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Abstract 

Bentonite fining is a process used in the wine making industry to eliminate protein 

instability in white wines. It is a time-consuming batch process that generates a large 

amount of waste products known as bentonite lees (up to 10% of wine volume). This 

thesis examines the feasibility of an alternative process to replace the current bentonite 

fining process via the use of bentonite-embedded mixed matrix membranes (MMM) in 

cross-flow filtration systems. This process aims to reduce the processing time and 

reduce or eliminate the generation of bentonite lees.  

While protein adsorber membranes made using the wet phase inversion technique had 

been studied before, this thesis, for the first time, applied the use of this technology on 

real wine. MMM of different polymer matrix materials, polysulphone (PS), 

polyethersulphone (PES) and polyvinylidene fluoride (PVDF), and three different 

bentonites (one laboratory grade bentonite and two commercial grade bentonites) as 

the embedded material were fabricated and characterised using scanning electron 

microscopy (SEM), lightbox imaging, confocal scanning laser microscopy (CLSM), 

thermal gravimetric analysis (TGA), and contact angle analysis to identify the impact of 

certain membrane characteristics on the effectiveness and efficiency of the process. 

Similarly, operating parameters such as pressure and pump speed were also analysed. 

Filtered wine was examined using heat stability tests, polyphenol content via gallic acid 

equivalent analysis (GAE), and colour analysis.  

The morphologies of all the fabricated membranes were characteristic of asymmetric 

phase inversion membranes. The more hydrophilic PS and PES membranes were found 

to provide higher flux and lower rejection of polyphenols than PVDF membranes of the 

same composition, up to 91% higher flux, and 13% lower rejection of polyphenols with 
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66.7% bentonite loading membranes operating at 4.5 bar pressure. Laboratory grade 

bentonite was found to be a more efficient bentonite to use in membranes than the 

commercial variants, offering double the adsorption capacity per unit mass. Preferred 

membrane morphological characteristics were found to be a low density skin layer for 

high flux and low selectivity based on size exclusion, predominantly sponge-like 

support layer for better contact between wine and bentonite particles, and few large 

cavities which are structural weak points. The most effective membrane fabricated in 

this study was made of 10 wt% PES, 25 wt% bentonite, 65 wt% solvent. This membrane 

produced the highest flux (87.1 L/mP

2
Ph after 30 min of filtration at 3.0 bar) and best 

selectivity (96% removal of proteins and less than 5% rejection of polyphenols). Wine 

filtered using this membrane was also found to have the least negative impact via 

polyphenol concentration, taste and aroma tests. The membrane rejected proteins via 

both size exclusion via the membrane morphology and skin layer and bentonite 

adsorption where bentonite adsorption accounted for 50% of the proteins removed. 

Operating parameters such as backflushing, pressure and flow rate were found to affect 

flux performance similar to typical cross-flow microfiltration system. Therefore, 

optimisation strategies should be identical to current systems.  

Scale up estimations using best conditions and PES membrane composition found in 

this study was performed. Membrane cartridges are capable of processing wine at a rate 

of 79 L/mP

2
Ph, with adsorption capacity capable of filtering 370 L/mP

2
P of Sauvignon Blanc 

wine with protein concentration of 0.3 g/L. This is comparable to some industrial wine 

cross-flow filtration modules.  

It is concluded that this new process is a feasible replacement for the traditional 

bentonite fining process. There is the potential of combining both the bentonite fining 

and filtration stages into one process. This was capable of producing protein stable wine 

with one filtration pass with low degree of negative impacts at a higher processing rate 

and an elimination of bentonite lees when compared to the traditional batch-wise 

bentonite fining process. The benefits will ultimately be balanced by the cost of the 

filtration modules. A brief cost analysis revealed that the proposed process can be more 

economical than the batch-wise process if the membrane modules can be fully 

regenerated 3 times.   
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Chapter 1 Introduction  

1.1 Background 

Winemaking is a very old process. Throughout the centuries, the process of making 

wine had been refined and improved upon as our understanding of the chemistry 

behind the process increased [1, 2]. With the industrialization of winemaking, 

production volumes increased, causing a series of problems. One of these problems is 

protein haze. Protein haze is protein precipitates that appear as a white haze, and this is 

most commonly found in white wines [1]. Protein haze in white wines has an 

appearance of a white suspension or sediment, making it difficult to distinguish visually 

between protein haze and microbial spoilage [1]. This is also a blemish to the sparkling 

clear appearance of white wines to most consumers and is highly undesirable [1-4].  

Proteins are one of several haze causing factors in white wines [3]. Proteins come 

mainly from the grapes and yeast and those that are resistant to degradation or 

adsorption during the fermentation process are the ones that play a part in the 

formation of protein hazes [1, 4]. These are thus removed from wine via a post-

fermentation process known as fining. The most commonly used procedure for wine 

fining is the bentonite fining process [3, 4]. Bentonite, a phyllosilicate clay deposit 

consisting mainly of a mineral classified as montmorillonite [5, 6], is added to white 

wines after fermentation to electrostatically bind protein molecules. This is then 

allowed to settle before being removed, leaving a largely protein-free wine [1, 7]. While 

montmorillonite is responsible for the electrostatic binding of protein molecules, 

bentonite is the more commonly used term for clay products marketed for wine fining.  
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Bentonite is an important fining agent and bentonite fining is a reliable process for 

removing proteins and clarifying wines [3]. This is perhaps the best known commercial 

process for this purpose due to its numerous advantages: easy to perform and 

incorporate into the wine production process, and there is no special equipment 

required [3]; bentonite is an inexpensive material that is widely available and safe for 

use in food production environments [1-3, 8].  

 
Figure 1.1: Image comparing the appearance of (left) clear white wine and (right) hazy 

white wine. Image by Sluyter et al (2015) [9].  

Although bentonite fining is an effective way of removing proteins from white wine, this 

process has its disadvantages. The settling of bentonite is a slow process, and can take 

many days to weeks before the wine can be decanted off unless accelerated by 

processes such as centrifugation [10]. Another significant problem is the generation of 

lees. Lees are basically the fraction of the wine left from decanting off the bentonite-

fined wine, and are hence filled with bentonite. Because bentonite swells heavily in 

aqueous solutions as well as having poor settling properties, the lees can take anywhere 

between five to twenty percent of the wine’s volume [2, 11]. The wine in the lees, 

although recoverable via filtration processes, is of poor quality due to oxidation and 

cannot be remixed with the fined wine [1, 10]. The solid waste from the lees needs to be 

disposed of, and this causes environmental concerns. These lees thus incur significant 
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costs, both as a form of wine volume loss and of disposal. A study by Høj et al (2000) [12] 

estimated that the cost of bentonite fining is about US$300-500 million worldwide.  

