they are still accessible to 

the feed solution during filtration.

Based on the analysis of the filtration data, which was collected during the 

filtration experiments, the loss in membrane permeability is due to the gradual 

decrease in pore diameter. This is characterised by agreement to the standard 

blocking model (SBM) rather than the build-up of a surface deposit,. A further test 

of the applicability of this model is available. If it is assumed that the SBM model 

is valid, then application of the Poiseuille relationship to the filtration data allows
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calculation o f  the effective pore diameter at any time during the filtration process. 

This was applied to the data shown in Figure 3.3.1 It was calculated that the pore 

diameter, after a 30 minute filtration o f  YADH at a ‘concentration o f  0.005g/L  

would be 124 6(±2.2)nm.

Using atomic force microscopy techniques, it is possible to measure directly the 

dimensions o f  the entrance to the pores before and after filtration Figure 3.4.3 

shows examples o f  profiles o f  membrane pores The entrance o f  a clean membrane 

pore is shown in Figure 3.4 3a Figure 3.4.3b shows the profile o f  two adjacent 

pores after the filtration o f  0.005g/L YADH solution for 30 minutes.

Tigure 3.4.1 Atomic force microscope image of a dean unused 0.2pm Track- 

etched membrane

( hapter 3. d u x  Loss in the M icrofiltration o f  an Enzyme
85



figure 3.4.2 Atomic force microscope image o f a 0.2 pm track-etched membrane 

after filtration of a 0.005g f  solution o f YADH for 30 mins.
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Figure 3.4.3 Atomic force microscope surface profiles o f 0.2pm track-etched 

membranes, (a) Clean (unused), (b) Wet membrane after filtration o f a 0.005g/L 

solution o f YADH for 30 minutes.
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The decrease in pore diameter was apparent when the used membrane sample was 

compared to the clean membrane. From analysis of 20 random chosen pores it was 

found that the diameter of the used membrane pores were 148 (±27.8)nm. This 

showed good agreement with the value calculated from the analysis of filtration 

data, using the standard blocking model as a basis for calculation. This provides 

further confirmation for the interpretation of the data. It can now be stated that the 

filtration of a YADH solution with a protein concentration of 0.005g/L, proceeds 

by an in-pore deposition mechanism.

In contrast to the images obtained from the filtration of dilute solutions, Figure 

3.4.4 shows the surface of a wet, track-etched membrane after the filtration of a 

YADH solution with the concentration of 0.25g/L. This membrane had been used 

for a 30 minute filtration. The image shows that there is a large amount of 

deposited material on the surface of the membrane and no pores are visible. This 

confirms that loss in membrane flux observed when filtration of a YADH solution 

with a concentration of 0.25g/L was performed, is due to the build-up of a surface 

deposit on the membrane.
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Figure 3.4.4 Atomic force microscope image o f a 0.2pm track-etched membrane 

after filtration o f a 0.25g L solution of YADH for 30 mins.
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3.5 Concluding Remarks.

The rate of filtration and transmission has been shown to be dependent on the 

degree of aggregation of the yeast alcohol dehydrogenase, (YADH) in solution 

and on the way it interacts with the membrane. Photon correlation spectroscopy 

provided a method of directly studying the size of YADH in solution. The enzyme 

YADH was found to exist as discrete molecules in a narrow range of pH and ionic 

strength conditions. It was demonstrated that at pH 7.5 and ionic strength of 

0.01M , YADH can be regarded as being present in solution in an unaggregated 

form. Microfiltration of the YADH solution under these conditions showed that 

membrane performance was improved. When microfiltration under these 

conditions was performed, the enzyme transmission through the membrane was 

increased. However, even at these conditions and using a pure protein solution, the 

permeate flux declines with time.

The mechanism responsible for this decline was elucidated by analysing the 

filtration data by the standard blocking and cake filtration model. At a protein 

concentration of 0.005g/L it was demonstrated that an in-pore deposition 

mechanism, characterised by the standard blocking model occurred. Whereas at a 

protein concentration of 0.25g/L, it was demonstrated that a surface deposition 

mechanism, characterised by the cake filtration model was dominant. These 

findings were confirmed by the use of atomic force microscopy. Atomic force 

microscopy provided a method of directly visualising the surface of a new 

membrane and those which had been used in filtration experiments.

This section described the filtration characteristics of a pure solution of the 

enzyme YADH. The use of advanced analytical techniques enhances the ability to 

confirm predictions made by the analysis of the filtration data. The observations 

and conclusion from this Chapter have been used throughout this study.
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CHAPTER 4. INVESTIGATION INTO METHODS TO ENHANCE
MEMBRANE PERFORMANCE

4.0 Introduction

The growth of membrane microfiltration as a well established unit operation for 

the production and purification of protein products has been limited by the 

inability to overcome the loss in permeate flux with time and the loss of active 

product. This loss in performance was demonstrated in the previous chapter using 

a pure enzyme solution and a simple microfiltration process. The problems are 

increased when complex biological feedstreams and large scale microfiltration 

operations are used.

The need to prevent or limit this loss in performance has resulted in a large 

number of investigations where many different approaches have been employed. 

In general, the approaches described in literature can be classified into two 

categories; modifications to the hydrodynamics of the system or as modifications 

to the properties of the membrane surface.

The hydrodynamic approaches used to improve membrane performance are based 

on either reducing the effect of concentration polarisation at the membrane surface 

or the reduction of the cake formation on the membrane surface.

This can be achieved by the using several methods:

• increasing the mass transfer away from the membrane surface;

• reducing of surface fouling through the increase of the wall shear rate; and

• reducing surface fouling through introduction of a scouring process at the 

membrane surface.

Table 4.1.1 summarises some of the research which has been performed using this 

approach.

With the exception of back flushing, (Fane and Fell 1987) the other approaches 

rely on the generation of turbulent or unsteady flow profiles within the membrane 

system. Turbulence, pulsed or unsteady flow is thought to prevent the formation 

of a build-up of material on the membrane surface. The technique of back flushing 

refers to the reverse flow of either a liquid (buffer or permeate) or gas through the 

membrane from the permeate side. The exact mechanism by which this technique
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increases membrane performance has not been fully elucidated. Back flushing 

may lift up the deposited surface layer or “punch” holes within this layer. Further 

examination into back flushing mechanisms has been performed by Leversley and 

Fischer (1996).

Hydrodynamic Modification System Reference

Turbulent flow operation UF Blatt et al (1970)

Turbulence promoters UF Da Costa (1991)

Rotary Membranes UF Hallstrom et al (1978)

Back Flushing UF Fane and Fell (1987)

Pulsed Flow MF Bauser et al (1982)

Dimpled/Furrowed Membranes RO Bellhouse et al (1973)

RO Dorrington et al (1986)

Pulsatile flow with baffles UF Finnigan and Howell

Table 4.1.1. Examples o f research performed to enhance membrane performance 

using modifications o f the hydrodynamic conditions.

Changes in the hydrodynamics of the system have been shown to be valid and 

successful. However, in this study, changes to the membrane surface and to the 

feedstream have been studied in preference to altering the hydrodynamics of the 

system.

A change in the properties of the membrane surface can also lead to an 

enhancement in the performance of the membrane. The aim of this approach is to 

prevent the adsorption of the target molecules to the membrane surface or the 

pores of the membrane.

This can be achieved in two ways. One method involves the modification of the 

membrane surface before filtration is performed. The second method relies on the 

alteration of solution conditions or the characteristics of the feedstream in order to 

make adsorption and deposition unfavourable. Table 4.1.2 summarises the
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investigations that have been performed using these techniques. Examples and 

references are also shown.

Modification System References

Membrane material before UF Vigo and Uliana (1987,1988,1989)

manufacture

MF

Hasimotto and Sumimotto (1987)

Membrane material after RO Lai and Chao (1988)

manufacture UF Nystrom (1990)

MF Dudley (1993/2)

Dynamic modification of

membrane surface:

i) polymers; UF Kim et al (1988), Fane et al (1985)

ii) inorganics; and UF Neytzell de Wilde (1988)

iii) Langmuir-Blodgett layers UF Kim et al (1989)

Solution Conditions UF Nakao et al (1988)

UF Nystrom et al (1990)

MF Bowen and Hall (1993)

Table 4.1.2. Examples o f  research performed to enhance membrane performance 

using modifications o f the membrane properties.

Many of these approaches have been developed for ultrafiltration and reverse 

osmosis applications. Few have been developed for microfiltration applications 

where complex biological feedstreams are used.

The aim of this section is to investigate simple methods which may lead to an 

enhanced membrane performance. Four methods have been investigated:

• addition of surfactant in the feedstream;

• pretreatment of membrane by surfactant molecules;

• the effect of membrane pore size; and

• addition of dithiothereitol in the feedstream.
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Furthermore, each of these investigations provides information of direct relevance 

to the microfiltration of a process feedstream. In each section of this chapter an 

introduction will explain further the relevance to process microfiltration. Each 

section also contains a discussion of the experimental work. Further discussion of 

these findings is given in section 4.5.

Chapter 4. Enhancement o f the Microfiltration o f an Enzyme
95



4.1 Addition of Surfactants to the Filtration Feedstream

The effect of surfactants on pressure driven membrane processes has been studied 

by many different research groups. Most of the work has involved the effect of 

surfactants on the ultrafiltration of protein solutions. Few research groups have 

studied any microfiltration applications

The separation properties of surfactants and the effect of surfactants on solute 

rejection have been shown to be largely dependent upon temperature and 

membrane material (Yamagiwa et al. 1989). Adsorption of surfactants onto the 

surface of the membrane was shown to be more significant, if the original 

membrane surface was hydrophobic in nature.

Temperature also affects the adsorbance of surfactant molecules, through the 

surfactant having a cloud point. The cloud point is the temperature at which the 

surfactant ceases to be present in a colloid form. The cloud point of a surfactant is 

a function of the hydroxyl ion concentration and the cation concentration. Several 

research groups have shown that the loss in membrane performance was increased 

if the surfactant was above its cloud point value.

The influence of surfactants on the water flux through microfiltration membranes 

has been studied by Field et al. (1994). It was observed that a reduction in flux 

occurred in the presence of surfactants. The greatest reduction in the filtration rate 

occurred when polypropylene glycol (PPG 2025) was used above its cloud point 

value. A decrease in filtration rate was also observed when an anionic surfactant, 

sodium lauryl sulphate, was used. In these studies high concentrations of 

surfactants were used.

Three surfactants were chosen for the experimentation in this section and in 

section 4.2. Polypropylene glycol is a commonly used antifoam agent in 

fermentation of microbial cells. Tween 80 is a complex sorbitan molecule that is 

used in animal cell culture techniques. Zonyl FNS is a fluorocarbon surfactant and 

provides a contrast in surfactant structure and properties to polypropylene glycol 

and Tween 80.
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In the experiments performed in this section, three concentrations of 

polypropylene glycol (PPG) were used; 0.2mL/L, 0.05mL/L and 0.015mL/L. The 

value of 0.2mL/L is the concentration often used in yeast cell fermentations, to act 

as an antifoaming agent. The value 0.05mL/L was calculated to be equivalent to 

the concentration required to produce a monolayer coverage over the total 

membrane area. The concentration of 0.015mL/L is lower than that required to 

produce a monolayer. In the experiments using Zonyl FNS and Tween 80, only 

one concentration (0.05mL/L) of surfactant was investigated. In all the 

experiments performed the surfactants were maintained below their respective 

cloud point value.

Small scale filtrations of a pure YADH solution (0.25g/L) were performed. The 

YADH feedstreams were prepared from a buffer solution containing the 

surfactant. The filtrations were operated in a dead-end mode using track-etched 

membranes with a nominal pore size of 0.2pm. The permeation rate and protein 

transmission were measured. Filtrations of YADH in the absence of the surfactant 

molecules were used as a comparison. The concentration of YADH was chosen 

from the results obtained in Chapter 3, where this concentration was shown to lead 

to the formation of a surface deposition layer.

The track-etched membranes are purchased in batches. Two batches of membranes 

were procured to perform these experiments. Previous work performed by Reed 

and co-workers demonstrated that there can be significant batch to batch variation 

in supplied membranes. Therefore, in this section the membranes used from each 

batch are clearly identified. The membranes used for the filtrations labelled as 

YADH #1 are from the same batch as the membranes used for the filtration of 

YADH in the presence of 0.2mL/L PPG. Therefore, flux and transmission valves 

obtained in these experiments can be compared directly. The membranes used for 

the filtrations labelled as YADH #2 are from the same batch as the membranes 

used in all the other surfactant experiments and performance can be compared 

directly.
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The permeation rates for the filtration of YADH (0.25g/L) in the presence of PPG 

(0.2mL/L) are shown in Table 4.1.3. A decrease in the permeability of the 

membrane was observed with time. Transmission values of total protein were 

high, above 90%, throughout the experiments.

Conditions Initial Flux Flux after lhr Ave. Flux Average

m s' (xlO5) ms'1 (xlO5) ms'1 (xlO5) %Transmission

0.2 mL/L PPG 31.3 1.22 1.55 95.3 ± 2.75

YADH only 72.8 1.63 1.89 86.7 ± 6.78

Table 4.1.3. Comparison o f flux values and transmission value in the presence

and absence o f PPG (Q. 2 mL/L).

The permeation rates for the filtration of YADH (0.25g/L) in the presence of PPG

at concentrations of 0.05mL/L and 0.015mL/L are shown in Table 4.1.4. A

decrease in the permeability of the membrane was observed with time under both

concentrations of PPG.

Conditions Initial Flux Flux after lhr Ave. Flux Average

ms'1 (xlO5) ms'1 (xlO5) m s1 (xlO5) %Transmission

0.050 mL/L PPG 129.3 2.15 7.00 98.1 ±2.2

0.015 mL/L PPG 113.9 3.01 5.76 96.0 ±3.4

YADH only (#2) 137.9 3.15 8.58 93.8 ±3.0

Table 4.1.4 Comparison o f flax values and transmission value in the presence and 

absence o f PPG (0.05mL/L and 0.015mL/L).

Further analysis was performed on the filtration data using the standard blocking 

model (SBM) and the cake filtration model (CFM). The theory and derivation of 

these models is described in Chapter 1 (sectionl.4). To assess the validity of each 

model linear regression analysis was performed for each experiment (Figure 4.1.1 

and Figure 4.1.2). The calculated regression coefficients of determination are 

shown in Table 4.1.5. This provides an indication of the linearity of the
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relationship. A value of 100% would denote a linear relationship between the 

plotted variables.

If the standard blocking model is valid, a strong linear relationship will be 

observed between the value t/V and time. If the cake filtration model is valid a 

strong linear relationship between the volume of filtrate, V, and t/V will be 

observed.

From analysis using the standard blocking model, the blocking constant was 

calculated. This value was used to calculate the volume of particles deposited 

within the pore per unit volume of filtrate, C (see Table 4.1.5).

The filtrations of YADH in the presence of PPG at a concentration of 0.2mL/L led 

to the calculation of high regression coefficients. These indicate a strong linear 

relationship for both the SBM and CFM, suggesting that there is agreement with 

both models.

Analysis Standard Blocking Model Cake Filtration

Surfactant Regr. coeff. C-value Std. Dev. Regr. coeff

determination(%) (x 106) (x 106) determination(%)

0.2mL/L 98.4 6.47 0.303 99.9

YADH only #1 98.6 4.33 0.224 99.3

0.05mL/L 99.6 2.54 0.167 76.8

0.015mL/L 87.6 2.30 0.133 91.6

YADH only #2 99.6 1.92 0.043 81.0

Table 4.1.5 The calculated C-value for YADH filtration in the presence o f PPG. 

Standard deviation is quoted for 95% confidence limits.

The filtrations of YADH, performed with the second batch of membranes, in the 

absence of surfactant indicate that the standard blocking mechanism is dominant. 

Filtrations performed in the presence of 0.05mL/L PPG showed a stronger linear 

correlation and hence greater agreement to the SBM than the CFM.

In filtrations where 0.015mL/L PPG was used there is a stronger linear correlation 

and hence greater agreement to the CFM than the SBM.
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Figure 4.1.1. Filtration o f YADH (0.25g/L) at a 0.2/am track-etched membrane in 

the presence o f polypropylene glycol. (O) 0.2mL./L (O )  0.05 mL/L, (A).015mL/L. 

Analysis o f filtration data by: a) SBM: b)CFM.
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Figure 4.1.2. Filtration o f YADH (0.25g/L) at a 0.2fam track-etched membrane. 

Analysis o f filtration data by: a) standard blocking filtration model: b) Cake 

filtration model. ( O) Membrane batch #1 (O) Membrane batch #2.
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The permeation rates for the filtration of YADH (0.25g/L) in the presence of 

Zonyl FNS (0.05mL/L) and Tween 80 (0.05mL/L) are shown in Table 4.1.6. Each 

filtration led to a decrease in the permeability of the membrane with time.