Concerns had also been raised about the effect of bentonite fining on the quality of wine, 

with research indicating that the process of bentonite fining can negatively impact the 

flavour, colour and texture compounds in the wines [2, 13]. This together with the 

problems caused by the lees has prompted many research studies into both 

improvements to the bentonite fining process, and the search for viable replacement 

processes. Some of these include alternative fining materials such as silica gel, 

hydroxyapatite, and ion exchange resins [14], breaking down of proteins by proteolytic 

enzymes [11, 15], ultrafiltration [16], addition of polysaccharides and mannoproteins as 

“haze-protective factor” [17, 18], and more efficient ways of introducing and removing 

bentonite via in-line dosing [10, 19].   

Since protein haze in wine is sometimes referred to as heat instability, bentonite fining 

is also known as heat stabilisation [5]. This is only one of many stabilisation and 

clarification stages performed between fermentation and bottling. Another important 

stage is the filtration of wine, often using a variety of filters [3]. Cross-flow filtration 

with polymeric membrane filters is currently a popular technology in many industrial 

winemakers due to its many advantages over other filtration systems. This technology 

is currently not being used for the heat stabilisation of wine [3, 20, 21].  

The introduction of cross-flow filtration in the wine industry is relatively recent, 

preceded in its adoption by other food and beverage industries [20]. It is initially 

investigated as a replacement for diatomaceous earth filtration for the general 

clarification of juices and wines [3]. There are now companies that manufacture cross-

flow filtration systems and filtration cartridges specialised for wine production. There 

are also companies that hire out these systems to smaller wineries that cannot afford 

the purchase of their own system. The filtration medium used can be ceramic or 

polymer based, but is usually in the form of hollow fibres housed inside cylindrical 

cartridges [20, 22].  

The filtration medium can be made from different materials, and the combination of 

more than one material results the in development of composite membranes [23]. 

Mixed matrix membranes (MMM) is a type of composite membrane comprising of a 



4│Chapter 1 Introduction 
 

material being embedded in the matrix of a different material that binds or holds the 

embedded material together [24, 25]. The embedded materials can alter the physical 

and chemical properties of the membrane, and can take an active role in the separation 

of specific components [23, 25]. Polymers are popular materials for membranes due to 

the wide range of polymers available offering many different characteristics for 

different applications [26]. For the wine industry, polymeric microfiltration membranes 

are the most popular although ceramic membrane are also manufactured for wine 

filtration [22]. Of the many different polymers available, the polysulphones 

(polysulphone and polyethersulphone) and polyvinylidene fluoride are commonly used.  

This study then examines the incorporation of cross-flow filtration technology into the 

heat stabilisation process of white wines by the means of MMM as an alternative 

process to the conventional batch-wise bentonite fining process with the aim to 

improve efficiency and reduce waste generation.  

A concept was developed by the combination of MMM technology with the protein 

adsorption capabilities of bentonite particles. These protein adsorber membranes 

immobilise the bentonite particles, which actively adsorbs protein molecules, removing 

them from the liquid. These membranes can be fabricated using the phase-inversion 

process by dissolving the polymers in an organic solution so that the membranes can be 

cast into the desired shape. They can then be installed into conventional dead-end or 

cross-flow filtration systems to remove proteins from liquid solutions. Previous studies 

have examined the fabrication of bentonite-embedded MMM using a variety of different 

polymer materials, characterised them using several techniques, and applied them in 

the filtration of model protein solutions in dead-end filtration systems. The embedding 

of the bentonite particles altered the internal structure of the polymeric membranes 

and improved the filtration rate and the separation of protein molecules from model 

solutions [27, 28].  

While bentonite-embedded MMM showed improved separation of proteins from liquid 

solutions when compared to pure membranes, model solutions are considerable less 

complex than real solutions like juices and wines and so the performance of these 

membranes outside the tightly controlled laboratory experimental environment is 

unknown. This is a question that is explored in detail in this thesis.   
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1.2 Aims and Objectives 

The main aim of this research is to explore viability of an alternative process of wine 

fining to replace the conventional batch-wise bentonite fining of white wine to ensure 

protein stability. This new process is based on the concept of combining the adsorption 

capabilities of bentonite used in wine fining, and MMM that immobilises the bentonite 

particles in the form of membranes to be implemented in a cross-flow filtration system. 

This new process aims to tackle the two major problems of the wine fining process:  

A. Efficiency: bentonite fining is very time consuming, and the transformation from 

batch to semi-continuous process is an attempt to improve the efficiency.  

B. Waste production: lees generated during wine fining is a waste to be disposed of. 

The immobilisation of bentonite particles removes one source of lees which will 

result in a more environmentally friendly process and increase economic savings 

due to less waste disposal.  

To achieve the main aims listed above, the following areas will be investigated:  

1. To fabricate bentonite-embedded MMM using different bentonites and polymer 

materials using the wet phase-inversion process. Membranes with different 

compositions and materials will then be characterised using various techniques to 

compare the physical, mechanical and chemical properties of the membranes.  

2. Evaluate the fabricated membranes in a laboratory scale cross-flow filtration 

system. The objective is to identify important variables in the system and the 

membrane fabrication process that can be changed in order to optimise the system 

for efficiency and product quality.   

3. Determine the transport and separation properties (permeance, flux, selectivity, 

fouling) and robustness (membrane durability) of the fabricated membranes in 

fining of both model wine solutions and wines and to determine the effectiveness of 

the system as a replacement for the bentonite wine fining process.  

4. Investigate the relevance of this concept and the viability of implementing this new 

process in the industrial environment.  
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1.3 Thesis Structure 

This thesis is composed of 7 major chapters. Chapter 1 introduces the background of 

this research, outlining the problems of bentonite fining and the need for an alternative 

process. The aims and objectives of this research are also outlined here.  

Chapter 2 is a detailed review of relevant literature, covering subjects from the 

introduction to the wine making process, the current theory on protein instability and 

the bentonite fining process, the theory behind membrane based cross-flow filtration, 

and MMM.  

Chapter 3 contains the details on the materials, equipment, analysis techniques and 

experimental techniques used in this study.  

Chapter 4 examines the use of thaumatin as a protein component in model wine 

solutions. This chapter also examines the protein stability analysis techniques.  

Chapter 5 discusses the fabrication of MMM of different materials and compositions and 

their characterisation by techniques such as scanning electron microscopy (SEM), 

confocal laser scanning microscopy (CLSM), and contact angle analysis.  

Chapter 6 describes the use of the fabricated membranes in a cross-flow filtration 

system processing real unfined wine in order to identify important variables that affect 

the performance of the membranes which include the flux, rejection, and product 

quality.  

Chapter 7 explores the viability of the concept design in industrial situations.  

Chapter 8 presents the overall conclusions of this thesis.  

A bibliography is included listing the references in alphabetical order as per 

requirement by the university.  

Some results are shown in graphs with error bars. Unless otherwise stated, the error 

bars represent one standard deviation.  



 
 

 

Chapter 2 Literature Review 

2.1 The Winemaking Process – A Brief Overview 

Winemaking is a biological process where the timing and sequence of individual 

operations are important and may be different from wine to wine, from winery to 

winery. For white wines, the entire process can be summarised as follows: planting – 

harvesting – grape processing (de-stemming and crushing) – juice separation – juice 

treatment (clarification and addition of required materials for stability) – fermentation 

– aging (if required) – wine treatment (clarification and stabilisation) – bottling [3, 29]. 

A general schematic of this process is shown in Figure 2.1.  

While details for the process differ for different wines, they have common variables that 

need to be monitored. The two most important factors in all the different stages are the 

control of contaminants and the maximum preservation of sensory components in the 

final wine product. The plantation of grapes needs to take into consideration the grape 

variety, weather effects, soil composition, acidity, and time (seasons), these factors 

affects the flavour and yield of the grape fruits [3]. The harvesting, grape processing, 

and juice separation stages are mechanical stages related to the availability of 

equipment (manual or machinery-assisted) where larger wineries will use automated 

machinery to improve production [3]. Grape processing involves destemming the 

berries followed by crushing to release the grape juice. This results in a mixture of solid 

components (grape skin, flesh and seeds) and liquid component (juice) called must [3, 

29]. This is where processes start to differ for different wines. The amount of contact 

time between the grape skin and the juice, the amount and types of additives used, and 
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the timing of the removal of juice from the pulp (usually achieved via pressing and 

clarification processes), are all different with different wines. Generally speaking, red 

wines are allowed a greater contact time between the grape skin and the juice (before 

fermentation) and wine (after fermentation) than white varieties [3]. The juice must 

also be treated with the main concerns being the control of microbiological growths and 

unwanted fermentation via additives and temperature controls. Again, there are 

differences to the juice treatment process depending on the type of wine. Common 

additives here include sulphur dioxide for microbiological growth control, enzymes for 

the enhancement of the sensory properties of the final wine, and nutrients to alter the 

rate of fermentation [3, 29].  

 
Figure 2.1: An overall schematic outline of the commercial winemaking process for 

white wines including various process operations used in the production of many 

different commercial wines.  
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The juice is then fermented via the controlled addition of yeasts and this is controlled by 

the choice of yeast, the presence of additives, and process temperature. Fermentation 

converts the grape sugars into carbon dioxide and ethanol that distinguishes wine from 

juice. The fermented juice, or unprocessed wine, requires further processing before 

bottling and shipping out to consumers. These processing stages focus on the flavour, 

aesthetics and longevity of the product wine and include processes such as aging 

(flavour alteration), clarification (removal of suspended material for better aesthetics), 

and stabilisation (making sure that the wine will not degrade at different storage 

temperatures). [3] 

Heat stabilisation, also known as protein stabilisation, prior to wine bottling, is the focus 

of this research. A process commonly known as fining is what wine makers use to heat 

stabilise wine. This particular process is also more important in white wines than red 

due to the fact that aesthetic blemishes are more apparent in white wines and that red 

wines contain a high quantity of phenolic compounds and tannins that bind to protein 

molecules [3, 29].  

 

2.2 The Components of Wine – a Brief Summary 

Wine is a beverage that contains many chemical components. Ever since the 1960s, 

there have been continuous attempts to study and discover these various components 

and how they impact on the consistency of wine production, and the final quality of the 

wine. While many components had already been identified with the aid of recent 

advancements in analytical techniques (such as gas chromatography, high-performance 

liquid chromatography, and nuclear magnetic resonance) the ways different 

components interact with one another are complex and still subject to many studies. 

Knowing that a particular sensory property of a wine is not the result of a chemical 

compound but rather due to the interaction of many different components (matrix 

effect) made the studies in this field more complicated. With over 500 different 

compounds being identified from various wines, they are usually studied in groups 

based on functional groups rather than individually except for those present in large 

quantities. [30] 
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The major components of any wine are water and ethanol. Water forms the main body 

of a wine where all other chemical components are dissolved in. The percentages of the 

other wine components are generally low enough that the general physical properties of 

the wine are predominantly determined by the water component. Ethanol is only one of 

the many alcohols found in wine but it is the most abundant and important one. Due to 

the much higher content of ethanol in wine compared to other alcohols, ethanol content 

determines the alcohol content of the wine, acts as a solvent for several wine 

components (especially volatile compounds), affects the sensory properties and reacts 

to form other compounds [30]. A high ethanol content also retards the growth of 

microorganisms, and alters the perception of acidity, sweetness, feel and weight of the 

wine [30]. Other wine components are usually present in wine in much lower quantities, 

and many of them have been known to affect the sensory properties of wines in some 

ways.  

Alcohols other than ethanol, like isobutanol, methanol, methionol, hexanol, are also 

found in wines in much lower quantities [31]. They do, however, affect the flavour of the 

wine and may be unique to certain wines (3-mercaptohexan-1-ol for example, are found 

in Sauvignon blanc wines and gives a green mango smell) [30, 31]. Hexanol is known to 

produce a herb or grass-like odour, and other straight-chain higher alcohols provide a 

pungent odour that is undesirable at higher quantities [30]. The contribution to odour 

or taste from higher alcohols is generally very strong (overpowering other compounds 

at higher quantities) but in most wines, they are present only in trace quantities [30-32].  

Grape sugars, mainly glucose and fructose are found in high quantities in grape juice, 

and most of these are converted into alcohol via fermentation. Unfermented sugars are 

sometimes referred to as residual sugars and this amount varies between wine styles [3, 

30]. These affect the sweetness of the wine and may even be added post-fermentation to 

alter this characteristic [33]. Related to these are other carbohydrates of various 

degrees of polymerisation, like pectins, gums, and polysaccharides. These are only 

partially soluble and are hence mostly precipitated during fermentation. 

Polysaccharides, in particular, are carbohydrates with a degree of polymerisation over 

20 and are found in low quantities in finished wine but are still considered a major 

group of macromolecules [1, 3, 30, 34]. Polysaccharides have been found to affect the 

viscosity and stability of wine as well as interacting with polyphenols [34]. For most 
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cases, pectins, gums and polysaccharides are more of a problem during the pre-

fermentation stages (juice release during crushing) than their sensory effects post-

fermentation [33].  

Organic acids like tartaric, phenolic, malic, citric, lactic, and acetic acids is an important 

group of compounds found in wines with effects on sensory properties and more [30, 

32]. As a group, if present in higher quantities, organic acids may give the final wine a 

bitter or sour flavour, and reduce the perception of sweetness [30]. While tartaric, malic 

and citric acids mainly originate from the grapes, other organic acids like phenolic, lactic, 

acetic, and several fatty acids may be derived from other sources like yeast 

fermentation or other inter-wine-components reactions [1, 30]. In particular, tartaric 

acid (modifying acidity) and citric acid (stabilising effect and modifying acidity) are 

important additives in the winemaking process [33]. Sugar acids are generally related to 

grape infection and their effects toward sensory properties are not known to be 

significant [30, 34]. The acidity of wine is an important property in all stages of 

winemaking, affecting microbiological growth, solubility of salts and proteins, formation 

of colour pigments, controlling oxidation, and the effectiveness of bentonite fining, and 

hence is constantly monitored and adjusted [3]. Total (titratable) acidity (TA) and pH 

are the two main measurements performed in industry [33].  