Conditions Initial Flux Flux after lhr Ave. Flux Average %

m s1 (xlO5) ms'1 (xlO5) ms'1 (xlO5) Transmission

Zonyl FNS 138.05 2.9 6.93 96.0 ±3.4

Tween 80 130.05 4.55 5.98 99.0 ± 2.6

YADH only 137.93 3.15 8.58 93.8 ±3.0

Table 4.1.6 Comparison o f flux values and transmission value in the presence and 

absence o f Zonyl FNS 0.05mL/L and Tween 80 0.05 mL/L.

Further analysis using the standard blocking model (SBM) and the cake filtration 

model (CFM) were performed. Linear regression analysis was performed for each 

experiment, (see Figures 4.1.3, 4.1.4) to assess the validity of the models. The 

calculated regression coefficients of determination are shown in Table 4.1.7.

Analysis Standard Blocking Model Cake Filtration

Surfactant Regr. coeff. 

determination(%)

C-value 

(x 106)

Std. Dev. 

(x 106)

Regr. coeff 

determination(% 

)

Zonyl FNS 99.3 2.54 0.159 93.7

Tween 80 98.9 2.65 0.286 85.1

YADH only 99.6 1.92 0.043 81.0

Table 4.1.7 The calculated C-value for YADH filtration in the presence o f Zonyl 

and Tween 80. Standard deviation is quoted for 95% confidence limits.

Comparison of the regression coefficient of determination values, suggest that 

filtration in the presence of Zonyl FNS (0.05mL/L) increases the tendency to 

follow the cake filtration model. In these filtrations, there is also partial agreement 

to the standard blocking model.
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In filtrations where Tween 80 was used, it is suggested that there is a weaker 

correlation to the cake filtration model. Comparison to filtrations performed in the 

absence of surfactant suggests that there is a further increased correlation with the 

cake filtration model.

In each filtration the standard blocking model was shown to be valid and therefore 

the volume of particles deposited within the pore per unit volume of filtrate, C, 

was calculated (Table 4.1.7). The presence of surfactant molecules increases the 

amount of deposition that occurs within the membrane.
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Figure 4.1.3. Filtration o f YADH (0.25g/L) at a 0.2/am track-etched membrane in 

the presence o f Zonyl FNS. (O) Presence o f Zonyl FNS (O) YADH only. Analysis 

o f filtration data by: a) SBM; b) CFM.
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Figure 4.1.4. Filtration o f YADH (0.25g/L) at a 0.2/um track-etched membrane in 

the presence o f Tween 80. (O) presence o f Tween 80(0) YADH only. Analysis o f  

filtration data by: a)SBM: b)CFM.
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The presence of a surface active agent on the microfiltration of YADH is a 

complex relationship. When surfactant was present in the protein solution, the 

transmission of YADH was increased. This was accompanied by a decrease in the 

value for the initial flux rate. In the experiments using PPG, it was demonstrated 

that the membrane performance is dependent upon the concentration of surfactant. 

High concentrations of PPG (0.2mL/L) led to low flux values and increased 

transmission values in comparison with filtrations performed in the absence of 

surfactant. Analysis using the standard blocking and cake filtration models 

showed that there was agreement to both models. Although, in the presence of the 

surfactant, an increase volume of particles was deposited within the membrane 

pores.

It is suggested that at a high concentration of surfactant, small micelles have 

formed, which increase the particle size distribution in the solution. This will led 

to a decrease in permeate flux, due to a blocking of the pores. An increase in the 

transmission of YADH may be due to a decrease in protein adsorption on the 

membrane surface or the transportation of protein within the formed micelles.

Filtrations performed in the presence of PPG to 0.05mL/L, lead to no overall 

change in flux and an increase in transmission. Analysis showed that there was a 

strong correlation to the standard blocking filtration law. This suggests that a 

deposition to the pore walls has occurred but there is an increase in the 

transmission. This implies that the deposition and correlation to the standard 

blocking model is caused by the deposition of the surfactant molecules.

It is proposed that an ordered surfactant monolayer forms on the top surface and 

pore walls of the membrane. A monolayer of surfactant molecules could result in a 

reduction of the rugosity of the membrane surface and provide a hydrophilic 

barrier against protein adsorption. These factors will lead to an increase in the 

amount of protein passing through the membrane.

The lowest concentration of PPG, 0.015mL/L, a value lower than that required to 

form a monolayer, led to a decrease in the average flux. This is likely to occur as a 

result of an increased correlation to the cake filtration model. This suggests that a

Chapter 4. Enhancement o f the Microfiltration o f an Enzyme
106



cake layer formed on the surface of the membrane, leading to a decrease in flux 

and a reduction in protein transmission. It is proposed that in this situation there 

are too few molecules of PPG present to produce an ordered monolayer over the 

surface of the membrane. An increase in surface roughness may occur due to the 

random deposition of surfactant molecules. This allows adsorption of protein 

molecules to occur on the membrane surface promoting cake formation to occur. 

The use of the other surfactants gave comparable results, as decreases in average 

flux values and increases in transmission were observed. However, in studies 

using Zonyl FNS, an increased agreement with the cake filtration model was 

demonstrated, although this was not accompanied by further decreases in 

membrane performance. It is suggested that the properties of the surfactant may 

account for this observation. Unlike PPG and Tween 80, Zonyl FNS is a 

fluorocarbon surfactant. A property of fluorocarbon surfactants is the enhanced 

ability to reduce surface tension. A reduction in surface tension will led to an 

increased deposition on the membrane surface. Fluorosurfactants can coat a larger 

surface area than hydrocarbon surfactants (Allison 1987). Therefore, the amount 

used is this study may have produced a surfactant layer greater than an ordered 

monolayer.
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4.2 Pretreatment of Membranes by Surfactants.

Surfactants can also be used as a pretreatment agent, providing another possible 

strategy for the reduction of membrane fouling. Chen et al. (1992) showed that a 

small anionic surfactant, AOT altered the electrostatic interactions between the 

protein and the membrane surface. However, the effectiveness of the pretreatment 

was found to be sensitive to pH and protein charge. Chen et al. proposed two 

mechanisms to account for the enhancement of membrane performance by 

pretreatment with surfactants. It was proposed that small anionic surfactants repel 

proteins from the membrane surface, thus preventing surface adsorption. Whereas, 

long chain non-ionic surfactants prevent protein adsorption to the surface of the 

membrane, by establishing a hydrophilic barrier. In support of this theory 

Yamagiwa et al. (1994) showed that membrane pretreatment with a non-ionic 

surfactant was more effective than pretreatment by alcohols. The second proposed 

mechanism was that the small molecules smoothed out the membrane surface, 

therefore, decreasing the surface area and sites where protein adsorption may 

occur.

This section investigates the use of membrane pretreatment in order to improve 

membrane performance. A track-etched membrane was placed in a buffer solution 

containing 0.05mL/L surfactant (PPG, Zonyl FNS or Tween 80) and left at 4°C 

for 24hrs. The membrane was then removed, rinsed and used to filter a pure 

YADH (0.25g/L) solution. The permeation rate and protein transmission were 

measured. Filtration of YADH through a membrane immersed in a buffer solution 

for 24 hours, was used as a comparison. The flux and transmission results from 

these experiments are shown in Table 4.2.1.

Chapter 4. Enhancement o f  the Microfiltration o f  an Enzyme
108



Pretreatment Initial Flux Flux after lhr Ave. Flux Average

ms"1 (xlO5) ms"1 (xlO5) ms'1 (xlO5) % Transmission

PPG 0.05mL/L 132.7 2.72 6.53 92.6 ± 5

Zonyl FNS 0.05mL/L 113.2 2.76 5.36 96.0+1.7

Tween 80 0.05mL/L 111.7 5.90 4.26 94.9 ± 2.5

Buffer soaked 143.2 2.73 5.96 96.0 ± 3.7

no pretreatment 137.9 3.15 8.58 93.8 ±3.0

Table 4.2.1 Flux values and protein transmission values obtained after 

pretreatment o f track-etched membrane with surfactant.

Analysis of the filtration data using the standard blocking model and the cake 

filtration model (Figure 4.2.1) were performed to assess the mechanism 

responsible for the flux decline and loss in protein transmission. Linear regression 

analysis was performed on data from each experiment to assess the validity of the 

model. The regression coefficients of determination are shown in Table 4.2.2.

Analysis Standard Blocking Model Cake Filtration

Surfactant Regr. coeff. 

determination(%)

C-value 

(x 106)

Std. Dev. 

(x 106)

Regr. coeff

determination(%

)

PPG 98.5 2.42 0.102 88.1

Zonyl FNS 98.4 2.47 0.173 93.7

Tween 80 98.7 2.20 0.155 94.1

Buffer soaked 98.3 2.09 0.072 91.9

YADH only #2 98.0 1.92 0.043 81.0

Table 4.2.2 The calculated C-value and regression coefficient for YADH filtration 

after pretreatment o f  the membrane with surfactants. Standard deviation is quoted 

for 95% confidence limits.
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The regression coefficient values for each pretreatment indicate a strong linear 

relationship with the standard blocking model. Therefore, the standard blocking 

model is valid and the volume of particles deposited within the pore per unit 

volume of filtrate, C, was calculated (Table 4.2.2). The C-values of treated 

membranes were higher than for filtrations performed with an untreated 

membrane. This suggests that more particle deposition occurs as a result of 

pretreatment with surfactants. This may account for the reduction in flux which is 

observed as increased deposition will lead to an increased constriction of 

membrane pores. The pretreatment by surfactant also increased the tendency for 

the data to agree with the cake filtration model.
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Figure 4.2.1. Filtration o f YADH (0.25g/L) at a 0.2jam track-etched membrane 
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SBM: b) CFM.
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Soaking the membrane in a buffer solution for 24 hours produced higher 

transmission values and higher initial flux values when compared to the standard 

procedure of soaking the membrane for one hour prior to filtration. This was 

expected as work using atomic force microscopy showed that pore size of 

membranes increases slightly after soaking in buffer. After wetting in buffer for 

one hour the average pore diameter was 228.8nm ± 24.8nm this is compared to an 

average pore diameter of 269nm ± 34.7nm after soaking the membrane in buffer 

for 24 hours. Absorption of the buffer by the constituent polymer causes swelling 

of the membrane and changes in the overall structure occur.

The pretreatment of membranes using surfactants led to no improvement in the 

rate of permeation through the membrane. The transmission of protein through the 

membrane was higher than when an untreated membrane was used. It is proposed 

that treatment with surfactant leads to a decrease in the amount of protein 

adsorption that occurs on the membrane surfaces. This may arise from an increase 

in the hydrophilicity or a smoothing of the membrane surface. It is also proposed 

that the reduction in the filtration rate is due to the deposition of the surfactant on 

the membrane surface and within the pores.
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4.3 Effect of Pore Diameter

The choice of the pore size of a microfiltration membrane is dependent upon the 

application of the technique. In microfiltration applications where the recovery of 

whole cells is required, either in harvesting or sterilisation procedures, membranes 

with pore sizes of 0.2pm or 0.45pm are frequently used. These exclude bacterial 

and microbial cells and have pores small enough to prevent sealing or complete 

plugging of the pore by the cells.

However, in the recovery of intracellular or periplasmically expressed proteins, 

from a feedstream that contains a wide range of molecular species with varying 

particle sizes, it is not clear which membrane pore size should be chosen in order 

to maximise performance. The resulting choice of membrane pore size can be an 

important factor in determining the efficiency of the separation.

In this context, it is of interest to study the effect of the pore size on the 

performance of the membrane. Track-etched membranes are available in a range 

of pore sizes. Experiments were performed using membrane with nominal pore 

diameters of 0.1pm, 0.2pm, 0.8pm and 8.0pm.

Laboratory experiments were performed in a dead-end mode using pure YADH 

solutions at a concentration of 0.25g/L. This concentration was shown previously 

in Chapter 3 to lead to the build-up of material on the membrane surface. 

Permeate flux and protein transmission values were measured during a two hour 

period. Each filtration proceeded with a characteristic decline in membrane 

permeability with time. For experiments of a duration of two hours the average 

fluxes and average transmission values for each pore size are shown in Table

4.3.1.

Pore Size Initial Flux 
m s''(xl05)

Final Flux 
m s’CxlO5)

Average Flux 
ms'1(xl05)

Average % 
transmission

0.1pm 30.09 1.63 2.34 86.0

0.2pm 91.09 1.40 2.98 90.2

0.8pm 174.86 0.81 4.93 93.3

Table 4.3.1 Effect o f membrane pore size on permeate flux and protein 

transmission values.
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An increase in transmission and average flux values was observed as the pore size 

increased. However, the average flux values are inflated by the high values of 

initial flux, therefore final flux values should be used for the comparison between 

pore sizes.

This relationship is more complex, as the final flux value was shown to decrease 

with increasing pore size. To suggest reasons for this observation it was necessary 

to determine the mechanism responsible for the flux decline.

Further analysis was performed using the standard blocking filtration model and 

the cake filtration model (see Figure 4.3.1). Linear regression analysis was 

performed on the filtration data from each experiment. The value of the regression 

coefficient of determination was calculated for both models. This provides as 

indication of the degree of linearity of the data. A value of 100% would denote 

that there is a linear relationship between the plotted variables and hence 

agreement with the model.

This indicates that the mechanism responsible for the observed flux decline in all 

membranes is due to the deposition of protein within the membrane pores, 

although the 0.1pm membrane does exhibit correlation to the cake filtration model 

after 1 hour of filtration. Furthermore, an increase in the pore size leads to a 

stronger correlation to the standard blocking model.

The values of the volume of particles deposited per unit volume of filtrate, C, were 

calculated from the analysis using the standard blocking model and are shown in 

Table 4.3.2.

Analysis Standard Blocking Model Cake Filtration

Pore Regr. coeff. C-value Std. Dev. Regr. coeff

Size determination(%) (x 106) (x 106) determination(%)

0.1pm 96.1 1.7 0.13 96.7

0.2pm 98.4 2.8 0.17 91.3

0.8pm 99.8 2.5 0.13 83.5

Table 4.3.2 Effect o f pore size: Analysis using the standard blocking model and 

the cake filtration model.
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However, this does not provide an explanation for the observed flux values. To 

interpret these results, further calculations were performed. Agreement with the 

standard blocking model permitted the calculation of the membrane pore diameter 

after filtration. After a filtration period of two hours, it was calculated that the pore 

diameter had decreased to 0.015jam in filtrations using the 0.1 jam membrane, 

0.066jam in filtrations using the 0.2jam membrane, and 0.091 jam in filtrations 

using the 0.8 jam membrane. Although the largest decrease in pore size was shown 

to occur in filtrations where 0.8jam membranes were used, the final pore size was 

greater than that of the 0.1 jam and 0.2jam membranes. From this, it could be 

predicted that the expected final flux value would be greater in studies using the 

0.8jam membrane. However this was not observed.

As the filtration proceeds by an in-pore mechanism it is also possible to calculate

the increase in hydraulic resistance as the filtration proceeds (Equation 4.3.1). This 

calculation is based on the Hagen-Poiseuille equation and Darcy’s law.

r m  =  r m o (  1 + KsQ0t )  [Eq. 4.3.1]

where

128L
r m° -  N .d 4 “  [Eq- 4.3.2]

Each membrane has a specific resistance before filtration is performed, therefore 

for comparison the normalised resistance was calculated and is shown in Figure

4.3.2. Although, increased pore sizes led to a lower intrinsic membrane resistance, 

the change in resistance due to filtration was increased as pore size increased. This 

may be a result of the lower pore densities of the larger pore membranes.

Pore density is given as the number of pore per unit area, see Table 4.3.3.

Pore Diameter Pore Density Pore/cm2

0.1 jam 2.08 x 109

0.2pm 1.83 x 109

0.8pm 1.22 x 108

8.0pm 4.07 x 10s

Table 4.3.3 Pore densities o f the membrane used in this study.
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This indicates that although pore size is increased there are fewer pores in the 

membrane area.

Increased resistance to flow leads to a decline in flux values. This accounts for the 

observed relationship between final flux values and pore size.

This was further examined using membranes with a nominal pore size of 8.0pm. 

Filtration data and analysis using the standard blocking law and cake filtration 

model are shown in Table 4.3.4 and Table 4.3.5 respectively. Figure 4.3.3 shows 

that analysis using these two models.

Pore Size Initial Flux Final Flux Average Flux Average %

ms'CxlO5) ms‘,(xl05) m s''(xl05) transmission

8.0pm 366.9 0.37 9.58 99.0

Table 4.3.4 Effect o f membrane pore size on permeate flux and protein 

transmission values.

Analysis Standard Blocking Model Cake Filtration

Pore Size Regr. coeff. C-value 

determination(%) (x 106)

Std. Dev. 

(xlO6)

Regr. coeff 

determination(%

)

8.0pm 99.2 0.692 0.03 30.1

Table 4.3.5 Effect o f pore size on the coefficient o f determination from analysis 

using the standard blocking model and the calculated C-value.

The coefficient of determination indicates that there is a strong linear relationship 

and hence correlation to the standard blocking model. The filtration mechanism 

proceeds by deposition of protein molecules to the internal membrane structure. 