Inorganic acids like carbonic (carbon dioxide) and sulphuric (sulphur dioxide) acids are 

commonly found in the form of dissolved gases. Carbon dioxide, mainly from 

fermentation, contributes little to the overall acidity of wine but produces prickling 

sensations on the tongue if present at high levels [30]. Sulphur dioxide, while it can also 

come from fermentation, are usually purposefully added to wine for several reasons. It 

has antibacterial properties and can be used to control the growth of yeasts. It is also 

used as an antioxidant, pigment bleach, and odour enhancer (fresher odour when 

reacted with acetaldehyde). The pigment bleaching property is of particular value in 

white wines to produce clearer wine but detrimental in red wines where it reduces the 

intensity of the wine colour [3]. Since sulphur dioxide is toxic at very high levels, its 

levels have to be carefully controlled during the production process [3, 30]. Dissolved 

oxygen is generally undesirable due to oxidation with phenols resulting in the browning 

of wine and with ethanol causing an oxidised taste. Therefore, care is usually taken to 

control the amount of exposure of wine to the atmosphere [3, 30, 33].  
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Polyphenols or phenolic compounds refer to a large group of compounds that include 

phenols, phenolic acids and tannins. They affect nearly all sensory properties of wines 

(appearance, flavour, feel, and odour) as well as being an antioxidant. They are found in 

much lower concentrations in white wines than in red wines. The level of polyphenols 

in wines is an important parameter and is sometimes measured via gallic acid 

equivalent (GAE) [35, 36]. Phenolic compounds can be flavonoids or non-flavonoids. 

Flavonoids affect the wine colour and make up to 85% of total phenols in red wines and 

are far lower (20%) in white wines. Non-flavonoids are generally smaller and simpler 

molecules and are the most abundant phenolic compounds in white wines. They are 

colourless, but known to stabilise red wine colour [37]. Many health effects of wine 

consumption are attributed to phenolic compounds due to their biological activities [30, 

33, 38, 39].  

Nitrogen-containing compounds forms a large group of compounds and can be 

inorganic (ammonia and nitrates), small organic (amines, amino acids) or large 

macromolecules (proteins) but only present in wines in low concentrations. These 

originate mainly from the grapes and yeast and are believed to have little impact on 

sensory properties [30]. Regardless, total nitrogen content is considered a parameter in 

wine analysis to differentiate different types of wine and to detect changes in chemical 

composition in wine during the various processing stages [40]. The most important 

nitrogen-containing compounds are the amino acids and proteins. Amino acids react 

with other wine components to form various compounds that affect sensory properties 

[30]. They are also important for yeast metabolism and hence fermentation [30, 33]. 

Proteins are important because these compounds cause heat instability in wines. The 

presence of proteins in wine is the main focus of this study and they will be discussed in 

greater detail in the following sections.  

There are other groups of hydrocarbons known to affect sensory properties: aldehydes, 

ketones, esters, and terpenes are some of the organic compounds found also in low 

quantities in wines [30]. Aldehydes and ketones are related compounds and are known 

to have significant effects on the odour [32]. Esters are believed to be aroma compounds 

adding to the complexity (usually fruity) of the odour. Terpenes are found to contribute 

herb or fruit tones to the odour and are mainly from grapes that survive fermentation 

[30-32].  
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Minerals present in wines can also affect sensory properties especially taste and 

appearance. Most minerals originate from the soil of the vineyard and will usually 

survive through yeast fermentation while some may be introduced during the 

processing stages (aluminium from bentonite fining for example) [30]. Copper and iron 

are two of the minerals found to be most actively contributing to the sensory properties, 

altering colour (blue colour from high copper content) and taste (metallic taste with 

high iron content) [30, 32].  

Of the many different wine components, minerals (metal ions in particular), phenolic 

compounds, proteins, and ethanol had been studied in great detail due to their 

significant contribution to several important sensory characteristics. Some of these 

characteristics are undesirable, like proteins precipitating to form a white haze forming 

the major objective behind this study. Proteins are the focus of this study, yet 

knowledge of the other components and the matrix effect will help in the understanding 

of any winemaking process affecting the quality of wine [39].  

 

2.3 Heat Stabilisation 

Currently, protein stabilisation of white wines is achieved by removing proteins. It is 

thus important to understand the source and types of proteins present and how they 

can be removed.  

 

2.3.1 The Wine Proteins 

Studies on the origin of wine proteins started a long time ago, in the late 1950s when 

scientists began to characterise the protein contents in wine. Throughout the years of 

studies, it is discovered that these proteins can come from three sources: grapes that 

the wine is made from [15, 18, 41-43], yeasts during fermentation [44], and micro-

organisms in wines [45]. Most of these studies conclude that while wine proteins can 

come from different sources, the most significant contributor is the grape proteins [1, 
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41, 42]. Immunological tests by Ferreira et al (2000) [43] further pinpointed the source 

of these grape proteins originating mainly from grape pulp. The levels of proteins in 

wines are considerably lower than that of grape juice and this is attributed to 

proteolysis and denaturation during fermentation [2, 41].  

These studies not only provided insight into the source of proteins but also other 

significant discoveries. Bayly and Berg (1967) [41], one of the first to characterise wine 

proteins, discovered that total protein concentration in wines is not indicative of the 

extent of heat instability. This provided initial evidence backing the theory that only 

certain fraction of proteins in wines cause heat instability [41]. This led to later studies 

into identifying different fractions of proteins where they are separated according to 

molecular weights using various adaptations of gel chromatography. Somers and 

Ziemelis (1973) [46] identified that most proteins lie between molecular weights of 10 

to 50 kDa while Hsu and Heatherbell (1987) [42] expanded upon that and found 41 

different protein fractions between the weights 11.2 to 190 kDa. Hsu and Heatherbell 

(1987) [42] then proposed that heat instability of wines is largely impacted by the 

lower molecular weight fractions (20 to 30 kDa) rather than the larger ones. It was only 

later that heat instability causing proteins are pinpointed to 2 distinct fractions (24 and 

32 kDa) by Waters et al (1992) [15].  

It took further studies to discover that the two protein fractions listed above are tracked 

to relate to the grape plants’ defence against pathogens, meaning they are essentially 

pathogenesis-related (PR) proteins [47, 48]. PR proteins are naturally highly resistance 

to proteolytic degradation in the acidic environments of wine, and are found to be 

independent of phenolic association or glycosylation [15, 49]. The 24 kDa fraction is 

found to be thaumatin-like proteins, while the 32 kDa fraction is found to be chitinases 

[47]. Both types of proteins are compact and globular, held in a folded structure by 

disulphide bonds [50]. The structure of grape thaumatin-like proteins is described by 

Marangon et al (2014) [50], who also created three dimensional structure images 

shown in Figure 2.2. Like thaumatin-like proteins of other plants, these protein 

molecules contain three domains: a central core (domain I) with two smaller domains 

(II and III). There are also disulphide bonds connecting domains I and II, and I and III. 

The molecule surface contains more hydrophilic regions than neutral or hydrophobic 

regions. By comparing three different isoforms of thaumatin-like proteins, the authors 
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discovered that they have very similar structures but slightly different unfolding 

temperatures. The authors proposed the difference in a loop region and amino acid 

composition of surrounding regions affect the hydrophobicity of certain key regions in 

the molecules which subsequently alters the solubility and aggregation [50].  

 
Figure 2.2: Three dimensional structural images of a heat unstable thaumatin-like 

protein: (a) ribbon diagram showing the three domains; (b) mapping of surface 

hydrophilicity of the molecule where blue represents hydrophilic, orange is 

hydrophobic and white is neutral. Image produced by Marangon et al (2014). [50] 

According to a study by Waters et al (1992) [15], thaumatin-like proteins result in 

larger aggregates than chitinases, forming over 50% more haze per unit weight when 

under the same destabilising conditions. A detailed study on the possible mechanisms 

using differential scanning calorimetry of these two particular proteins denaturising by 

Falconer et al (2010) [51] has proposed the possibility that it is the precipitation of 

chitinases that triggers the precipitation of other proteins due to its low maximum heat 

capacity. In particular, the study found that the rate of unfolding of chitinases can be 

calculated by the Arrhenius equation, have an activation energy of 320 kJ/mol and 

precipitate after three unfolding steps: an initial unfolding step that is irreversible, then 

a reversible step, followed by an irreversible step that results in aggregation [51].  

Since PR proteins are naturally highly stable and resistant to acidic environments and 

peptidases, it is understandable that they have significant presence in wine even after 

various processes that convert grapes into wine such as fermentation and oxidation 
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treatment [5, 15, 47]. However, even though thaumatin-like proteins and chitinases 

have been described as the major haze causing proteins, studies have found that all 

fractions of proteins in hazes indicating that they are all unstable to a certain extent [18, 

39, 52].  

Wine proteins are found to be mainly low in their isoelectric point (pI), between 4.1-5.8 

when measured by Hsu and Heatherbell (1987) [7] on white Riesling, Gewurztraminer, 

Sauvignon Blanc, and Sylvaner wines. Further studies on wine pI by Dawes (1994) [53] 

revealed that protein fractions of Gewurztraminer wine can range between 4.0-7.0 pI 

and that proteins of different pI produce hazes of different characteristics, specifically, 

higher pI proteins produce more compact haze precipitations. Santoro (1995) [54], who 

worked on Chardonnay, Verdeca, and Black Pinot wines, found the majority of the 

fractionated proteins have pI from 3.6 to 4.8.  

There has always been interest in measuring the levels of proteins in wines, although 

the results indicate great variability. In particular, different grape varieties (and thus 

wine types) can contain varying levels from 20-260 mg/L [7, 41]. This is further 

complicated by varying levels of proteins even among the same grape varieties but 

planted in different sites (between 96.5-142.7 mg/L in one case measuring Sauvignon 

Blanc wine in NZ using a modified Bradford assay) [55]. Even different analysis 

methods appear to produce different protein concentration readings [56]. Therefore, 

for research, standardised model wine solutions are used to overcome the intrinsic 

variability that using real wine creates. This approach is adopted for part of the work in 

this thesis. However, real wine samples are also used in order to more rigorously 

demonstrate that the research is applicable to industry.  

 

2.3.2 Haze Formation Mechanisms 

Currently, the mechanisms by which proteins in wines denaturise and form haze are 

still under research due to a vast number of factors that have been found to interact 

with this process. These factors include the many dissolved components in white wines 

including proanthocyanidins [44, 57, 58], phenolic compounds, organic acids, ions and 
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acidity [59-61]. The first hint to the involvement of these other factors is derived from 

the fact that total protein concentration in white wines is not an accurate measurement 

of their level of heat instability [41, 53]. Haze formation is described as a slow 

denaturisation of proteins accelerated by elevated temperatures in the presence of the 

factors mentioned above [5, 41]. The use of heat trials to force the formation of protein 

haze reveals that the haze formation process is likely the result of two different steps: 

an unfolding step where the unfolding of protein molecules is accelerated by elevated 

temperatures; and an aggregation step where the unfolded protein molecules come out 

of solution with a temperature drop causing the characteristic white haze [9]. Another 

telling result is that natural haze, when analysed for component concentration is made 

up of proteins, polysaccharides, and polyphenols where the protein fraction is not 

necessarily the biggest fraction [39].  

Several studies attempted to examine the involvement of these other factors, and one of 

the most significant of these is by Mesquita et al (2001) [59] who experimented with 

real Portuguese wine rather than model wine solutions most commonly used in 

previous studies. With regards to acidity, where a previous study by Siebert et al (1996) 

[60] found a maximum heat instability at around a pH of 4.0, Mesquita et al (2001) [59] 

contradicted it by showing that Portuguese wines displayed a decreasing heat 

instability with increasing pH all across the acidity range from 2.5-7.5. In short, white 

wines should be more stable at higher pH levels according to these studies. In the same 

two studies, a model wine solution showed that ethanol concentration also affects heat 

stability when the pH is around 4.0, although this trend does not seem to show in real 

wine [59, 60]. Ethanol content is thus not regarded as a significant contributing factor to 

wine’s heat instability. Similar results regarding haze formation and pH was found in 

the study by Dufrechou et al (2011) [62] who also proposed that a low pH increases the 

overall charge of the protein molecules resulting in increased electrostatic repulsions 

within the molecules which in turn causes unfolding.  

The ionic strength of the wine affects the haze formation as well. White wines can range 

from 0.02 to 0.1 M, and a higher ionic strength is found to increase haze formation as 

found by Marangon et al (2011) [63] and Dufrechou et al (2011) [62]. Both studies 

suggest that the increase in ionic strength decreases the electrostatic repulsion between 

protein molecules which promotes protein aggregation upon unfolding [62, 63]. While 
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sulphate ions also increase the ionic strength of wine, this particular ion appears to play 

additional roles in haze formation like enabling the cross-linking of protein aggregates 

to form larger aggregates that are visible to the naked eye (≥1 µm) [9].  

Pocock (2006) [64] did an important study that identified the sulphate ions to be a 

major factor for causing heat instability and proposed a mechanism by which sulphate 

ions caused the formation of protein aggregates. This study added heat unstable 

proteins isolated from heat unstable wine into a model solution devoid of sulphate ions 

and found that the typically heat unstable proteins did not produce haze even at 

elevated temperatures [65]. The proposed mechanism for this effect is the forced 

precipitation of proteins with sulphate ions. In fact, this mechanism has been made use 

of as a method for protein content estimation (see 33TChapter 2.4.1.233T for ammonium 

sulphate addition as a stability test). Sulphate ions bind preferably to water molecules 

that keep the proteins in solution thereby depriving the protein surfaces of water, hence 

coming out of solution. This, together with many other cations, anions and other factors 

as mentioned in this section, compound the precipitation effect finally resulting in a 

haze [5, 65].  