The calculated volume of particles deposited per unit volume of filtrate is lower 

than that calculated for membranes with smaller pore sizes. Therefore, less 

deposition on the pore walls occurs when a membrane with a nominal pore 

diameter of 8.0pm is used. Resistance calculations showed that the intrinsic 

membrane resistance is lower than membranes with smaller pore sizes. However,
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the change in resistance that occurs as filtration proceeds was higher (Figure 4.3.4) 

than that exhibited by a membrane with a smaller nominal pore size. The large 

pore diameter of these membranes means that there is a smaller number of pores 

in the membrane area. Although the amount of protein deposited is lower there is 

a higher intrinsic resistance of the membrane. This leads to an increase in 

resistance to flow and hence a decrease in the value of the final flux.
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4.4 Addition of Dithiothereitol

Proteins are composed of amino acids groups that can be differentiated by the side 

groups. Two naturally occurring amino acids have thiol side groups, cysteine and 

methionine. The amino acid, cysteine contains a thiol group, which can be readily 

oxidised. This leads to the formation of disulphide bridges between neighbouring 

cysteine residues. Oxidation can lead to alterations in the secondary structure of 

the protein molecule. This can result in the loss of enzyme activity and/or 

substrate specificity and/or an increased tendency for aggregation to occur. 

Changes in protein conformation leading to an increase in aggregated species have 

been shown to have detrimental effects on the performance of ultrafiltration and 

microfiltration processes (Le and Howell, Kim et al. 1993, Palecek and Zydney 

1993). Results reported in Chapter 3 concur with these literature references.

Primary sequence analysis has shown that each subunit of YADH contains 9 

cysteine residues (Harris 1964). Two are linked to the catalytic zinc atom and four 

are linked to the structural zinc atom. YADH has been shown to be highly 

sensitive to oxidation (Buhner and Sund 1969). Dithiothereitol (DTT) has been 

identified as a protective agent for sulphydyl groups (Cleland 1964) preventing 

oxidation of proteins. In studies using YADH, it has been demonstrated that 

activity of YADH is unaffected by the presence of DTT at low concentrations 

(Magonet et al. 1993).

In a recent study Kelly and Zydney used DTT to preserve bovine serum albumin 

(BSA) in an unaggregated form. Microfiltration of a BSA solution in the presence 

of DTT led to an increase in microfiltration performance.

In this section, the microfiltration of YADH in the presence of DTT is studied. To 

assess if the losses observed during the filtration of YADH can be attributed to a 

structural change in the protein molecule. Microfiltration of pure YADH in the 

presence of dithiothereitol was investigated under two conditions. The storage of 

the enzyme in the presence and absence of DDT was studied. Storage is used to 

promote structural changes in YADH as under normal conditions the enzyme is 

stable. Microfiltrations were also performed using YADH in the absence and
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presence of DTT under stirred conditions. Stirring, further accentuates any 

structural changes which may occur.

Laboratory experiments were performed in a dead-end mode using track-etched 

membranes with a nominal pore diameter of 0.2pm. Analysis using the standard 

blocking model was performed on the filtration data.

4.4.1 Effect of Dithiothereitol on the microfiltration of stored YADH.

Microfiltration experiments using YADH solutions (0.25g/L) were performed 

after being stored for a 24 hour period in the absence or presence of dithiothereitol 

(0.001M).

Each microfiltration produced a decline in filtration flux with time. Typical flux 

results are given in Table 4.4.1.1

Expt Initial Flux Final Flux Average Flux

ms'1 (xlO5) ms'1 (xlO5) ms'1 (xlO5)

DTT absence 71.65 1.98 4.51

DTT presence 44.94 1.50 2.93

Table 4.4.1.1 Flux results obtained from microfiltration experiments in the 

absence/presence o f dithiothereitol.

From these results, it is evident that the presence of dithiothereitol leads to a 

reduction in the average membrane flux.

Analysis using the standard blocking law showed that both filtrations proceeded 

by an in-pore blocking mechanism for the duration of the experiment (Figure 

4.4.1.1). Typical values of the volume of particles deposited per unit volume of 

filtrate, C were 4.88x10"6 in the presence of DTT and 3.44x1 O'6 without DTT. This 

suggests that a larger amount of YADH is deposited on the pore walls when DDT 

is present.

Transmission of total protein and active YADH were also measured. An initial 

decrease in transmission of total protein was observed under both conditions. 

(Figure 4.4.1.2). This is an inherent characteristic of a membrane process. During, 

the initial stages of a filtration procedure an increased amount of protein is lost.
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This is due to the deposition o f a protein monolayer on the surface o f the 

membrane.
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Figure 4.4.1.1 Effect o f  Dithiothereitol on the microfiltration o f  stored YADH. 

Analysis o f  filtration data using the standard blocking filtration model. (O) 

absence o f  Dithiothereitol; (EJ) presence o f  Dithiothereitol.
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After 15 minutes the transmission level is restored and under both experimental 

conditions, it remains constant throughout the experiment. The presence o f 

dithiothereitol leads to a lower transmission value o f total protein.

The explanation for this occurrence is based on the calculated value o f C. Lower 

levels o f total protein transmission are observed in the presence o f dithiothereitol 

where the greater volume o f protein was deposited on the pore walls.

However, the ability o f dithiothereitol to protect the activity o f YADH was 

demonstrated when the percentage transmission value o f active YADH was 

calculated for both conditions (Figure 4.4.1.3). The transmission o f active YADH 

was higher in the presence o f dithiothereitol and was maintained over the 

experimental period. In the absence o f dithiothereitol the percentage transmission 

o f active YADH declines with time.
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Figure 4.4.1.3 Effect o f  Dithiothereitol on the microfiltration o f  stored YADH 

(0.25g/L). Transmission o f Active YADH. (O) absence o f  DTT; (O) presence o f  

DTT.

Chapter 4. Enhancement o f  the Microfiltration o f  an Enzyme
128



4.4.2 Effect of dithiothereitol on the stirred-cell microfiltration of YADH.

Microfiltration was performed after solutions of pure YADH (0.25g/L) were 

stored for a 24 hour period in the absence or presence of dithiothereitol (0.001M). 

A stirred cell microfiltration device (Model 8010, Amicon) was used to perform 

the microfiltration of these solutions. Filtration was performed under stirring 

conditions, at a speed of 500rpm. Air was not entrained into the apparatus.

Each microfiltration experiment produced a decline in filtration flux with time, 

over a two hour period. Typical flux results are given in Table 4.4.2.1

Conditions Initial Flux Final Flux Average Flux

ms'1 (xlO5) ms'1 (xlO5) ms'1 (xlO5)

DTT absence 97.1 2.28 4.58

DTT present 99.6 2.24 4.58

Table 4.4.2.1 Flux results obtained from stirred microfiltration experiments in the 

absence/presence o f dithiothereitol.

Stirring is known to enhance the initial filtration rates and prevent the build up of 

surface deposition layers (Bowen and Gan 1992). Analysis of filtration data using 

the standard blocking filtration law shows that for each filtration, above 90% 

correlation, was observed over the duration of the experiment (Figure 4.4.2.1). 

Typical values of C are 3.61 xlO'6 in the absence of dithiothereitol and 3.65 x 10'6 

in the presence of dithiothereitol over the two hour experimental period. The 

similarity of the C values suggests that the volume of YADH deposited per unit 

volume of filtrate was similar.

This theory was supported by the comparison of the total protein transmission 

values. The values of the percentage of total protein transmission from each 

experimental condition, were similar (Figure 4.4.2.2). Although differences in the 

transmission of active YADH were observed (Figure 4.4.2.3). From this it was 

suggested that the presence of dithiothereitol preserves the activity of the enzyme 

by maintaining the secondary and tertiary structural characteristics of the protein.
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Resistance calculations show that after 1 hour o f filtration the resistance to flow is 

increased in the absence of dithiothereitol (Figure 4.4.2.4). This suggests that after 

1 hour the value o f the blocking constant has increased and that more YADH was 

being deposited on the pore walls, or that deposited material was undergoing a 

denaturation process.

From these experiments, dithiothereitol was shown to preserve the activity of 

YADH, during the filtration period. The use of DTT to enhance the transmission 

of YADH will be studied further using complex process feedstreams. This 

experimental work is reported in Chapter 5.
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Figure 4.4.2.1 Effect o f Dithiothereitol on the stirred cell microfiltration o f  

YADH. (0.25g/L) Analysis o f  filtration data using the standard blocking filtration 
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4.5 Concluding Remarks

This aim of this section is to discuss and conclude all the studies performed in this 

chapter.

The addition of surfactants into the filtration buffer led to a decrease in the 

filtration rate but an increase in the amount of protein transmission. The 

membrane performance was dependent upon the concentration of surfactant used 

and the ability of the surfactant to cover the surface of the membrane. 

Concentrations of surfactant which corresponded to a monolayer coverage of 

membrane top surface and pore walls led to an increased performance. If an 

excessive amount of surfactant was used, the flux was severely decreased. This 

also occurred if low concentrations of surfactants were used.

The monolayer equivalent concentration of surfactant was also used to pretreat the 

membranes prior to filtration. A method of contact absorption was employed. 

However, in the subsequent filtrations of YADH no improvement to membrane 

performance was observed.

An increase in membrane pore size resulted in an increase in the transmission and 

initial flux values. However, the use of large pore membranes over an extended 

period led to a decrease in flux values. It is proposed that this was due to an 

increase in the change of hydraulic resistance as filtration proceeds and a low 

value of pore density.

Other studies concur that increasing pore size can lead to a decrease in membrane 

performance. Devereux and Hoare (1986) showed that in the processing isoelectric 

soy protein suspensions, the flux decline of a 0.2pm membrane was greater that of 

a 50,000 MWCO (approx. pore diameter, 0.005 pm) ultrafiltration membrane. 

Also, the optimum pore size with respect to permeate flux has been identified (Le 

et al. 1984; Meireles et al. 1991).
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To summarise, membrane performance was shown to decrease as membrane pore 

size increases. From the literature there appears to be an optimum pore size for 

each application.

The presence of dithiothereitol maintains enzyme stability but does not improve 

filtration rates. Stirring of solutions led to an improvement in filtration rates but 

also increased losses in the enzyme activity. In this case dithiothereitol has been 

shown to be preserve YADH activity. The mechanism by which the YADH is 

protected by the dithiothereitol is known. Dithiothereitol maintains the secondary 

or tertiary structural characteristics of the protein molecule. However, in a process 

situation it is not known whether the presence of dithiothereitol maintains the 

enzyme structure throughout the filtration or refolds the enzyme if structural 

changes do occur.

To conclude, this chapter outlines simple experiments that can be used to examine 

methods to improve the microfiltration of an enzyme molecule in a pure solution. 

However, in industrial operations, complex feedstreams are used and complex 

interactions between molecular species can occur. Therefore, experimentation that 

provides an improvement to membrane performance must also be tested at a larger 

scale of operation of using complex feedstreams. Complex feedstreams will have 

different filtration characteristics, these are investigated in the next chapter.
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CHAPTER 5. PROCESS STREAM COMPLEXITY AND 
MICROFILTRATION

5.0 Introduction

The recovery of intracellular protein products requires several processing stages. 

This can be illustrated by the isolation of the enzyme, alcohol dehydrogenase from 

bakers’ yeast {Saccharomyces cerevisiae). The flowsheet for this process is shown 

in Figure 5.0.1. After the harvesting of the whole yeast cells, the first stage of the 

downstream process is a cell breakage procedure using a homogenisation process. 

As a result of this stage the yeast cells are fractured and the cellular components 

are released. A centrifugation step is then employed to remove the cell debris. The 

remaining supernatant then undergoes a two step fractional precipitation stage 

using ammonium sulphate. After the completion of these stages, alcohol 

dehydrogenase is isolated from the total cell protein. Each of the stages described 

above requires a solid/liquid separation to be performed. These are often difficult 

to perform and to scale-up. The problems arise from:

• small particle sizes;

• wide particle size distribution;

• high compressibility of the solids;

• increased viscosities when concentrating suspensions have non-Newtonian 

flow behaviour; and

• small density differences between the solid and liquid phases.

Confronted by these problems the performance and efficiency of traditional 

filtration and centrifugation techniques decline and can become uneconomic. 

Therefore, there is scope for membrane processes to be used with the purification 

stages. Microfiltration can directly challenge these techniques in the downstream 

programme.

The aim of this chapter is to investigate the use of microfiltration as an alternative 

processing step in the isolation of YADH from yeast. This chapter also aims to
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show how process stream complexity influences the performance of 

microfiltration.

Microfiltration will be performed using samples of the process feedstream taken 

from four points in the downstream process. The feedstreams are taken from 

successive stages of the downstream process, shown in Figure 5.01, labelled 1-4.

Figure 5.0.1 Process flowsheet o f the extraction o f yeast alcohol dehydrogenase 

from baker’s yeast (Sacchromyces cerevisiae).

In the assessment of the suitability of a microfiltration stage within a downstream 

process system it was necessary to express membrane performance data in terms 

of the yield of protein and active YADH. In the description of the experimental 

results, performance will be expressed in terms of transmission and permeate flux. 

This does not provide any information on the filtration mechanism which is 

occurring. Therefore, a further calculation is required. The use of a process 

feedstream with a high protein concentration and crossflow filtration techniques
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Resuspension Disruption Debris Removal

Fractional Precipitation

Point 1 = after homogenisation 

Point 2 = after cell debris removal 

Point 3 = after 1st precipitation step 

Point 4 = after 2nd precipitation step
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do not allow the use of the mathematical models which have been used previously 

in Chapter 3 and 4. In this Chapter, the efficiency of the membrane unit is 

generated from the calculation of the hydraulic resistance encountered during the 

processing of different feedstreams.

Resistance is calculated using the following equation;

The value Rtot, represents the total resistance of the filtration, which in this Chapter 

is defined as the summation of the resistance of the membrane, R^, and the 

resistance that occurs during filtration R ^ E q . 5.02);

The initial resistance of the membrane (R^) was calculated from the water flux 

which was measured before each experiment was performed. It can be regarded 

that the restoration of clean water flux indicates that a successful cleaning regime 

has been employed. Changes in initial resistance also provide an indication of the 

lifespan of the membrane.

Each filtration was performed with a crossflow velocity of 1ms'1 and a 

transmembrane pressure of 104kN/m2 (15psi). Protein concentration and enzyme 

activity were measured in the permeate and retentate streams throughout the 

experiments and permeate flux was measured at minute intervals. Typical results 

for each experiment have been described. All experiments have been repeated and 

although values exact numerical values were not reproduced, the variability was 

below 10%. The trends described were reproduced during each experiment. In 

each of the experiments reported it is the trend shown rather than the numerical 

data which is discussed. The membrane system used, unless otherwise stated, was 

a small laboratory scale device, (Filtron mini-ultrasette) containing 

polyethersulphone membranes with a nominal pore diameter of 0.3pm.

AP
J = [Eq. 5.01]

AP
J = [Eq. 5.02]

Chapter 5. Process Feedstream Complexity and Microfiltration
139



5.1 Microfiltration of Unclarified Yeast Homogenate.

A yeast suspension of a concentration of 250g/L (w/w) was homogenised (see 

Chapter 2, Methods and Materials). The resulting solution was microfiltered using 

a Filtron mini-ultrasette with a nominal pore size of 0.3pm. The filtration 

conditions used are outlined in Section 5.0.

Flux ms'1(xlO6) Average % Transmission

Initial Final Average Total Std. Active Std.

Protein Dev. YADH Dev

11.1 2.61 2.91 6.84 1.33 5.33 0.4

Table 5.1.1 Microfiltration results using unclarified yeast homogenate as the 

process feedstream.

Unclarified yeast homogenate consists of cell debris and all the components of the 

yeast cell. Work performed by Siqqidi et al (1992) showed that this suspension 

has a wide particle size distribution with an average particle size of 2pm. The 

average viscosity of the solutions used in these studies was measured as 3.1x 103 

Ns/m2.

The microfiltration of unclarified yeast homogenate suspension led to a decline in 

permeate flux with time. The values of protein and active YADH transmission 

were low and decreased further with time. Table 5.1.1 shows flux and 

transmission values for experiments using homogenate.

Calculation of the resistance due to filtration, showed that the resistance increased 

with time until approximately 60 minutes, when the resistance became constant at 

a value of 4.05 x 1010 m'1 (see Fig 5.1.1.).

The lack of further increases in resistance suggests that the cake formation has 

reached a steady state.
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Figure 5.1.1 Laboratory crossflow microfiltration o f  yeast homogenate 

suspension. Calculation o f  resistance due to filtration. Filtration conditions: 

crossflow velocity 1 m s 'h  transmembrane pressure 104kN/m-.
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5.2 Microfiltration of Clarified Yeast Homogenate.

A yeast suspension of a concentration of 250g/L (w/w) was homogenised (see 

Methods and Materials). The yeast cell homogenate was clarified using a tubular 

bowl centrifuge. This was operated with a low flow rate (see Materials and 

Methods) in order to remove most of the cell debris. After this centrifugation stage 

the resultant supernatant was opaque, suggesting that cell debris, colloidal proteins 

and lipid molecules were present.

The supernatant was microfiltered using a Filtron mini-ultrasette with a nominal 

pore size of 0.3pm. The filtration conditions which were used are outlined in 

Section 5.0.

The microfiltration of clarified yeast homogenate led to a decline in permeate flux 

with time. The values of transmission of protein and active YADH through the 

membrane were low and decreased further during the filtration period.

However, these values were higher than those obtained when unclarified 

homogenate was used. Table 5.2.1 shows flux and transmission values for 

experiments using clarified homogenate.

Flux ms'1 (xlO6) Average % Transmission

Initial Final Average Total Std. Active Std. Dev

Protein Dev YADH

10.1 2.81 3.0 12.0 3.78 9.4 3.0

Table 5.2.1 Microfiltration results using clarified yeast homogenate as a 

feedstream.

Resistance due to filtration was calculated throughout the experiments and an 

increase in the resistance occurred over time. Initially, resistance increased 

rapidly, but unlike the filtration of unclarified homogenate, resistance did not 

become constant. The calculated resistance continued to increase with time, 

although after 20 minutes, the rate of increase was lower. See Figure 5.2.1.
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Figure 5.2.1 Laboratory crossflow microfiltration o f clarified yeast homogenate 

suspension. Calculation o f  resistance due to filtration. Filtration conditions: 

crossflow velocity lms~^; transmembrane pressure 104kN/m-.

Two suggestions are made to account for this observation. The continued increase 

in resistance suggests that after the initial formation o f a surface cake layer, further 

compacting o f this layer occurs. However, as the transmission values o f total 

protein continue to decrease throughout the experimental period, it is proposed 

that continuous cake formation occurs.
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5.3 Microfiltration of Fractionated Protein Solutions

The alcohol dehydrogenase was fractionated from total cell protein by a two step 

fractional precipitation using ammonium sulphate as the precipitant. In the first 

step, ammonium sulphate was added to give a final concentration of 40% 

saturation, in the second step, ammonium sulphate was added to give a final 

concentration of 60% saturation.

5.3.1 40% Ammonium Sulphate Precipitation

A solution containing 40% saturated ammonium sulphate was added to a clarified 

yeast homogenate suspension. The precipitation conditions are outlined in the 

Materials and Methods Section. The resulting suspension was filtered using a 

Filtron mini-ultrasette filtration device containing a polyethersulphone membrane 

with a nominal pore size of 0.3pm. The filtrations were performed under operating 

conditions which were outlined in Section 5.0.

The viscosity of a typical suspension was measured and found to be 3.0 x 103 

Ns/m2. Previous studies by Bulmer (1995) have shown that the average particle 

size of the precipitate particles was 1 pm.

A decline in permeate flux was observed with time. Flux values were lower than 

those measured previously in the filtration of clarified and unclarified 

homogenate. Transmission values also decreased with time although, values 

obtained were higher than those measured at previous points in the purification 

process (sections 5.1 and. 5.2). Table 5.3.1.1 shows values for permeate flux and 

transmission of total protein and active YADH.

Flux ms'1 (xlO6) Average % Transmission

Initial Final Average Total St. Active St. Dev

Protein Dev YADH

8.95 1.8 2.48 17.25 1.36 13.2 1.8

Table 5.3.1.1 Micro filtration results when fractionated protein solution (40% 

ammonium sulphate) containing yeast alcohol dehydrogenase was filtered.
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The resistance due to filtration was calculated throughout these experiments. In 

each experiment performed, an increase in the resistance occurred during the 

filtration period. Initially, resistance increased rapidly over the first ten minutes of 

filtration and then continued to increase throughout the filtration period (Figure

5.3.1.1 ). The calculated resistance after 120 minutes of operation was higher than 

which had been experienced in the filtration of the previous homogenate 

feedstreams. Two explanations can be proposed for the resistance values and 

trends that were observed. Continued deposition of precipitant particles would 

lead to an increase in the cake height and density. This would led to an increase in 

resistance values.

It is also possible that the break-up of particles within the cake layer occurs. It is 

suggested that this may lead to the formation of a compact cake with a higher 

resistance. To support this theory, it is has been shown that precipitant particles 

are highly shear sensitive (Bulmer 1994). If the precipitant particles rupture, the 

resultant cake layer will contain high levels of unbound cellular proteins, lipids 

and nucleic acids. It is proposed that this will form a colloidal or gel layer on the 

membrane surface and lead to a higher hydrodynamic resistance.
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Figure 5.3.1.1 Laboratory crossflow microfiltration o f  yeast homogenate 

suspension after the addition 40% saturated ammonium sulphate. Calculation o f  

resistance due to filtration. Filtration conditions: crossflow velocity lms~1; 

transmembrane pressure 104kN/m-.
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A further explanation to account for the low flux values observed can be proposed. 

The viscosity of precipitant suspension was similar to that of unclarified 

homogenate used in Section 5.1, compare 3.0 xlO3 Ns/m2 and 3.1 xlO3 Ns/m2. 

Comparison of flux values shows that these are also similar. The microfiltration 

performance of this feedstream is affected by the viscosity of the feedstream. At 

this viscosity a low flux and a continued increase in resistance occurs.

5.3.2 After 60% Ammonium Sulphate Precipitation

Under these conditions it has been shown by Richardson et al. (1989) that the 

YADH is present in the solid phase. Therefore, a microfiltration process at this 

stage is required to concentrate the solid phase. Transmission of Y’ADH through 

the membrane is not desirable. Rejection rather than transmission was calculated 

and used in yield calculations. It is also important that the filtration process should 

not lead to the break-up of the precipitant particles as this would lead to a loss of 

product.

A solution containing 60% saturated ammonium sulphate was added to a clarified 

yeast homogenate suspension. The precipitation conditions are outlined in the 

Materials and Methods Section. The resulting suspension was filtered using a 

Filtron mini-ultrasette filtration device containing a polyethersulphone membrane 

with a nominal pore size of 0.3pm. The filtrations were performed under operating 

conditions which were outlined in Section 5.0.

The viscosity of this suspension was measured and was 2.5 x 103 Ns/m2.

When microfiltration of this feedstream was performed a decline in permeate flux 

was observed with time. The resultant flux values were similar to feedstreams 

obtained from previous process stages.

The protein concentration which was measured in the permeate stream was shown 

to increase over the filtration period. From this transmission value, a value for 

protein rejection was calculated. Protein rejection values during the filtration
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period are shown in Figure 5.3.2.1. Although protein was detected in the permeate 

stream, no YADH activity was detected.

100

98 -

co

96 -

oL.o.
£

94 -

92 -

0.0 0.4 0.8 1.2 1.6 2.0

Time / hr

Figure 5.3.2.1 Laboratory crossflow microfiltration o f yeast homogenate 

suspension after the addition 60% saturated ammonium sulphate. Rejection o f  

protein.

Flux ms'1 (xlO6) Average % Rejection

Initial Final Average Total St. Dev

Protein

9.83 2.17 2.96 96.6 1.2

Table 5.3.2.1 Results for the microfiltration o f fractionated protein solution 

containing yeast alcohol dehydrogenase. (2nd fractionation).
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Calculation o f resistance due to filtration o f this feedstream showed that resistance 

increased throughout these experiments (See Figure 5.3.2.3.). Figure 5.3.2.4 

shows the relationship between the resistance and the amount o f rejected protein. 

It is shown that as resistance increased there was a decrease in the amount of 

protein rejected by the membrane. This suggests that an increase in resistance led 

to the break-up o f the precipitate particles. Breakage o f particles would release 

protein molecules, which would then pass through the membrane into the 

permeate.
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Figure 5.3.2.2 Laboratory crossflow micro filtration o f  yeast homogenate 

suspension after the addition 60% saturated ammonium sulphate. Calculation o f  

resistance due to filtration. Filtration conditions: crossflow velocity lms~l; 

transmembrane pressure !04kN/mr.
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Figure 5.3.2.3 Laboratory crossflow microfiltration o f  yeast homogenate 

suspension after the addition 60% saturated ammonium sulphate. Effect o f  

resistance due to filtration on the rejection o f  protein. Filtration conditions: 

crossflow’ velocity lms~^; transmembrane pressure 104kN/m~\
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5.4 Microfiltration of Dilute Homogenate

In Section 5.1, the micro filtration of unclarified yeast homogenate was described. 

In this case, the average total protein concentration in the homogenate was 50g/L. 

It is proposed that this level is too high for the membrane separation process 

investigated in this study and this was responsible for the low values of 

transmission and permeate flux. In order to test this hypothesis, further 

experimentation was performed using diluted unclarified homogenate suspensions. 

Two concentrations of yeast homogenate were investigated; feedstreams with total 

protein concentration of 4g/L and 0.25g/L. These concentrations allowed a 

comparison of membrane performance to be made with filtrations described in 

sections 5.5 and 5.6. The total protein concentration of 4g/L will be compared 

with the filtration of the supernatant from a PEI flocculation. Whilst the filtration 

of a dilute unclarified homogenate suspension with a total protein concentration of 

0.25g/L will be compared to the filtration of a pure YADH solution respectively. 

The microfiltration was operated under identical conditions of 1ms'1 crossflow 

velocity and a transmembrane pressure of 104kNm'2.

At both concentrations the filtration of dilute homogenate led to a decrease in 

permeate flux with time. However, the flux and transmission values were higher 

than previous homogenate filtrations (Section 5.1). Table 5.4.1 shows the flux and 

transmission values for the microfiltration of homogenate with an average total 

protein concentration of 4g/L.

Flux ms'1 (xlO6) Average % Transmission

Initial Final Average Total St. Active St.

Protein Dev. YADH Dev.

10.2 4.86 6.16 14.0 11.5 26.7 19.8

Table 5.4.1 Results for the microfiltration o f  a dilute unclarified homogenate 

solution. Total protein concentration 4g/L.

The transmission of total protein and active YADH decreased throughout these 

experiments. However, the average values were higher than the values obtained
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when filtrations using undiluted homogenate had been performed (see Section 

5.1.). The value for the transmission of total protein was shown to increase by a 

factor of two and the value for the transmission of YADH was shown to increase 

by a factor of 5.

In comparison, the initial flux values were similar, but the final flux values after 

120 minutes of filtration were higher in the filtration of the diluted feedstream. 

This leads to a higher average flux value during the filtration of the diluted 

homogenate.

Table 5.4.2 shows the flux and transmission values for the microfiltration of 

homogenate with an average total protein concentration of 0.25g/L.

In these experiments the activity levels of YADH present in the homogenate were 

below the sensitivity of the assay. Therefore, no data is presented for the 

transmission of active YADH.

During the experiment the level of protein transmission decreased with time. The 

values obtained were the higher than previous unclarified homogenate studies. 

Ten-fold increases in protein transmission were observed in comparison to the 

homogenate experiments in Section 5.1. However, these values were still 

considerably lower than the experiments using pure enzyme at the same 

concentration.

Flux ms'1 (xlO6) Average % Transmission

Initial Final Average Total St. Dev

Protein

481.6 13.2 26.5 54.7 22.9

Table 5.4.2 Results for the microfiltration o f a dilute unclarified yeast 

homogenate. Total protein concentration 0.25g/L.

Calculation of resistance due to filtration for the diluted homogenate feedstreams 

showed that the values were lower than previous homogenate experiments. Figure

5.4.1 shows a comparison between the filtration of unclarified homogenate and the 

two diluted unclarified yeast homogenate solutions. This suggests that at higher
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concentrations o f unclarified homogenate, the membrane performance is 

decreased. It is predicted that the loss o f performance is due to the increase in 

resistance
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Figure 5.4.1 Laboratory crossflow micro filtration o f yeast homogenate. 

Calculation o f  the resistance due to filtration using dilutions o f  homogenate 

feedstreams. Total protein concentration: ( O) undiluted homogenate ~50g/L; (O) 

4g/L; (A) 0.25g/L. Filtration conditions: crossflow> velocity I ms' ̂ ;

transmembrane pressure 104kN/m~.

Chapter 5. Process Feedstream Complexity and M icro filtration
153



5.5 Microfiltration of Pure YADH

In each of the experiments using process feedstreams, the transmission and flux 

values have been low. Previous experimentation, reported in Chapter 3, where a 

pure enzyme solution was used, led to higher transmission and flux values. These 

filtration characteristics of the pure enzyme solution were generated from 

experimentation using a dead-end mode of operation. Therefore, without 

performing crossflow experiments using a pure enzyme solution it was not known 

if these values were inherent to the mode of operation.

A protein concentration of 0.25g/L was used to study the microfiltration 

performance of a membrane operated in a crossflow mode. This concentration can 

be compared to the filtration of diluted homogenate suspension (see previous 

section).

Filtration was performed at a crossflow velocity of 1ms'1 and with a 

transmembrane pressure of 104kN/m2.

Table 5.5.1 shows typical values obtained for the permeate flux and the 

transmission of protein and active YADH.

A loss of membrane permeability was observed with time. However, flux values 

were higher than those observed with process feedstreams. Transmission values 

were high and remained at a high level throughout the duration of the experiments, 

although a slight decline in transmission values was observed during the 

experiments.

Flux ms'1 (xlO6) Average % Transmission

Initial Final Average Total St. Active St.

Protein Dev YADH Dev.

250.8 15.03 33.1 92.1 5.0 92.2 6.4

Table 5.5.1 Results fo r the microfiltration o f a pure solution o f YADH.

Calculation of resistance showed that the resistance due to filtration increases 

throughout the experiments. Initially, the increase was rapid and this was followed 

by a lower rate of increase. Resistance values were compared to those calculated
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from the filtration of diluted homogenate with a same total protein concentration. 

(See Figure 5.5.1.)

Microfiltration of pure YADH produced lower resistance values than the 

microfiltration of diluted homogenate. Although, the total protein concentration is 

identical, the diluted yeast homogenate contains cell debris, nucleic acids and 

lipids.

It is predicted that the presence o f these other components are responsible for the 

observed differences in membrane performance.
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Figure 5.5.1 Laboratory crossflow micro filtration o f  pure YADH solution 

(0.25g/L). Comparison between the resistance due to filtration calculated for  

filtration o f  a pure enzyme solution (O) and diluted yeast homogenate (D). (Total 

protein concentration 0.25g/L.).
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5.6 Polyethyleneimine Flocculation

Milbum et al. (1990) outlined a procedure for the isolation of YADH in which a 

one stage flocculation step was used. Polyethyleneimine was used to remove cell 

constituents selectively from a homogenate suspension. It was demonstrated that 

the resultant supernatant following centrifugation is free of nucleic acids, lipid and 

particulate material with 100% soluble enzyme recovery. This step can be used as 

an alternative to the precipitation using ammonium sulphate steps, which have 

been described in section 5.3.

Supernatants obtained from this flocculation operation (see Materials and Method) 

were microfiltered using the membrane system and operating conditions outlined 

in Section 5.0.

As this flocculation removes cell debris, lipids and nucleic acids, it is proposed 

that this feedstream is the “cleanest” and has the least complexity of the process 

feedstreams studied in this section of work. This led to the suggestion that 

filtration of this feedstream would lead to the highest flux and transmission values 

in comparison to filtration performed using other process feedstreams.

In each experiment, permeate flux was observed to decline rapidly with time. 

Initially, transmission values of total protein and active YADH were high. During 

the first 10 minutes of a typical operation the percentage transmission of total 

protein was 93%. However, this value decreased rapidly. After 60 minutes of 

filtration the percentage transmission value had decreased to 8%. A decline was 

also demonstrated in the transmission of active YADH. The transmission level of 

active YADH was high at the beginning of the experiments, typically 70%. 

However, this declined rapidly to 17%±3% after 60 minutes of operation. These 

experiments were only performed for one hour.
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Flux ms'1 (xlO6) Average % Transmission

Initial Final Average Total St. Active St.

Protein Dev YADH Dev

15.1 1.96 3.44 38.9 28.8 21.1

Table 5.6.1 Results for the microfiltration o f  a supernatant obtained after PEI 

flocculation o f yeast homogenate.

Calculation o f resistance showed that resistance increased throughout the filtration 

period (Figure 5.6.1). In this Figure, the resistance values are compared with those 

calculated from the microfiltration o f diluted yeast homogenate, which contained 

the same total protein concentration.
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Figure 5.6.1 Laboratory crossflow micro filtration o f the supernatant after the 

flocculation o f yeast homogenate by the addition o f polyethyleneimine. 

Calculation o f  the resistance due to filtration. (O) PEI supernatant; (O) dilute 

homogenate (4g/L).

Chapter 5. Process Feedstream Complexity’ and Microfiltration
157



It is evident that microfiltration of a supernatant obtained from the flocculation 

using PEI leads to higher resistance values than filtration of yeast homogenate. It 

was speculated that the absence of cell debris, lipids and nucleic acids in the 

supernatant, after treatment with PEI, would lead to lower resistance values. 

However, it is proposed that excess PEI within the suspension interacted with the 

membrane. It is proposed that the PEI molecules have adsorbed to the surface and 

pores of the membrane. If this adsorption did occur, the membrane would have 

become blocked. This would lead to high resistance values and low membrane 

performance. Further evidence to support this proposal was observed during the 

cleaning of the membrane module after these experiments had been performed. 