Polysaccharides are an important wine component and are found to have effects on heat 

instability. The effect, however, differs from compound to compound. Mesquita et al 

(2001) [59] found a positive relationship between polysaccharide concentration and 

heat instability at elevated temperatures. Waters et al (1994) [17], on the other hand, 

experimented on manno-proteins from yeasts and found that they improve heat 

stability, even classifying these proteins to be "heat-protective factor". The stabilising 

effect of yeast polysaccharides is also confirmed in a study by Vencenzi et al (2011) [66].  

Polyphenols are also believed to be a significant heat instability factor due to the 

tendency of proteins to bind with these compounds [1]. Researchers have found 

proteins being attached to tannins [57] and flavonoid [46] components, and 

procyanidins [58] have been found in isolated wine haze precipitates [1]. The study by 

Esteruelas et al (2011) [38] in particular, identified multiple different polyphenols in 

natural wine haze precipitates.  

A study by Batista et al (2009) [52] further examined the mechanics of haze formation 

across an acidity range between 2.8-3.8 and proposed an additional mechanism that is 
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most likely taking place at the higher pH levels. The authors proposed that at higher pH 

levels, proteins mostly precipitate isoelectrically, while at lower pH, they are 

denaturised due to interaction with other wine components [52]. Additional 

experiments by the same group using the same Arinto wine under the same acidity 

range revealed that common organic acids found in wine (tartaric, malic, citric, succinic, 

and gluconic acids tested at 20 mM) all improved the heat stability of wine [61].  

 
Figure 2.3: Schematic diagram showing the unfolding and aggregation mechanisms of 

heat unstable proteins such as thaumatin-like proteins (TLP in the diagram) in wine as 

proposed by Sluyter et al (2015). [9]  

Incorporating previous studies, the latest haze formation model for thaumatin-like 

proteins was described by Sluyter et al (2015) [9], illustrated by Figure 2.3. Thaumatin-

like proteins are folded and soluble after fermentation and clarification. The unfolding 

of thaumatin-like protein molecules occurs at elevated temperatures and can result in 

reversible or irreversible unfolding depending on the exposure of the hydrophobic sites 

[67, 68]. The stable molecules expose hydrophilic regions that retard aggregation and 

refold upon cooling [50, 51]. The unstable molecules expose hydrophobic regions due to 

a reduction of a disulphide bridge and can aggregate upon cooling. These unfolded 

unstable molecules will first self-aggregate followed by cross-linking in the presence of 

sulphate ions and polyphenols. Sulphate ions neutralise protein net charges and reduce 
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electrostatic repulsion while polyphenols can cross-link with protein aggregates. These 

hydrophobic interactions result in growing aggregate sizes until they become large 

enough (≥ 1 µm) to precipitate, which is also the size when they become visible to the 

naked eye [9].  

 

2.3.3 Bentonite Removal of Proteins 

Bentonite fining is the process of adding hydrated bentonite suspension to wine to 

remove proteins. Saywell, L. G. (1934) [8] published one of the earliest studies on 

bentonite as an additive in wine making although the study focused on using bentonite 

to clarify wine instead of fining. Bentonite is a clay deposit material comprising mainly 

of montmorillonite, which exists in the form of platelets made up of three layers as 

shown in Figure 2.4: two tetrahedral layers with an octahedral layer in between [6, 69]. 

The platelets are arranged in a lamellar fashion with an exchangeable cation and water 

layer sandwiched in between the platelets. In the presence of more water molecules, the 

platelet surfaces will readily bond to more water molecules, separating the platelets. 

This hydration causes the swelling of montmorillonite that result in large surface areas 

for adsorption [70]. The amount of swelling was found to be strongly influenced by the 

type of exchangeable ion as discussed in detail later [71].  

 
 

Figure 2.4: Montmorillonite. Left: SEM image of a montmorillonite particle from Tran et 

al (2012) [28]. Right: Crystal structure of montmorillonite from Alexandre et al (2009) 

[69].  
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Bentonite is hydrated before being used for fining. When hydrated, bentonite particle 

surfaces exhibit a net negative charge [5]. Proteins, with a pI higher than 4.0, exhibit a 

net positive charge at typical wine pH [7, 53]. This allows the protein molecules to 

electrostatically bind to bentonite particle surfaces [46, 57, 72, 73]. One study by Hsu 

and Heatherbell (1987) [7] found that bentonite adsorption of proteins is selective, 

favouring the higher pI and intermediate molecular weight proteins (pI of 5.8-8.0 and 

MW of 32-45 kDa). Similar results are found by Santoro (1995) [54], where proteins of 

different molecular weights were affected differently in bentonite fining and that the 

high molecular weight proteins are not completely removed. Another study by Dawes et 

al (1994) [53], however, found the exact opposite, that there is no selectivity in 

bentonite adsorption and the amount of proteins removed responded linearly to the 

amount of bentonite added. The different results can be attributed to the use of different 

methodologies and the difficulty in accurately fractionating and quantifying protein 

fractions in the presence of many other wine components.  

Blade and Boulton (1988) [72] performed an important study on bentonite studying the 

adsorption mechanics and the effect of various factors. The adsorption of protein 

molecules onto bentonite follows the solid-liquid adsorption systems with fixed amount 

of adsorption sites on the solid particle and can be described by the Langmuir and 

Freundlich equations. This means that the adsorption is an equilibrium and the study 

found that the time to reach equilibrium is less than 30s. As for factors affecting the 

extent of adsorption, the authors found that temperature has little to no effect. Initial 

protein concentration, wine acidity and ethanol content are found to affect adsorption 

capacity to some degree. A lower initial protein concentration and a higher ethanol 

content both increase adsorption capacity, while an increase in pH in the range of 3.0-

4.0 also increase adsorption capacity. These effects are, however, dwarfed by the effect 

caused by bentonite types, in particular, the difference between sodium and calcium 

bentonites, where the authors found the sodium bentonite variant has double the 

amount of adsorption capacity as any of the calcium variants. [72]  

Bentonite swells when hydrated, a result of the structure expanding, dramatically 

increasing the surface area for adsorption [3, 74]. This is believed to be a reason for why 

bentonite has higher adsorption capacity than other clay materials like kaolin [3]. The 

most commonly seen exchangeable ions are sodium (Na) and calcium (Ca) and these are 
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found to heavily affect the amount of swelling. Na bentonite swells a lot more than Ca 

varieties when hydrated [72, 74]. Where the basal spacing of Ca bentonite is measured 

in ten angstrom, Na bentonite can expand to hundreds of angstroms [71]. The difference 

in the level of swelling is believed to affect the mechanisms by which the different types 

of bentonite adsorb proteins. Proteins are believed to adsorb mainly onto the external 

surfaces of Ca bentonites while the larger degree of swelling of Na bentonites allow 

smaller protein molecules to enter the interlayer space and be adsorbed there [3, 71, 

75]. This results in sodium bentonite having a much higher adsorption capacity (about 

double) than calcium varieties of the same dose but creating a larger volume of lees in 

the process [72]. This makes the choice of bentonite important by the winemakers 

trying to strike a balance between bentonite concentration, amount of lees, time, and 

cost [5]. This balancing problem can be seen in the wine producers' choice of bentonite 

supplier where different suppliers produce bentonites of different compositions, 

particle size, extent of swelling, and even the possibility of preferentially removing 

certain fractions of proteins [76]. The most popularly used types of bentonite are Na, 

Na-Ca, and Ca but in general, Na forms have better ratio of adsorption to lees volume [5, 

72].  

While different types of bentonites have different adsorption capacities due to their 

swelling properties, different brands of the same type of bentonites are also found to 

have differences in adsorption capacity, as found by Lambri et al (2012). The authors 

attributed this to the differences in surface charge density, specific surface area, and 

swelling index that was found to be different for different brands of bentonite some of 

which not marketed for the purpose of winemaking. [76] 

Bentonite is inexpensive and easy to prepare and use. Bentonite is generally mixed with 

water into an aqueous solution, left stirring for a period of time for the bentonite to fully 

hydrate before adding to wine [7, 72]. Stirring is usually performed to properly mix the 

solution followed by settling and then separation [3]. The study by Blade and Boulton 

(1988) [72] found that the time required for proteins to adsorb onto bentonite is very 

short (under 30s in a well-mixed situation). The entire bentonite fining process can take 

up to two weeks depending on the volume of wine being processed and the equipment 

of the winery. A large portion of this time is spent waiting for bentonite to settle so that 
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it can be removed from wine via a combination of decantation, centrifugation, and 

filtration (again depending on the equipment available to the winery) [1, 2].  

 
Figure 2.5: A simplified flow diagram of the bentonite fining process showing the 

various stages: (1) the mixing of bentonite with water to create a slurry; (2) laboratory 

test on wine to estimate the amount of bentonite required; (3) addition of the required 

amount of bentonite slurry to wine; (4) mixing of bentonite and wine for protein 

adsorption; (5) settling of bentonite resulting in lees; (6) removal of wine from 

bentonite.  

The overall bentonite fining process is summarised using a simple flow diagram shown 

in Figure 2.5. The creation of the bentonite slurry in stage 1 includes a hydration period 

(a minimum of a few hours) and the bentonite concentration is known (usually 5% w/v) 

[56, 77, 78]. Various techniques can be used to estimate the required amount of 

bentonite in stage 2 as discussed in greater detail in a following section. This is 

dependent on the type of bentonite used, the type of wine being processed, and the 

quality standards of the winery. As an example, the study by Hung et al (2014) [56] 

examined the bentonite requirement to fine years 2007 and 2008 vintages of New 

Zealand Sauvignon Blanc wine from various vineyards and found bentonite 

requirements ranging from 0.5 to 1.1 g/L. While the bentonite addition in stage 3 and 

the adsorption of proteins in stage 4 take a short time, the settling of bentonite in stage 

5 can take days to weeks depending on the workflow of the winery [3]. Bentonite lees is 
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created in the settling process. The removal of the fined wine usually involves 

decantation and additional wine can be recovered from the lees using techniques such 

as centrifugation [3, 19]. The entire bentonite fining process can be performed on 

unfermented juice or fermented wine [3, 77].  

 

2.3.4 Effect of Bentonite Fining 

Bentonite, as a cation exchange material, adsorbs more than just proteins. Any 

positively charged species in wine can be adsorbed and subsequently removed with 

bentonite, as will any components bound to proteins (like some phenolic compounds) 

[2, 3, 79]. Unbound phenolic compounds are usually not removed by bentonite except 

for anthocyanins [3]. Voilley et al (1990) [13] confirmed the removal of odour 

compounds with bentonite fining. This has the potential to negatively affect the sensory 

properties of wine and forms one of the major concerns with bentonite fining [5, 8]. 

Studies that try to quantify the loss of sensory components, such as work done by 

Cabaroglu et al (2003) [80] and Lambri et al (2010) [79], report loss of odour 

compounds after bentonite fining. On the other hand, studies using sensory evaluation, 

such as work done by Leske et al (1995) [81] and Pocock et al (2003) [82], reported no 

noticeable change to sensory properties after fining. To complicate issues further, the 

study by Sanborn et al (2010) [83] found no observable difference on Gewürztraminer 

wine after fining but noticeable change in flavour with Chardonnay wine. It is likely that 

different wines are simply affected to different degrees by bentonite fining since 

different wines contain different flavour components which interact with and are 

removed to a different extent by bentonite.  

The reduction of colour is also a noted effect of bentonite fining [1, 84]. Main and Morris 

(1994) [85] performed a study using bentonite as a fining agent during the 

fermentation of Seyval Blanc wine and found that it reduced the browning of wine 

similar to the addition of sulphur dioxide. The study by Leske et al (1995) [81] tested 

both Na-Ca and Na bentonites fining Shiraz and Pinot Noir wines and found loss of 

colour density with Na bentonite removing more colour than Na-Ca bentonite. 
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Bentonite is not often used as a fining agent to adjust wine colour but has been used as a 

clarification agent helping to settle other wine components [3].  

Bentonite fining generates bentonite lees, which is a volume of wine rich in bentonite 

after settling [5]. To reduce product loss, some wine can be retrieved from the bentonite 

lees via processes such as centrifugation and filtration to compact the bentonite. Wine 

recovered from bentonite lees, however, is usually of lower quality [5]. This is generally 

attributed to the long contact time between wine and bentonite. Minimising contact 

time is a strategy studied to reduce the degradation of wine quality, and this is an 

advantage of immobilised bentonite [5, 10].  

 

2.3.5 Bentonite Regeneration 

Bentonite regeneration is the process of removing the adsorbed proteins from 

bentonite in order to reuse the bentonite. Currently, used bentonite in New Zealand and 

Australia is generally discarded via landfills. This has been raised as an environment 

issue due to the space requirement in landfills as well as possible toxicity of used 

bentonite to plant growth [86]. It also adds to the cost of production (disposal costs) 

which is expected to increase as landfill space decreases [86]. There are currently no 

known commercial processes for regenerating bentonite used in bentonite fining of 

wines [1, 5], but several processes had been proposed. These proposals can generally be 

classified into two types: removal of proteins from bentonite by desorption, or breaking 

down of proteins. The earliest work on this is probably the study by Armstrong and 

Chester (1964) [87] who removed proteins from bentonite via increasing pH. Protein 

removal was not complete, due to bentonite-protein interaction being an equilibrium. 

Churchman (1999) [86] took it further and found that the destruction of protein by an 

oxidising agent (hydrogen peroxide) followed by desorption by an alkali (sodium 

carbonate) produced better results. The author, however, suggested the use of photo-

oxidation techniques due to other regeneration techniques negatively affected the 

ability of bentonite to adsorb proteins post-regeneration [86]. Unpublished work by 

Homes, J. (2014) [88], at the University of Bath, who attempted to regenerate bentonite 
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using hypochlorite and an alkali solution, found that such regeneration treatments 

decomposes the bentonite resulting in loss of adsorption capacity.  