The membrane modules required several different cleaning regimes to restore the 

clean water flux values.
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5.7 Use of Dithiothereitol in the Filtration of Homogenate

The use of dithiothereitol was previously investigated in studies where pure 

YADH was used. (Section 4.4). Under these conditions, it was demonstrated that 

the presence of dithiothereitol preserved the activity of the YADH. Microfiltration 

of homogenate in the presence of dithiothereitol was performed to investigate 

whether dithiothereitol maintained the enzyme activity in a process feedstream. A 

decline in enzyme activity had been observed during the microfiltration of 

complex process feedstreams, previously reported in this chapter.

Microfiltration was performed using two membrane systems; a small scale 

laboratory device used previously in this chapter, and a pilot scale device 

(discussed further in Chapter 6).

Yeast homogenate with a total protein concentration of 4g/L was used throughout 

this study. This concentration was used, as it had been demonstrated in Section 5.4 

to lead to high flux values. This concentration also enabled the measurement of 

the level of active YADH transmission.

The filtration conditions are outlined in Section 5.0. Experiments were performed 

on laboratory and pilot scale filtration systems.

The concentration of dithiothereitol was increased from 0.001M (used previously 

in the pure studies) to 0.005M. This was to account for the increase in the protein 

concentration. At this concentration (0.005M) dithiothereitol has been shown to 

have no detrimental effect on the activity of the enzyme. (Magnoet et al. 1993) 

Filtration results were compared to those performed in the absence of 

dithiothereitol (see Table 5.7.1.)
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System Flux ms'1 (xlO6) Average % Transmission

Initial Final Average Total

Protein

Active

YADH

Lab -DTT 10.2 4.9 6.2 14.0 26.7

Lab +DTT 12.4 4.1 5.9 19.1 26.9

Pilot -DTT 14.0 3.4 5.2 19.8 24.3

Pilot +DTT 11.2 3.4 4.7 18.7 57.5

Table 5.7.1 Comparison between the microfiltration o f homogenate in the 

presence or absence o f  dithiothereitol. Key Lab = laboratory crossflow device, 

Pilot= pilot scale crossflow device, - = absence + = presence.

In studies using the small scale crossflow device, there was no significant 

difference in membrane performance in the presence of DTT. However, in pilot 

scale studies, the transmission of active YADH was improved by a factor of two, 

although the permeate flux values were similar.

Decreases in YADH activity were observed in the retentate streams if DTT was 

absent. Reduction in YADH activity was not observed during the laboratory scale 

studies. The loss of activity in the pilot scale operations is suggested to occur as a 

result of the higher recirculation rate and differences in pump geometry. The pump 

used appeared to entrain air in the system. This is detrimental to any oxidation 

sensitive enzyme like YADH. Higher recirculation rates accentuate this problem 

by mixing any entrained air throughout the whole feedstream volume. It is 

possible that the presence of DTT acted to protect YADH from oxidation as well 

as from any structural changes which may have occurred as a result of 

microfiltration.

Analysis of the YADH activity in the retentate streams from pilot scale studies, 

shows that the presence of dithiothereitol prevents the decline in activity, (see 

Figure 5.7.1). It is proposed that the preservation of activity accounts for the
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increase in transmission o f active YADH which was observed in pilot scale 

filtration.
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Figure 5.7.1 Pilot scale crossflow microfiltration o f  yeast homogenate. Effect o f  

the addition o f  dithiothereitol on the activity o f  YADH in the retentate. ( O) 

absence o f  DTT; (O) presence o f  DTT. Filtration conditions: crossflow> velocity 

lms~l; transmembrane pressure 104kN/m2.
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5.8 Concluding Remarks.

It was demonstrated that the process stream complexity can influence the 

performance of the microfiltration and hence dictate where microfiltration can be 

successfully deployed in the downstream processing and purification stages of an 

intracellular enzyme.

In order to compare performance, yield calculations have been performed for each 

filtration. Table 5.8.1 gives the yield of protein and active YADH from each stage 

of the process.

Two values are given for the filtration of the 60% saturated ammonium sulphate 

precipitation cut. A yield is calculated for the loss of protein in the permeate 

stream and the amount retained in the retentate.

Process feedstream Protein

g/m2hr

Active YADH 

g/m2hr

Homogenate 46.2 0.19

Clarified homogenate 20.4 0.39

after 40% precipitation 28.9 0.29

after 60% precipitation 3.74 in permeate 

203.7 rejected

PEI supernatant 13.0 0.78

dilute homogenate (4g/L) 10.1 0.15

dilute homogenate (4g/L) in 

presence of dithiothereitol

20.0 0.21

dilute homogenate (0.25g/L) 4.71

Pure YADH (0.25g/L) 31.5 32.2

Table 5.8.1. The yield o f protein and active YADH from the microfiltration o f 

process streams from successive stages in the purification o f YADH from baker’s 

yeast.
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These values were used to calculate the percentage yield. This takes into account 

the amount of protein and active YADH present at each stage of the process, (see 

Table 5.8.2). Also presented in Table 5.8.2 are the resistance values due to 

filtration, calculated when the steady state flux had been attained. These results 

can be further correlated to the percentage yield calculations for the amount of 

active YADH (see Figure 5.8.1).

Process feedstream % yield % Yield Resistance at

Protein Active Steady state flux

YADH m'1 (xlO'9)

Homogenate 3.39 0.7 33.4

Clarified homogenate 4.63 3.0 33.6

after 40% precipitation 6.71 2.4 35.2

after 60% precipitation transmission 1.8 27.5

rejected 96.8

PEI supernatant 18.2 17.4 25.9

dilute homogenate (4g/L) 10.9 20.0 22.0

dilute homogenate (4g/L) in 20.3 27.2 20.4

presence of dithiothereitol.

dilute homogenate (0.25g/L) 56.0 10.2

Pure YADH (0.25g/L) 90.5 92.2 2.09

Table 5.8.2 Percentage yield o f protein and active YADH from each stage o f  the 

process.

These results show that the complexity of the feedstream directly influences the 

efficiency of the separation. The most successful filtration, in terms of producing 

protein and active YADH, was the filtration of the supernatant after PEI 

flocculation. However, this filtration is accompanied by high resistance values and 

lower fluxes. This filtration also led to problems in the restoration of the clean 

water flux and required an extensive cleaning regime.
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The dewatering stage after the 60% ammonium sulphate fractionation can also be 

considered as a stage where a microfiltration procedure could be employed. The 

alternative to microfiltration at this point is centrifugation. Although 

centrifugation is successful, product recovery is difficult and further product 

losses occur. (Maybury et al. 1995)

During filtration of this process feedstream, high rejection values were observed. 

Although, over the filtration period the break-up of precipitate particles was 

observed, this was detected by protein being present within the permeate stream. 

However the concentration levels were not sufficient to measure YADH activity, 

so it is not known whether the loss of active product occurred
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Figure 5.8.1 Correlation between calculated resistance due to fdtration at steady 

state with yield o f active YADH.

Filtration of homogenate suspension was improved if the feedstream was diluted 

prior to filtration. Several reasons can be proposed to account for this. Dilution of
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homogenate causes a reduction in the viscosity of the feedstream. As predicted by 

equation 5.02, this leads to a reduction in the resistance and hence an increase in 

permeate flux. Dilution also leads to a reduction in the concentration of particles 

within the feedstream. Therefore, it can be suggested that the cake layer on the 

surface of the membrane will be smaller over a unit area. A reduction in cake 

height also led to an increase in the transmission through the membrane.

Dilution also affects the degree of non-specific binding of YADH which may 

occur within the feedstream. It has been shown that non-specific adsorption of 

protein to cell debris occurs in cell lysate. This was shown to affect 20% of the 

total protein present and was reversible (Le et al. 1984). Although, the method of 

cell breakage was different from this case, it can be speculated that non-specific 

adsorption does occur. The implication of this type of interaction is that for the 

maximum enzyme recovery, dilution and/or repeated washing of the cell debris is 

necessary. It is suggested that this will drive the enzyme into the liquid phase. If 

such a stage was included in the process, this would lead to increased volumes for 

further processing. It could be envisaged that, in order to reduce this volume, a 

further process stage would have to be added to reconcentrate the dilute permeate 

stream. In practice, this could be an ultrafiltration process.

Dilution of the homogenate may lead to changes in the optimisation of the 

precipitation stages, it can, therefore be predicted that changes in membrane 

performance will occur if membrane processes are used after either of the 

precipitation stages.

This section demonstrates the problems associated with the microfiltration of 

process feedstreams. It highlights further the differences between the filtration of 

pure YADH in solution and multi-component process feedstreams. To optimise 

membrane performance of a process feedstream is one problem which limits the 

use of microfiltration as a separation technique. When this performance has been 

optimised, the other challenge which can limit the use of microfiltration is the 

ability to scale up this performance. Scale-up of microfiltration is studied in the 

following chapter.
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CHAPTER 6. SCALE-UP OF PROTEIN MICROFILTRATION

6.0 Introduction

The principle aim of this chapter is to outline a strategy to estimate membrane 

performance at different scales of operation. Specifically, this chapter identifies 

the practical procedures and calculations required to predict membrane 

performance of pilot plant scale operation from laboratory scale experiments.

The first stage in developing a scale-up strategy is to identify the process variables 

which are known to influence the membrane performance. These include:

• feedstream concentration;

• viscosity;

• transmembrane pressure; and

• crossflow velocity.

The influence of these parameters on membrane performance must be determined 

experimentally. However, further correlation and relationships which are also 

required have been identified by Reed (1995):

• mass transfer coefficient;

• protein concentration at the membrane interface;

• friction factor of pressure losses in the membrane elements;

• osmotic pressure of the solute as a function of concentration; and

• pressure drop along membrane cartridge.

It is also necessary to define the membrane system which will be used. For the 

purpose of this study, the chosen approach was to use dead-end filtration and 

small scale laboratory crossflow studies to provide experimental data and 

information to lead to the estimation of pilot scale filtration performance. Data 

obtained from dead-end filtration tests cannot be used directly in the scale-up of 

crossflow microfiltration tests. However, small scale dead-end tests allow 

preliminary studies into the suitability of membrane process to produce the 

required separation. Dead-end studies can also be used to identify the solution 

conditions and the choice of membrane type or configuration. Laboratory scale
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crossflow membrane systems will lead to the elucidation of the relationships 

between the operating conditions and membrane performance. It is the 

combination of these relationships with the correlations and calculated factors 

outlined previously, which will lead to the generation of a performance estimation 

of pilot scale processes.

This chapter outlines the experimental procedures which were used to predict the 

membrane performance of a pilot scale filtration operation. Pilot plant membrane 

performance trials were performed in order to assess the validity of this approach. 

Work performed previously in this study has also been used and is referenced 

within this chapter.
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6.1 Laboratory Scale Dead-end Experiments.

Experiments were performed using a laboratory scale dead-end filtration system 

(see Chapter 2, Materials and Experimental Methods).

In these experiments, solutions of pure yeast alcohol dehydrogenase (YADH) 

were used. The solution conditions were pH 7.5 with an ionic strength of 0.01M. 

These conditions were determined in Chapter 3, and were shown to lead to high 

levels of YADH transmission and membrane flux.

6.1.1 Comparison between Membrane Types.

In Chapter 3, capillary pore membranes were used to elucidate the mechanisms 

responsible for flux decline and their regular pore shape enabled further analysis 

using atomic force microscopy. However, this membrane type is not 

representative of membranes used in industrial applications and is not available at 

larger scales of operation. It was necessary to change the membrane type used. 

This section compares the performance of two membrane types; the previously 

studied capillary pore (Cyclopore 0.2pm), and an irregular pore membrane 

(Filtron Omega) with a nominal pore sizes of 0.16pm and 0.3pm. The latter 

membrane type is available in laboratory crossflow and pilot plant crossflow 

devices. Membranes with the pore sizes of 0.16pm and 0.3pm were studied, to 

establish which would produce the higher transmission of YADH.

Filtrations of pure enzyme solutions were performed with an applied pressure of 

104kN/m2 (15psi) and a protein concentration of 1.5g/L. This concentration was 

used to ensure that filtration proceeded by the cake filtration mechanism. In 

Chapter 3, microfiltration of a solution with a concentration of 0.25g/L was 

shown to follow a cake filtration mechanism.

Permeate flux, transmission and enzyme activity were measured during one hour 

of filtration. Table 6.1.1 shows typical results of the average percentage total 

protein transmission and average percentage active YADH transmission for the 

three membrane types.
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The transmission of total protein is high for all three membranes. However, the 

transmission of the active YADH differs. Filtrations using 0.16pm Filtron Omega 

membrane led to the lowest amount of active YADH transmission. Also, using 

this membrane, the transmission of protein declines with time, whereas it had 

remained constant when the other membranes investigated were. This is 

highlighted by the increased value of standard deviation shown in Table 6.1.1. 

These observations suggest that the smaller pore size distribution range of the 

0.16pm Filtron Omega membrane leads to a greater loss of transmission of active 

YADH.

The transmission of active YADH was similar for both the capillary pore 

membrane and the Filtron 0.3pm membrane. This suggests that the differences in 

membrane morphology and structure may compensate for the difference in pore 

size distribution.

Membrane Type % Total protein 

Transmission

St. Dev. % Active YADH 

Transmission

St. Dev.

Cyclopore 0.2pm 93.6 3.5 84.2 9.0

Filtron 0.16pm 91.4 2.8 67.9 2.7

Filtron 0.3 pm 92.1 5.25 84.1 6.5

Table 6.1.1 Comparison ofprotein transmission values for three membrane types.

In each experiment, the permeate flux declined over the filtration period. Table

6.1.2 shows a summary of typical flux values.

Membrane Type Initial Flux 

ms'1 (xlO6)

Final Flux 

ms^xlO6)

Average Flux 

ms'^xlO6)

Cyclopore 0.2pm 82.5 3.1 8.80

Filtron 0.16pm 252 2.03 10.1

Filtron 0.3pm 198 2.44 11.1

Table 6.1.2. Comparison o f membrane types in the filtration ofpure YADH.
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The capillary pore (Cyclopore) membrane has a lower surface porosity than the 

Filtron membranes, compare porosity values of 0.14 for the capillary pore 

(Cyclopore) 0.2pm, 0.33 for Filtron 0.3pm and 0.46 for Filtron 0.16pm.

This may provide an explanation for the variation in initial and average flux 

values (see Table 6.1.2), as a higher surface porosity will lead to higher fluxes.

The cake filtration model (Introduction sect. 1.4) was used to analyse the filtration 

data from these experiments. The justification for the use of this model is based on 

the results obtained in Chapter 3. It is stated that filtration performance of a 

protein solution with the concentration of 0.25g/l follows the cake filtration 

model, in that deposition occurs on the surface of the membrane leading to the 

loss in flux and transmission. As the protein concentration is higher in these 

experiments, the assumption is made that this conclusion remains valid.

Analysis using the cake filtration model was performed on the flux data (Figure 

6.1.1). Linear regression was performed on the filtration data to assess the validity 

of this model. Calculation of the regression coefficient of determination indicates 

the percentage of the data which corresponds to the values predicted using linear 

regression. The values are shown in Table 6.1.3. The high values indicate that the 

cake filtration model is valid and that the decline in flux is due to a build up of 

surface deposits. Calculation of the cake constant, Kc, provides an indication of the 

resistance to flow due to the formation of a cake layer (see Chapter 1 section 1.4 ). 

High values indicate that the cake is thicker or is more compact. This would result 

in an increased resistance and hence lower membrane flux.

Values of Kc for the Cyclopore and Filtron 0.3pm membrane are similar. (Table 

6.1.3), whilst values for the Filtron 0.16pm are higher.
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Membrane Type Cake constant 

Kc

Std. Dev. Coefficient of 

determination (%)

Filtron 0.16pm 3027.7 74.3 97.1

Filtron 0.3pm 2597.9 53.2 95.9

Cyclopore 0.2pm 2362.2 61.4 92.6

Table 6.1.3 Analysis o f filtration data using the cake filtration model. Standard 

deviation is quoted with 95% confidence limits.

The cake layer acts as a secondary membrane, which the enzyme is required to 

pass through. Cake thickness and degree of compaction may affect the structure of 

the enzyme molecule, on its passage through the membrane. Changes to the 

structure of the enzyme may result in a loss of activity.
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Figure 6.1.1 Effect o f  Membrane type on the filtration o f  a pure YADH solution. 

Analysis by the cake filtration model. (O) Track-etched (Cyclopore) 0.2 pm; (O) 

Filtron 0.16pm; (A) Filtron 0.3pm.
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6.2 Crossflow Laboratory Experiments.

Crossflow studies performed at a laboratory scale allow the effect of the process 

parameters on membrane performance to be studied. In this section the following 

parameters are studied.

• crossflow velocity;

• concentration; and

• transmembrane pressure.

Experimentation to investigate the effect of these factors on membrane 

performance led to the generation of relationships between these factors. These 

relationships can be used directly to the predict performance of pilot scale 

apparatus.

The permeate flux and transmission values were measured throughout the 

experiments. The value of steady state flux was used in the analysis of data. For 

the purpose of this study, steady state flux is defined as the flux value after twenty 

minutes of operation. Experimentation has shown that at this point there is no 

further decline in flux values. Values of initial flux are dependent upon the start up 

procedure. Average flux values can also be used to compare membrane 

performance. However these can be influenced by the initial flux values.

In experiments where a complex feedstream was used, i.e. a feedstream containing 

many different components, experimentation has shown that there was only a 

small fluctuation in the values of transmission of total protein and active YADH. 

Therefore, to assess membrane performance, the average transmission values can 

be used. In this study the average percentage value for the transmission of total 

protein and active YADH were calculated over 60 minutes.

The experimental apparatus is described in the Materials and Methods section of 

Chapter 2. Yeast homogenate suspensions were used as the process feedstream 

throughout these experiments.

In each experiment, the protein concentration and enzyme activity were measured 

in the retentate and permeate. Permeate flux was measured at one minute intervals 

over a two hour period.

Chapter 6. Scale Up o f  Protein Microfiltration

174



6.2.1 Effect of Crossflow Velocity on Membrane Performance

Filtrations of yeast homogenate were performed at three crossflow velocities; 

0.5ms'1, lm s'and 2ms'1. In all experiments the transmembrane pressure was 

maintained at 104kN/irf (15 psi). Yeast homogenate suspensions with a total 

protein concentration of 4g/L were used as the feedstream. The viscosity of the 

homogenate was measured and was shown to be 1.62+0.05 xlO' N s/nr. Figure

6.2.1.1 shows the effect of crossflow velocity on the steady state flux. The steady 

state flux increased proportionally with the crossflow velocity.

An increase in the crossflow velocity leads to a proportional increase in the mass 

transfer coefficient. The relationship between the mass transfer coefficient and the 

permeate flux is also proportional. Studies using inorganic particles, with a narrow 

size distribution (Wakeman et al. 1992 ) demonstrated that higher crossflow 

velocities lead to the formation of a thinner cake layer on the membrane surface. 

This leads to a lower hydrodynamic resistance and increased flux values.

The relationship between crossflow velocity and the steady state flux is consistent 

with the accepted membrane theory as discussed by Porter 1972.
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Figure 6.2.1.1 Filtration o f yeast homogenate. Effect o f crossflow velocity on the 

steady state flux.
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Figure 6.2.1.2 shows the effect of crossflow velocity on the total protein 

transmission and Active YADH transmission. Transmission was observed to 

decline with increases in crossflow velocity.
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Figure 6.2.1.2 Filtration o f yeast homogenate. Effect o f crossflow velocity on the 

transmission o f total protein ( O) and active YADH (D).

A possible explanation for this observation may arise from the nature of the 

homogenate suspension. In an homogenate suspension there is a large distribution 

of particle sizes. These range from cell debris of micron dimensions to molecules 

with nanometer dimensions. Studies using mixed populations of inorganic 

particles (Tarleton et al. 1991) have shown that as crossflow velocity is increased, 

a greater proportion of the larger particles remain within the retentate. The cake
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layer which is deposited on the surface on the membrane is composed of the 

smaller particles. Small particles form layers which are more compact than layers 

containing large particles or a mixed population of particle size (Tarleton et al. 

1991). This thesis speculates that compact cake layer will hinder the transmission 

of protein through the membrane. This leads to a reduction in transmission values 

at increased crossflow velocities.

6.2.2 Effect of Protein Concentration on Membrane Performance.

These experiments were performed at a crossflow velocity of 1ms'1 and a 

transmembrane pressure of 104kN/m2. The total protein concentration of the 

homogenate suspension was used as an indication of feedstream concentration. It 

is assumed that the concentration of the other homogenate constituents change 

proportionally with the measured protein concentration. Figure 6.2.2.1 and Figure

6.2.2.2 show the effect of concentration on steady state flux and transmission of 

protein and active YADH respectively.
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Figure 6.2.2.1 Laboratory scale crossflow microfiltration o f yeast homogenate at 

a 0.3 /am membrane. Effect o f total protein concentration o f yeast homogenate on 

the steady state flux.
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Figure 6.2.2.2 Laboratory scale crossflow microfiltration o f yeast homogenate at 
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As the concentration of protein in the feedstream increases it is observed that 

steady state flux decreases. Analysis of this data shows that a linear relationship is 

observed when the steady state flux is plotted against the logarithm of protein 

concentration (Figure 6.2.2.3). Transmission of total protein and active YADH 

decreases as feedstream protein concentration increases. Based on the assumption 

that increases in total protein concentration lead to an increase in the total solid 

and particulate matter, these observations occur as a result of changes in the cake 

layer.
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Figure 6.2.2.3 Laboratory scale crossflow microfiltration o f yeast homogenate at 

a 0.3/am membrane. Relationship between steady state flux and total protein 

concentration o f yeast homogenate.
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An increase in the amount of solid material leads to an increase in cake thickness 

if the filtration conditions are kept constant. An increase in cake thickness leads to 

a decrease in permeate flux. This results from an increase in the resistance to flow 

(see Cake Filtration Model, Section 1.4).

Cake thickness also influences the transmission of protein through the membrane. 

An increase in the cake layer thickness will hinder the passage of the protein 

molecules through this layer.

Alterations to the concentration of homogenate will also effect the amount of non

specific binding that may occur between the protein molecules and cell 

constituents. An increase in homogenate concentration will lead to an increase in 

these interactions. These interactions will result in a decrease in the amount of free 

protein available for transmission through the membrane. This may account for 

the low levels of transmission observed during these experiments.

6.2.3 Effect of Transmembrane Pressure on Membrane Performance

Transmembrane pressure is defined by the following equation;

In this equation, the permeate pressure is regarded as atmospheric (0 barg) and is 

ignored.

Three transmembrane pressure conditions were investigated during these 

experiments; 34.6kN/m2, 104 kN/m2 and 156kN/m2 (5psi, 15psi and 22psi). The 

pressure of the permeate flow was zero and is ignored. Crossflow velocity was 

maintained at 1ms'1 for each experiment.

Figure 6.2.3.1 shows the effect of transmembrane pressure on the steady state flux 

value. It was expected that flux would increase linearly with transmembrane 

pressure. The point at which the flux ceases to increase with transmembrane 

pressure is known as the gel polarisation flux. Therefore, as no increase is 

observed, it can be concluded that the gel polarisation flux has been achieved at a

outlet
TMP [Eq.6.2.3.1]
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value lower than the transmembrane pressures used in this study. Therefore, the 

filtration can be said to be operating within the pressure independent region.
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Figure 6.2.3.1 Laboratory filtration o f yeast homogenate at a 0.3/am membrane. 

Effect o f transmembrane pressure on the steadystate flux.
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Under gel polarisation conditions the rate at which the molecules can diffuse from 

the surface is only dependent upon the mass transfer coefficient. At a fixed 

crossflow rate, the mass transfer coefficient is constant so if the transmembrane 

pressure is increased the equilibrium is disrupted. As the rate at which the solute is 

brought to the membrane will exceed the rate of solute removal. A thickening of 

the cake layer occurs leading to an increase in the hydraulic resistance. This leads 

to a decrease in membrane flux as transmembrane pressure is increased. This was 

observed in these experiments.

Figure 6.2.3.2 shows the effect of transmembrane pressure on the transmission of 

total protein and the transmission of active YADH. Increases in transmembrane 

pressure may lead to a compaction of the cake layer as well as a thickening of the 

cake layer. Compaction hinders the passage of protein molecules through the cake 

layer. This leads to the observed decrease in a transmission.

The cake layer acts as a secondary membrane capable of differentiating protein 

molecule by size. This may explain the difference between the transmission of 

total protein and active YADH.
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Figure 6.2.3.2 Laboratory scale filtration o f yeast homogenate at a 0.3pm 

membrane. Effect o f transmembrane pressure on the transmission o f total protein 

( O) and active YADH (D).
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6.3 Prediction of Pilot scale Membrane Performance from Laboratory Tests.

Few studies have investigated the scale-up of membrane performance. This 

section outlines a strategy to address this problem. However, further studies must 

be performed to assess the suitability of this strategy for other applications and 

conditions.

In the previous section the effect of the operating parameters on membrane 

performance was investigated. These relationships can be used to provide the basis 

of the prediction of membrane performance at pilot scale. As identified in section 

6.0, the results of experimental trials must be combined with physical correlations 

and factors. Several approaches can be used in the scale-up of biotechnology 

processes. Few studies and research groups have been concerned with the scale-up 

of membrane processes.

The pilot plant scale membrane system is a flat sheet crossflow device (Filtron 

Maximate) with a membrane area of 0.372 m2. The membrane type is identical to 

that used in the laboratory experiments; an organic membrane (polyethersulphone) 

with a nominal pore size of 0.3 pm.

In this study, two approaches have been investigated. Firstly, the use of an 

existing membrane filtration model. The gel polarisation model or film model has 

been used previously in this study to explain the relationship between feedstream 

concentration and membrane performance.

The second approach is based on the loss of transmembrane pressure along a 

membrane cartridge.

This section defines the two approaches to predict membrane performance and 

includes the calculation of correlations and factors required.

6.3.1 Gel polarisation model

In the previous section the gel polarisation model was suggested as a mechanism 

to account for the relationship observed between the operating conditions and
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membrane performance. This section investigates the use of this model in the 

scale-up of membrane filtration. Two forms of the model exist. The first describes 

filtration in which the total rejection of the target molecule occurs. This is shown 

in Equation 6.3.1. Equation 6.3.2 is used to describe a filtration where only partial 

rejection of the target molecule occurs, this model is also known as the film 

model.

Both forms describe flux as the product of the mass transfer coefficient and a 

concentration relationship. The mass transfer coefficient was calculated using the 

following relationship in laminar flow conditions.

module. Therefore, this relationship can be used for different membrane modules. 

Substitution of values obtained from small scale laboratory crossflow experiments 

led to the calculation of the diffusion coefficient, D. It is assumed that the 

diffusion coefficient remains constant for small scale and pilot scale tests.

The concentration expression involves the natural logarithm of a concentration 

ratio. Where it is assumed that total rejection occurs, calculation of the gel 

concentration of the total protein is required. This can be estimated from Figure 

6.2.2.3, which shows the relationship between total protein concentration and 

permeate flux. The other variable in this expression is the feed concentration of 

total protein, which was known.

b

[Eq. 6.3.1]

[Eq. 6.3.2]

[Eq. 6.3.3]

Leveque 1928

This relationship includes the channel height and channel length of the membrane
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Where partial rejection occurs, the concentration expression involves the 

calculation of the total protein concentration at the separating surface. In 

accordance with this theory, the concentration of protein at the membrane surface 

is higher than that of the bulk solution. Substitution of values obtained in small 

scale laboratory tests led to a relationship between the total protein concentration 

in the feedstream and the calculated concentration at the wall (Figure 6.3.1). 

However, in the calculation of these values, it was assumed that the presence of 

other feedstream constituents does not influence the amount of protein at the 

separating surface. Therefore, these values must be considered as the maximum 

wall protein concentration. All the other concentration variables are known and 

steady flux can be predicted. The use of these two filtration models allowed the 

prediction of the steady state flux of pilot scale filtration of yeast homogenate.

The predicted values of steady state flux are given in Section 6.4.
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Figure 6.3.1. Estimation o f the protein concentration at the wall represented as a 

function o f the bulk feedstream protein concentration.
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6.3.2 Transmembrane Pressure Relationship

Changes in the transmembrane pressure occur along the length of a membrane 

cartridge. This leads to a change in the flux and transmission along the cartridge 

length. In small bench scale applications this is not a significant problem as there 

is a negligible change in pressure due the short cartridge length. However, for 

larger scale systems, significant changes occur. This scale-up procedure is based 

on recalculating the transmembrane pressure drop along the length of the 

membrane and utilising the relationship between transmembrane pressure and 

membrane performance. Calculation of transmembrane pressure at points 

throughout the overall length of a membrane cartridge can be achieved using 

Darcy's Law and the original inlet pressure.

^ ? - 2 f u 2p x  rTn ,  „
AP = J H [Eq. 6.3.4]

d H

This relationship requires the calculation of the pressure loss due to the friction 

within the module. This friction factor is dependant on the nature of the channel 

and the flow. It is necessary to calculate the Reynolds number using the channel 

dimensions and the crossflow velocity. Also included in this calculation is the 

feedstream viscosity. This calculation indicated that these filtrations were operated 

within the laminar flow region. This simplifies the calculation of the friction 

factor. At low Reynolds Numbers <2000, the roughness of the flow channel can 

be ignored (Coulson and Richardson), leading to the relationship:

f  = l  [Eq. 6.3.5]

The friction factor was calculated for each crossflow velocity condition that was 

used. Table 6.3.1 shows the calculated values for the Reynolds number and the 

friction factors. The value of the homogenate viscosity was used in the calculation 

of Reynolds number.
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Crossflow Velocity ms"1 Reynolds Number Friction Factor

0.5 238.1 3.4 x 10'2

1 476.3 1.7 xlO'2

2 952.5 8.4 xlO'3

Table 6.3.1 Calculated Reynolds number and friction factors for yeast 

homogenate (4g/L total protein).

Experimentation using laboratory systems demonstrated the relationship between 

transmembrane pressure and membrane performance. This relationship was used, 

with the recalculated transmembrane pressure values, to predict membrane 

performance on a pilot plant scale. The predicted values are given in section 6.4. 

This scale-up strategy allows the prediction of steady state flux and transmission.

6.3.3 Viscosity

This parameter was measured experimentally and the results are shown in Figure 

6.3.2. The results are presented as a function of total protein concentration present 

in yeast homogenate.
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Figure 6.3.2. Measurement o f  viscosity o f  yeast homogenate suspensions. 

Concentration o f yeast homogenate denoted by measurement o f total protein 

content (g/L).
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6.4 Estimation and Verification of Pilot Scale Microfiltration Performance

Using Yeast Homogenate

Using the correlations described in the last section and the experimental 

relationships, values were predicted for the membrane performance of a pilot scale 

filtration of yeast homogenate. Tables 6.4.1 and Table 6.4.2 present the predicted 

values of steady state membrane flux and transmission of total protein and active 

YADH.

To test these predictions, microfiltration operations at a pilot scale were 

performed. A Filtron Maximate unit was used to perform the filtrations. The 

cartridge used had a membrane area of 0.372m2 and a channel height of 20mil 

(0.0508 cm).

The channel height was smaller than that in the laboratory crossflow device and to 

counteract this difference the wall shear rate was maintained at the same value. 

From previous experiments, the optimum conditions for high transmission values 

and high permeate fluxes were determined as low transmembrane pressure and 

high crossflow velocities. However, operating at high crossflow velocities 

prevented the setting of a low transmembrane pressure. Therefore, the experiments 

were only performed at one crossflow velocity and transmembrane pressure. Yeast 

homogenate with a total protein concentration of 4g/L was used as the feedstream. 

The filtrations were performed over a two hour period. Figure 6.4.1 shows the 

typical flux decline curve. Comparisons between the observed steady state flux 

and the predicted values are shown in Table 6.4.1.

Observed Predicted

L/m2hr (a) (b) (c)

Steady 

state flux

19.4 ±2.32 13.2 ±0.76 8.10 ±0.37 23.37 ± 1.9

Table 6.4.1 Comparison between the experimental results with the predicted flux: 

(a) gel polarisation model as calculated from equation 6.3.1; (b) gel polarisation 

model as calculated from 6.3.2; (c) transmembrane pressure relationship.
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Figure 6.4.1. Pilot scale filtration o f yeast homogenate at a 0.3 jam membrane. 

Filtration conditions: crossflow velocity lms~K transmembrane pressure 15psi 

(104kN/m2).

Transmission

Total Protein Active YADH

Observed 21.1 ±3.2 34.2 ±1.9

Predicted 23.6 ±2.1 36.8 ±2.3

Table 6.4.2. Comparison between the experimental results with the predicted 

results for the transmission o f total protein and active YADH.

Transmission of total protein and active YADH decreased throughout the 

experiments. Average percentage transmission values are shown in Table 6.4.2.
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The level of activity of YADH declined in the retentate stream, this had not 

previously been observed in laboratory scale tests. This decline suggests that 

enzyme inactivation is occurring during filtration within the retentate. This did not 

occur at a laboratory scale of operation.

From these comparisons the steady state flux value is under-predicted by the gel 

polarisation model and is over-predicted by the pressure drop relationship. There 

is also an over-prediction in the level of total protein and active YADH 

transmission.
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6.5 Concluding Remarks

Small scale dead-end filtration tests can be used to study the choice of membrane 

type and identify the solution conditions. However, for crossflow filtration 

applications these tests cannot be used directly to predict scale-up correlations. 

This study demonstrates that small scale laboratory crossflow microfiltration can 

produce reliable data which can be used within existing membrane models. The 

effect of operating conditions and concentration were studied. This generated 

correlations which were used in the formulation of a scale-up strategy. These 

studies also led to the elucidation of the mechanism by which the filtration 

proceeds. This would enable further studies to optimise cleaning regimes required 

to recover membrane performance.

Two scale-up strategies were studied. One strategy involved the use of the gel 

polarisation model. The other involved a correlation between transmembrane 

pressure and membrane cartridge length. The gel polarisation model can be 

presented in two formats; i.e. where total rejection or partial rejection of the target 

molecule occurs. Predictions using the gel polarisation model generated a value of 

the steady state flux for the filtration of yeast homogenate. This value was 

significantly lower than the observed value obtained by experimentation.

The scale-up prediction based on the calculation of the decline in transmembrane 

pressure along the length of the membrane cartridge proved to be more successful. 

Using correlations generated by the laboratory tests, steady state flux values and 

average transmission of total protein and active YADH were predicted. 

Experimentation showed that these predictions were not significantly different 

from the prediction for the values of transmission. The observed steady state 

permeate flux values were lower than the predicted value. However, this 

difference is not statistically significant (confidence intervals 95%).

These results suggest that this method is successful in the prediction of pilot scale 

performance of microfiltration based on small scale tests. However, caution must 

be applied as the following assumptions and limitations apply to this study:
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• the studies were limited to the use of one operating condition;

• only laminar flow conditions were studied;

• inlet ports and outlet ports to the membrane cartridge were assumed to 

have no effect;

• only one feedstream type and concentration was used. Other systems or 

concentrations would require the use of a viscosity or concentration correlation 

to be included; and

• only one membrane type and configuration was studied.

In conclusion, this study identifies the problems and issues associated with the

scale-up of membrane processes. The following strategy is suggested to predict

the performance of a microfiltration process:

1. use dead-end filtration tests for the initial trials on membrane types and the 

identification of solution conditions to maximise performance;

2. select pilot scale and laboratory scale system, where possible maintain 

membrane type and membrane pore size;

3. characterise the membrane system in terms of membrane area, channel height 

and channel length;

4. perform laboratory tests on the chosen membrane system to establish the effect 

of crossflow flow velocity, transmembrane pressure and concentration on the 

membrane performance;

5. calculate Reynolds number, friction factor and pressure drop along the length 

of the membrane cartridge;

6. use transmembrane pressure correlations to predict flux and transmission 

values (other models can be used at this stage); and

7. perform verification trials. It may be necessary to adjust crossflow velocity to 

ensure that the wall shear rate remains constant.
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CHAPTER 7 DISCUSSION

7.0 Introduction

Protein microfiltration has important applications in the processing of protein 

produced in the biotechnological industries. However, the emergence of 

microfiltration as an established unit operation is limited by the inability to predict 

membrane performance. This thesis has studied the problems associated with the 

use of microfiltration as a protein purification method. This chapter discusses the 

findings described previously in the experimental chapters

7.1 Discussion

The choice of the experimental system was critical to the outcome of this thesis. 

The enzyme chosen had to be available in a pure form to allow fundamental 

studies to be completed and also available in a range of process feedstreams to 

allow microfiltration of complex feedstreams to be performed.

The isolation of yeast alcohol dehydrogenase (YADH) was chosen as the 

purification process to be investigated. This enzyme was also available in a pure 

form to allow fundamental studies to be performed.

The purification of YADH is a multi-staged process which uses the techniques of 

cell disruption, centrifugation and ammonium sulphate precipitation. These 

techniques are often used in the isolation of intracellular proteins and therefore 

this purification processes can be considered typical of industrial purification 

methods. Before the filtration of complex process feedstreams and the use of pilot 

scale filtration equipment could be undertaken, it was necessary to investigate the 

mechanisms involved in the microfiltration of a pure enzyme.

In Chapter 1 (Section 1.5) the physical and biochemical characteristics of yeast 

dehydrogenase were presented. The molecular size and stability of the YADH 

molecule was shown to be important during the investigation into the 

micro filtration characteristics of YADH. Yeast alcohol dehydrogenase has been 

shown to be is several orders of magnitude smaller than the pore size of the

Chapter 7. Discussion
197



microfiltration membranes used in this study. Therefore, in simple dead-end 

filtration experiments it was predicted that there would be a minimal loss of 

membrane flux and high levels of enzyme transmission. However, when 

microfiltration of a pure enzyme solution was performed losses in the levels of 

transmission and a decline in the permeate flux were observed. This was reported 

in Chapter 3 (Section 3.3). A similar observation was reported by Bowen and Gan 

(1991) when microfiltration of bovine serum albumin was performed.

This thesis proposes that aggregates of YADH form within the solution and it is 

the presence of these aggregates which is responsible for the decrease in 

membrane performance. This proposal is based upon the particle size distribution 

measurements made of YADH solutions and which were reported in Chapter 3. It 

is known that protein and enzyme molecules are susceptible to alterations in their 

solution environments, in particular conditions of pH and ionic strength. Changes 

to these conditions will lead to the denaturation and aggregation of the protein 

molecules. Experimentation demonstrated that changes in pH and ionic strength 

could induce aggregation of YADH. Aggregation causes an increase in the particle 

size distribution and an increase to the mean particle size. The size distribution 

and mean particle size was measured using photon correlation spectroscopy 

techniques.

It was demonstrated that microfiltration of YADH solutions, in which aggregation 

had been induced, led to a greater loss in membrane performance. This was 

reported in Chapter 3 (section 3.2). This supports the theory that enzyme 

aggregates contribute to the observed loss of membrane performance. The 

experimentation showed that the YADH was only present in a non-aggregated 

form in a narrow range of pH and ionic strength values. The pH value of 7.5 and 

the ionic strength value of 0.01 M were demonstrated to lead to a particle size of 

YADH of 7.6nm ±1.3nm. The relates directly to the reported (Jourvall 1978) 

particle size of YADH of 7nm (70A). Microfiltration experiments performed 

using YADH solutions at the values of pH 7.5 and 0.01M ionic strength led to 

improved membrane performance. This further verifies the stated prediction that
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in a pure enzyme solution, it is the presence of aggregates which cause poor 

membrane performance.

From this finding this thesis recommends that, to obtain maximum membrane 

performance, the solution conditions must be maintained at values of pH and ionic 

strength which minimise aggregation of the target molecule.

This recommendation has a great implication for the microfiltration of protein 

molecules, particularly those molecules which require disruption of the host cell 

during their purification. The cytoplasm of all microbial cells, including yeast, has 

a neutral pH (Alberts 1987). However, upon cell disruption, disruption of cellular 

organelles results in an alteration in the pH of the homogenate suspension to 

occur. For example, in the disruption of a yeast cell suspension, the pH in an 

unbuffered system can fall to values well below pH5.0. This value is below the 

critical value of pH 6.0, which has be shown (Jourvall et al.) to be highly 

detrimental to the molecular stability of the YADH molecule. This pH value of the 

homogenate is close to the isoelectric point of the YADH molecule. This has a 

further implication for the microfiltration characteristics of YADH. Several 

research groups have proposed that maximum protein adsorption to membrane 

surfaces occurs at solution conditions equivalent to the isoelectric point of the 

target protein (Fane et al. 1986, Reed et al. 1988). Adsorption of the protein to the 

membrane surface will not only lead to a loss in the level of transmission but will 

also lead to an increased level of membrane fouling occurring.

On disruption of a yeast cell suspension, in a system buffered to pH7.5, the 

resulting homogenate suspension remains at a pH value below pH7.5 but above 

pH 6.0. This suggests that the buffer strength is insufficient to counteract the 

change in pH after cell disruption. The ionic strength of the buffer, determines the 

ability to maintain the required pH conditions. In cellular homogenates, the ionic 

strength is high due to the presence of many different ionic species. It can be 

argued that the ionic strength of the buffer should have been increased to attain the 

desired pH condition of pH 7.5. However, high ionic strengths were also shown to 

be detrimental to the molecular stability of the YADH molecule. Particle size
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distribution measurements of pure YADH solutions demonstrated that changes in 

the ionic strength of the buffer promoted the occurrence of aggregation of YADH 

molecules (see Chapter 3, section 3.1).

A further consideration must be made when complex process feedstreams are 

used. The target protein is present as a small percentage of the total cell protein. 

For example, in this study, YADH is present in a yeast cell at a value of 1-2% of 

the total cell protein. The other protein molecules present within the cell 

homogenate will each have solution conditions of optimum stability, or conditions 

where aggregation and non-specific binding is minimised. Each of the proteins 

will also have a specific isoelectric point and hence maximum adsorption 

characteristics.

It may be assumed that cellular protein molecules are responsible for the 

deterioration in the membrane performance. In this case the physicochemical 

properties of the wide variety of protein molecules present within the homogenate 

increase the problem of choosing the optimum pH and ionic strength conditions, at 

which filtration should be performed. Furthermore, cell disruption can also lead to 

the release of cellular proteases. These enzymes degrade and denature cellular 

protein and have an optimum pH value for activity. Therefore, solution conditions 

must be optimised, not only to maximise filtration efficiency, but also to prevent 

the loss of the required protein.

Faced with these dilemmas this thesis recommends that the following knowledge 

is acquired before protein microfiltration experiments are undertaken:

• concentration range of the target protein in process suspension;

• an understanding of the physico-chemical nature of the target protein, i.e. the

molecular stability and isoelectric point;

• the size of the protein molecule;

• the secondary structural characteristics of the protein molecule;

• the susceptibility from protease attack and level of protease activity; and

• the association with any other cellular constituents.

This knowledge will allow solution conditions to be chosen which will maximise 

membrane performance.
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However, a reduction in membrane performance was still observed even when a 

pure enzyme solution under solution conditions that minimised aggregation was 

filtered (Chapter 3 section 3.3.) The microfiltration was performed in a dead-end 

operational mode under a constant pressure. This operational mode allowed the 

application of the blocking models developed by Hermia (1980). The models are 

described in Chapter 1 (section 1.4). Analysis of the filtration data using two 

mathematical models, the standard blocking model and the cake filtration model, 

led to the identification of two mechanisms which were responsible for the loss in 

membrane performance. This thesis proposes that the mechanism by which 

microfiltration proceeds is concentration dependant. Microfiltration of an enzyme 

solution of a low concentration, led to protein deposition occurring within the 

membrane matrix. In-pore deposition leads to a narrowing of the pore diameter. 

The analysis of the filtration data was shown to agree with the standard blocking 

model.

In contrast, an increase in the concentration of the enzyme led to a deposition on 

the top surface of the membrane occurring. The analysis of the filtration data was 

shown to agree with the cake filtration model.

These conclusions were supported by the direct visualisation of the membranes 

used in these experiments. Atomic force microscopy is a high resolution technique 

which allows the imaging of membranes without the use of high vacuum or strong 

solvent conditions (see Chapter 1 section 1.8). This technique also allows the 

measurement of surface features, for example, the diameter of membrane pores or 

the measuring of surface protein deposits. Unused membranes and membranes 

used for the filtration of YADH solutions were imaged using these techniques. 

Membranes used for the microfiltration of an enzyme solution (0.005g/L) was 

shown to have a reduced pore diameter (see Figure 3.4.3) and no surface 

deposition (see Figure 3.4.2). The diameter of the pores was predicted from 

analysis of the filtration data and verified upon measurement of the pores using 

the atomic microscope images (see Chapter 3 section 3.4). This supports the 

prediction that an in-pore deposition mechanism occurs.
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However, at a higher enzyme concentration the presence of a cake layer on the 

surface of the membrane was observed and the membrane pores were obscured 

(see Figure 3.4.4). This supports the prediction that at an increased YADH 

concentration (0.25g/L), a surface deposition mechanism was responsible for the 

loss in membrane performance.

Microfiltration using an intermediate enzyme concentration (0.05g/L) was also 

studied. Analysis of filtration data showed that neither an in-pore deposition 

mechanism nor a surface deposition mechanism was sufficient to account for the 

loss in performance. Further data analysis also showed that an intermediate 

blocking model was also insufficient to account for this data. It is suggested that at 

an intermediate concentration, a combination of in-pore and surface deposition 

mechanisms occurs.

In summary, chapter 3 investigated the filtration characteristics of YADH. The 

solution conditions and feedstream concentration were shown to influence the 

microfiltration performance

The effect of feedstream concentration on microfiltration was also reported in 

Chapters 5 and 6. The concentrations used throughout this thesis relate directly to 

each of the chapters, regardless of whether pure solution or process feedstream 

have been investigated. If it is assumed that YADH is present as 1-2% of the total 

cell protein, the concentrations of pure YADH would correlate to the values 

shown in Table 7.1.

Cone, of Pure 

YADH used

Chapter Ref. Calculated protein conc. in 

homogenate

0.005g/L 3.3, 3.4 0.25-0.5g/L

0.05g/L 3.3, 3.4 2.5-5g/L

0.25g/L 3.3, 3.4, chapter 4 12.5-25g/L

Table 7.1 Concentrations o f YADH used in the pure enzyme investigation and the 

calculated equivalent protein concentration in homogenate suspension.
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Total protein conc. used Chapter Ref.

0.25g/L 5.6,

4g/L 5.7

>25g/L 5.1/5.2

Table 7.2 Values o f total protein concentration used in the process feedstreams 

studies.

The use of pure enzyme solutions, where the mechanisms which lead to a loss in 

performance have been established, allows the study of other parameters and 

methods which may lead to the improvement of performance.

There were two reasons for the investigation into the role of surfactants in 

membrane processes within this thesis. Firstly, it has been proposed that 

surfactants can improve membrane performance (Chen et al. 1992). Secondly, 

surfactants are used in bioprocesses to control the production of foam during 

fermentation. Therefore, it can be suggested that a proportion of the antifoam 

substance will be present in the process feedstream after any fermentation process.

The presence of the commonly used antifoam, polypropylene glycol (PPG), within 

a pure enzyme feedstream at process concentrations, led to a further decline in 

performance. Concentrations of surfactant which were sufficient to form a 

monolayer coverage of the membrane surface, led to an improved protein 

transmission but flux was not enhanced (see Chapter 4, section 4.1) Comparative 

studies using other types of surfactant produced similar results.

This demonstrates the problems of merging the optimisation of the upstream 

fermentation process with conditions required for the successful operation of 

downstream separation processes.

In the recovery of an intracellular product, the presence of a high surfactant 

concentration may not effect the recovery of the product. It can be argued that 

disruption of the host cell will release a variety of molecules, which will interact 

with surfactant molecules. For example, large portions of cell debris will provide 

surfaces for the adsorption of the surfactants. Homogenate clarification techniques
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will remove these cell debris fragments and subsequently may lead to the removal 

of the surfactant molecules. In this case, subsequent microfiltration stages would 

not be influenced by the presence of surfactants. However, in the recovery of 

extracellular products, microfiltration stages would be affected directly as the 

feedstream would contain the concentration of the surfactant that was added 

during the fermentation.

Pretreatment of the membrane surface by the contact absorption of surfactants did 

not enhance membrane performance. However, it is suggested that pretreatment of 

the membranes by contact adsorption is an inefficient method of coating the 

membranes. This does not lead to an uniform monolayer coverage. Current 

research in the pretreatment of membrane surfaces to minimise protein adsorption 

has adopted two further approaches where permanent pretreatments are used. One 

method involves the use of advanced polymer science to modify membrane 

polymers, for example, the addition of hydrophilic groups to the polymer 

molecules before membrane production to lower protein adsorption. A second 

approach is to graft molecules or substances by chemical bonding on to the 

membrane surface after fabrication. These methods of permanent fixation prevent 

the loss of the pretreatment into the product stream during operation.

In applications where a complex feedstream is used the need for a sophisticated 

pretreatment is lessened. Within the first minutes of operation the surface of the 

membrane is covered and membrane performance is then determined by the nature 

of the cake layer and the hydrodynamics of the system.

The choice of membrane pore size is dependent upon the application. For 

example, in sterilisation or cell harvesting techniques the pore size is determined 

by the average size of the cell which must be retained. However, in the extraction 

of a protein product no such constraints are placed on the choice of pore size. This 

study demonstrated that the long term use of a membrane with large pore sizes and 

low porosities led to a reduction in membrane performance. Whereas, a membrane 

with the smallest pore size distribution led to very low flux values and poor
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transmission. It is suggested that an optimisation procedure for membrane pore 

size must be performed.

However, in the filtration of a complex feedstream the membrane pore size only 

determines the selectivity at the beginning of a separation. When surface 

deposition has occurred it is the porosity of this deposition layer which determines 

the overall selectivity. So it can be suggested that choice of pore size should be 

determined by the size of the molecules that it is necessary to retain.

For this reason it is possible that, for the microfiltration of cell homogenates 

where cell debris with a large particle size is present, a membrane with a large 

pore size is more applicable whereas, in a suspension containing precipitant 

molecules of a smaller size, a smaller membrane pore size would be more 

applicable.

Changes to the physical characteristics of the membrane or the optimisation of 

solution conditions have provided methods which enhance the microfiltration 

performance. In Chapter 4 further experimentation, has been described which led 

to an improvement in membrane performance. This method was based on the 

chemical stability of the YADH molecule. As demonstrated in Chapter 3, the 

filtration of a pure enzyme solution is still subject to a loss of performance over 

time. It has been proposed that this is due to the formation of aggregates. For a 

biological molecule to form aggregates, changes in the structure of the molecule 

must occur. In yeast alcohol dehydrogenase it has been shown by Magonet et al. 

(1993) that structural changes are caused by a break down in the integral 

disulphide bonds. Dithiothereitol has been shown to enhance the stability of the 

yeast alcohol dehydrogenase by preventing the oxidation of sulphydryl groups 

within the molecule (Magonet et al 1993). The use of a specific protective agent 

has been investigated in microfiltration of a pure solution (Chapter 4, section 4.4) 

and homogenate suspension systems (Chapter 5, section 5.7).

This thesis demonstrated that the presence of dithiothereitol preserves the activity 

of the enzyme and hence led to an increased transmission level of active enzyme.
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In pilot scale studies using process feedstreams, the presence of dithiothereitol was 

also shown to prevent a loss of activity in the retentate stream.

In industrial applications, the addition of chemicals to a process stream must be 

carefully controlled and the toxicity of the chemical must be known.

To summarise, in Chapters 3 and 4 of this study, small scale fundamental tests are 

used to demonstrate the basic principles of membrane science with respect to the 

target molecule, yeast alcohol dehydrogenase (YADH). The feedstream is 

regarded as non-complex, consisting of a buffer solution containing pure yeast 

alcohol dehydrogenase. The membrane system used was simple, consisting of 

cylindrical pore membranes operated in a dead-end mode. At this scale and this 

level of complexity, the mechanisms responsible for the decline in membrane 

performance were elucidated. Furthermore, the effect of any changes to the 

feedstream or membrane parameters could be easily monitored.

It is stated that small scale dead-end microfiltration experiments have been shown 

to be sufficient to provide general guidelines on the solution conditions which 

should be adopted when a microfiltration stage is to be performed within a process 

environment. However, there are many differences between using a pure enzyme 

in a buffer solution and a complex process solution containing the target enzyme. 

Also, many industrial applications use crossflow filtration techniques to isolate the 

target molecule. To simulate industrial membrane applications, it was necessary to 

change membrane type, the mode of operation and to use process feedstreams 

which contained yeast alcohol dehydrogenase (YADH). These changes led to the 

use of other mathematical models to analyse the filtration data. In the first two 

experimental chapters of this thesis, the filtrations were performed at a constant 

pressure using membranes with cylindrical pores. This allowed the use of the 

constant pressure blocking models that had been outlined by Hermia (1980). 

Application of these models demonstrated that a protein concentration of 0.25g/L 

was sufficient to lead to the formation of a surface deposition layer. In 

experiments using process feedstreams, the total cell protein concentrations 

exceeded this concentration value (see Table 7.2).
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Chapter 5 studied the microfiltration of process feedstreams. The feedstreams 

were obtained from the multi-stage purification process of yeast alcohol 

dehydrogenase. This allowed the assessment of the efficiency of microfiltration to 

be studied at each processing stage. The existing unit operations used in this 

purification process have been studied by Dunnill and co-workers and further 

details are given in Chapter 5. However, at present this process does not use a 

microfiltration stage. The process operating parameters have limitations on the 

effective use of microfiltration. However, these parameters were maintained to 

directly compare the existing unit operations against microfiltration. The 

discussion below identifies and highlights these processing problems.

Yeast alcohol dehydrogenase is an intracellular enzyme, therefore to release this 

enzyme the cell must be disrupted. The disruption mechanism used in this process 

was homogenisation. It has been demonstrated that homogenisation is only 

effective within a range of cell concentrations (Hetherington et al. 1971). This 

concentration range, 30%-60% w/w, leads to the generation of highly viscous 

feedstreams. Microfiltrations performed using homogenate suspensions of 30% 

yeast (w/w) produced low flux values and poor transmission of protein and YADH 

through the membrane. Yeast homogenate was diluted with buffer and 

microfiltration experiments were performed. Increases in membrane flux and 

transmission of protein and YADH were observed. This thesis proposes that the 

increases in the transmission values of both total protein and active YADH arises 

from the decrease in the amount of non-specific binding. Lower levels of non

specific binding will lead to an increased amount of free protein within the process 

suspension and this is available for transmission through the membrane. Binding 

to the cell debris causes the protein and YADH to remain within the retentate and 

to be unavailable for transmission. Permeate flux values and transmission values 

are also affected by the build-up a cake layer on the surface of the membrane. 

Homogenate suspensions with high concentrations of cell debris will also lead to 

an increased thickness of the surface cake layer. This leads to an increased 

resistance to flow, and a reduced membrane flux. Diluted suspensions will have
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lower concentrations of cell debris per unit volume and it can be predicted that the 

resultant cake thickness will be smaller.

Therefore, to increase membrane performance in the microfiltration of yeast 

homogenate a dilution of the feedstream is recommended.

However, in process terms a dilution in the feedstream would lead to an increased 

process volume. A dilution in the process stream can affect the performance of 

other separation processes and affects the choice of separation equipment further 

downstream in the purification process. For example, increased process volume 

could significantly increase the capacity or reduce the effectiveness of centrifuges 

or chromatography columns. An alternative method to a one-step dilution is to 

operate the process in a diafiltration mode.

Diafiltration can be performed as a continuous or discontinuous process. A 

continuous mode uses sequential addition of diluent identical to the removal of 

permeate from the system. Discontinuous diafiltration employs the addition of the 

diluent in batch volumes.

However, the use of a concentrated feedstream at the start of the filtration may 

mean that surface deposition and irreversible fouling has already occurred. 

Therefore, even with sequential dilution of the feedstream only a small increase in 

membrane performance will occur. If a discontinuous diafiltration step is used 

there will be an increase in the process volume and a resultant decrease in the 

protein content of the permeates. This, as with a one step dilution, would require a 

further processing stage to reconcentrate this stream before it passes to the next 

processing step.

Direct enzyme recovery from an unclarified cell homogenate causes several 

processing problems. A comparative study between microfiltration of a pure 

enzyme solution and a yeast homogenate with the same total protein 

concentrations showed that the presence of the other constituents in the 

homogenate influenced membrane performance. However, neither these studies 

nor a survey of the current literature has identified which species of
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macromolecule present in homogenate is responsible for the performance loss. 

Therefore, in a multi-stage recovery process it is more efficient to employ 

microfiltration at another point in the process.

Filtration performance was increased when a clarified cell homogenate was 

filtered. However, the yield remained low, although, the cell debris had been 

removed and the viscosity of the suspension had decreased. Calculations 

performed showed that the hydrodynamic resistance which occurred as a result of 

filtration, was increased in comparison to filtration of unclarified homogenate. It is 

predicted that the absence of cell debris leads to the formation of a more densely 

packed cake layer on the membrane surface. A more densely packed cake layer 

has a higher resistance to flow and lead to lower flux values. It is proposed that the 

presence of cell debris within the unclarified homogenate scoured the surface of 

the membrane preventing the build of an thick cake layer.

The additions of ammonium sulphate cause the precipitation of contaminating 

particles (1st cut) or the precipitation of YADH (2nd cut). The addition also led to 

an increase in the suspension viscosity, therefore, increasing the calculated 

resistance to flow. The viscosity of the suspension after the first precipitation cut 

was similar to that measured of the unclarified yeast homogenate. The filtration 

performance observed was similar.

The dewatering of the resulting suspension after the second precipitation stage 

proved to be the most successful processing stage using microfiltration 

membranes. High rejection values and hence high product recoveries were 

observed. Previous studies (Maybury et al. 1995) show that centrifugal recovery 

of these precipitant particles was poor. This suggests that whereas centrifugation 

can be employed at other stages in the process, for example in cell debris removal, 

microfiltration was best employed in the final processing stage. Where, 

dewatering of the precipitant particles containing yeast alcohol dehydrogenase was 

required.
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The problems and issues associated with the scale-up of microfiltration from 

laboratory scale crossflow systems have been demonstrated clearly by this thesis. 

Initial trials using small scale systems and pure enzyme solution at low 

concentrations identified two mechanisms responsible for a loss in membrane 

performance. A change to a complex feedstream, membrane type and operating 

mode meant that the models used in the small scale tests were no longer 

applicable. Therefore, as discussed previously in Chapter 1, other mathematical 

models were used. Microfiltrations using complex process feedstreams 

demonstrated that the surface deposition of material was occurring and that this 

mechanism was responsible for the loss in membrane performance.

The scale-up of membrane performance from laboratory scale to pilot scale 

required the generation of experimental relationships and calculation of correlation 

factors. The relationship between the concentration and membrane flux showed 

that the microfiltration of an homogenate feedstream followed the gel polarisation 

model (Chapter 6, section 6.3). There are two forms of the gel polarisation model. 

Both forms of the model used were tested to assess the ability to predict 

membrane performance. The first version of the gel polarisation model assumes 

that total rejection, and hence no transmission of the protein, occurs. The second 

version, also known as the film model, assumes that partial transmission occurs. 

The predictions made were tested against the operation of pilot scale membrane 

equipment. However, neither of these models led to a successful prediction of 

membrane performance at pilot scale operation.

The film model assumes that partial transmission occurs, and this does correspond 

to the experimental observations. Therefore, it was proposed that this model 

would lead to a successful prediction of pilot scale performance. However, use of 

this model led to an underestimation of membrane performance. It is proposed that 

this results from a further assumption which was made. It was assumed that the 

presence of other feedstream components did not influence the concentration of 

the protein at the separating surface. It is suggested that this assumption was 

invalid and the value calculated for the concentration of protein at the separating 

surface was incorrect. Incorporation of this value into the film model led to the 

underestimation of membrane performance.
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This demonstrated that membrane performance can not easily be translated 

between scales of operation, when complex feedstreams are used, even when the 

microfiltration has been shown to follow an established membrane model.

Another approach to the scale-up of microfiltration was investigated. This was 

reported in Chapter 6 (section 6.3.2). Values of transmembrane pressure were 

calculated along the length of the pilot scale membrane cartridge. The relationship 

generated on a laboratory cartridge between transmembrane pressure and 

membrane performance were used to predict performance. This method allowed 

the prediction of transmission values as well as membrane flux values. This 

method led to a successful prediction of membrane performance.

However, verification trials using a pilot scale system were only performed at one 

operating condition. Further trials using other values of crossflow velocity and 

transmembrane pressure must be performed to confirm this scale-up method.

The work reported in Chapter 6 demonstrates the problems associated with the 

scale-up of membrane processes.

This study has led to the generation of a large amount of experimental data. This 

Chapter has discussed the findings of this work, the conclusions are reported in 

Chapter 8.
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CHAPTER 8 CONCLUSIONS

8.0 Conclusions

This thesis has studied the microfiltration of the enzyme yeast alcohol 

dehydrogenase (YADH). This work has investigated the filtration of a pure 

enzyme solution using laboratory scale equipment and the filtration of complex 

process feedstreams using pilot scale equipment. The previous chapter discussed 

the findings of the experimental work which have been described and reported 

within this thesis. This chapter expresses the conclusions and major findings of 

this work.

The work described within this thesis can be summarised as:

• The analysis of filtration data and the use of atomic force microscopy led to the 

identification of in-pore and surface deposition mechanisms. These were 

demonstrated to be responsible for the loss in membrane performance.

• Improved membrane performance was demonstrated when protein aggregation 

was minimised by the optimisation of solution conditions.

• It was demonstrated that microfiltration leads to a loss yeast alcohol 

dehydrogenase activity. This loss could be prevented by the addition of 

dithiothereitol.

• It was shown that the microfiltration of process feedstreams leads to poor 

membrane performance. It is proposed that this is due to the high concentration 

of the components within these feedstreams as dilution was shown to lead to a 

significant improvement in performance.

• Microfiltration of complex feedstreams was shown to be represented by the 

basic laws of microfiltration.

• In the isolation of YADH from baker’s yeast, it was found that microfiltration 

could successfully be used to recover the precipitant particles after the second 

ammonium precipitation step.

• Empirical factors and membrane performance relationships derived from small 

scale filtration experiments was used to successfully develop a scale-up 

strategy.
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In addition to these conclusions which are based on experimental observations, the 

following advances in membrane science have been made by this thesis:

• The high resolution offered by photon correlation spectroscopy was 

demonstrated to allow the identification of protein aggregates.

• Atomic force microscopy was shown to provide accurate characterisation of the 

membrane surface both before and after membrane use.

• The lack of extensive sample preparation techniques makes atomic force 

microsopy ideally suited for the investigation of organic and biological 

moelcules.

• Small scale crossflow experiments were used to successfully predict the 

membrane performance of a pilot scale microfiltration unit.

This thesis begins with a pure protein solution and simple membrane type and 

equipment. Knowledge gained through experimentation and mathematical analysis 

allowed this work to expand to cover the microfiltration of a complex process 

feedstream using industrial scale membrane equipment. A strategy for the scale-up 

of membrane performance was also elucidated. In conclusion, this thesis provides 

a detailed investigation into the microfiltration of yeast alcohol 

dehydrogenasefrom laboratory to pilot scale.

Chapter 8. Conclusions
214



CHAPTER 9

SUGGESTIONS FOR FUTURE WORK



CHAPTER 9 SUGGESTIONS FOR FUTURE WORK

There are three principle areas in which the present work could be expanded:

• Modelling of process microfiltration;

• Identification of the components responsible for membrane fouling; and

• Further optimisation of operating conditions for the microfiltration of process 

streams.

Many membrane models exist for the prediction of ultrafiltration and 

microfiltration performance using pure protein feedstreams. Few of these models 

can be applied to complex feedstreams and can not be used without some 

experimentation. Filtration of process feedstreams has been shown to depend on 

concentration, transmembrane pressure and crossflow velocity. These 

relationships can be taken into account. However, the exact composition of 

biological feedstreams can alter, especially if the feedstream is obtained from a 

fermentation process. A model generated must be flexible enough to cope with 

these changes. The development of a model must also be applicable in the scale- 

up of membrane processes.

The resulting expression must include structural terms to describe the membrane 

system, such as channel height, terms to describe the composition of the 

feedstream and operating factors. This could lead to the development of a series of 

models capable of predicting performance at each stage of the downstream 

process. This study has shown how the operation of small scale filtration devices 

can be used to generate sufficient data.

In a process feedstream the identification of the component or components 

responsible for the irreversible loss in membrane performance would have several 

benefits and could lead to:

• selective removal of this component;

• optimisation of conditions to minimise effect of this component; and

• use genetic engineering techniques to eliminate or modify component
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The knowledge of the fouling mechanism would also enable investigations and 

optimisation of techniques to enhance membrane performance. For example, in 

the use of back pulsing, where permeate flow is reversed to unblock membrane 

pores. If the nature of the fouling mechanism is known the pulse frequency and 

duration of the pulse could be optimised. For example, if pore plugging and 

blocking mechanisms was primarily responsible for the loss in membrane 

performance then back pulses would have to be optimised. The pulses would have 

to be sufficient to clear the pores of material and remove the materials from the 

locality of the membrane. The particles must be ‘lifted’ from the surface and into 

the crossflow region. This would ensure the material is carried out of the 

membrane unit. If performance is decreased by the presence of a compacted 

uniform cake layer stronger back pulses would have to be employed.

The identification of the fouling component would require extensive analysis of 

the feedstream, permeate and retentate. In a homogenate system, in addition to the 

measurements of protein concentration and enzyme activity, the concentration of 

lipids, RNA, DNA and polysaccharides would have to be determined. Also highly 

reproducible data must be obtained from any process steps that precede 

microfiltration. Consideration must also be given to the continual experimentation 

using one membrane system. Although cleaning techniques can successfully 

recover the initial water permeability the character of the membrane can alter with 

time.

It is suggested that investigations in processing techniques and regimes such as 

diafiltration should be performed. This project identifies that dilution of a complex 

feedstream leads to an improvement in membrane performance. It is predicted that 

diafiltration of process homogenate will also lead to an improvement in 

performance. A reduction in the protein concentration in the permeates from 

diafiltration operations will result. Therefore, further investigations must be 

performed to establish how this reduction will affect the other process procedures 

such as precipitation or chromatography.
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A p p e n d ix  2. N o m e n c l a t u r e

A Area m2

C Standard Blocking model constant m3/m3

Volume of particles deposited per unit volume of filtrate.

C Concentration g/L

D Diffusion coefficient m2/s

J Flux ms'1

Kc Cake filtration constant ( - )

Ke Erosion constant ( - )

Ks Standard Blocking model constant ( - )

L pore length m2

M unit mass deposit g

N number of pores ( - )

Q Filtrate volume m3

R Hydraulic Resistance m'1

V unit volume of filtrate m3

/  Friction factor ( - )

k mass transfer coefficient m/s

n number of pores ( - )

r radius m

I  Surface porosity ( - )

y shear rate s'1

r| kinematic viscosity Pa s

p dynamic viscosity Pa s

x shear stress Pa

Subscripts

b bulk p permeate

g gel v volume

m membrane w wall

o original
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