 

2.4 Improving the Bentonite Fining Process and 

Alternative Heat Stabilisation Processes 

While bentonite fining is one of the most commonly seen processes for protein 

stabilisation, there are several problems associated with this process: the time 

requirement for the process, the possibility of negative impact on flavour, and waste 

disposal (33TChapter 2.3.333T to 33T2.3.433T). Bentonite is not soluble in wine, and will settle 

(gravitational) after a period of time. The top, clear wine is usually decanted off leaving 

the bentonite-rich lees behind (racking). The lees can take up to 20% of the volume of 

wine according to some research (Lagace and Bisson, 1990 [11]) or a more commonly 

quoted 5 to 10% (Tattersall et al (2001) [89]). Even with separation processes such as 

vacuum filtration, the volume of wine loss is significant and can amount up to a volume 

of 400 million litres, or $500 million worth of wine worldwide per year (estimate made 

in 2001) [89]. These form the drive to seek improvements to the bentonite fining 

process, and different studies had been made in this field [1].  

 

2.4.1 Improving Heat Instability Estimation 

Minimising the use of bentonite is one way of reducing the amount of lees and 

subsequently, solid waste produced. This can be achieved by more accurately 

determining how much fining a batch of wine requires. There are many different ways 

currently being used by the wine industry to determine how much bentonite is required 

for fining. Since the measurement of wine protein concentration alone is not an accurate 

analysis (33TChapter 2.3.333T), the most popular methods for determination involves 

laboratory fining trials simulating heat instability by significantly accelerating protein 

precipitation in wine samples  [1, 18, 78]. These can be done by heat or the addition of 
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chemicals but can give very different results [5, 64, 78, 90]. While these methods have 

varying degrees of accuracy, the common trend is that they tend to overestimate the 

amount of fining to achieve heat stability [5, 64]. Different wineries can use different 

types of bentonites and different analysis methods, and so the determination of amount 

of fining a batch of wine needs can be different from winery to winery. However, there 

are a few commonly used analysis methods that had been studied in greater detail.  

 

2.4.1.1 Current Wine Protein Analysis Techniques 

In research and studies, high precision protein analysis techniques can be utilised to 

determine the concentration of proteins. These techniques are typically highly specific 

to proteins, able to determine not only the concentration but sometimes even the 

separation of the proteins into their component fractions based on molecular size or 

weight [91]. Examples of such techniques are the enzyme-linked immunosorbant assay 

(ELISA) [1, 43], liquid chromatography techniques such as fast protein liquid 

chromatography (FPLC) [39, 92], gel electrophoresis techniques such as sodium 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) [55, 56, 76, 93] and 

lithium dodecyl sulphate polyacrylamide gel electrophoresis (LDS-PAGE) [7, 55], and 

the Bradford assay [94, 95]. These procedures are generally modified to better 

accommodate for the interferences from other wine components.  

Electrophoresis, in particular, are frequently used to identify different fractions of 

proteins in wine based on molecular weight. The identification of thaumatin-like 

proteins and chitinases as the main contributors to protein stability was largely assisted 

by SDS-PAGE techniques [48]. This technique allows the separation of proteins based on 

molecular size and charge by using a gel that acts as a molecular sieve. Proteins travel 

along the gel medium by means of an electric field where smaller molecules or those 

with stronger charges diffuse faster [96-98]. An example of electrophoresis results for 

NZ Sauvignon Blanc wine can be seen in Figure 2.6.  

While these techniques are very precise and accurate, they are nevertheless unsuitable 

for use in industry due to several reasons. First of all, these techniques are too specific 

to proteins, and while the analysis of protein concentrations and components are 
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important, these results give limited outlook on stability estimations, and so, are better 

suited to the study of the chemistry of protein haze formation (33TChapter 2.3.233T) [2, 43]. 

Second, most of these techniques require expensive reagents and complex sample 

preparations that involve isolating proteins from other components that may cause 

interference [2, 99]. The low concentrations of proteins in wines add to the complexity 

of sample preparation techniques as well [2]. This again, while allowing for accurate 

results, is less desirable to wine makers than less expensive and complex techniques 

more specifically tailored to estimate protein instability in wine. Third, different 

analysis techniques can give very different results, even techniques based on similar 

mechanisms like SDS-PAGE and LDS-PAGE as Hung (2010) [55] had found. Lastly, as 

mentioned in 33TChapter 2.3.133T, protein concentration does not directly correlate to protein 

instability.  

 
Figure 2.6: Electrophoresis results of NZ Sauvignon Blanc wine performed by Hung 

(2014). The different lanes show wine from different vineyards in the Malborough 

region. [56] 

There had been protein analysis techniques tailored specifically for use in the wine 

industry to predict stability in the form of a commercially developed ELISA kit, but the 

technique and results resemble stability tests rather than protein analysis.  
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2.4.1.2 Wine Stability Tests 

Ultimately, wine makers rely on stability tests to determine the amount of treatment a 

batch of wine requires to achieve stability [78, 90]. Stability tests generally involve 

forcing the dissolved proteins to come out of solution using various means. Wine 

samples treated with various known concentrations of bentonite are then subjected to 

these stability tests to determine the correct amount of bentonite concentration to 

achieve heat stability [5, 78]. The means to force proteins to precipitate can be classified 

into two main categories: heat and chemical additives.  

The heat tests subject treated samples of wine to an elevated temperature for a set 

amount of time before cooling them. This forces the precipitation of the remaining 

proteins so the turbidity of the samples, measured using a nephelometer, reporting 

results in Nephelometry Tubidity Units (NTU), can be analysed [77, 78]. A sample of 

wine (and hence the corresponding bentonite concentration) is considered protein 

stable if the increase in turbidity is low enough (different wineries may have slightly 

different standards depending on the details of the tests being performed). Turbidity 

meters are generally used for this purpose although ultraviolet-visible spectroscopy 

(UV-Vis) measuring absorbance at 520 nm can also be used [64]. Some known heat 

treatment schemes are: 80 °C for 6 hr [5, 55], 80 °C for 16 hr, 90 °C for 1 hr [55, 78], and 

60 °C for 4 days [78], followed commonly by 4 °C cold storage overnight prior to 

turbidity measurements.  

Chemical additives involve the addition of chemicals that bind to protein particles 

forcing them to precipitate. Some chemicals that are known to be able to precipitate 

proteins are trichloroacetic acid, ammonium sulphate, ethanol, tannin, or specialised 

solutions developed commercially for this purpose like Bentotest and Prostab® [78, 90]. 

The amount of precipitation can then be measured by turbidity measurements or light 

absorption (UV-Vis). 

Generally speaking, while heat tests are considered more accurate at predicting 

bentonite dosage requirements, the sample sizes and time required per sample test are 

significantly higher than tests via chemical additives. Test sample size is less of an issue 

in larger wineries processing batches in tonnes even though the sample volume in heat 
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tests can be up to two orders of magnitude higher than in chemical additive tests. The 

difference in test time is generally more noticeable, with the most heat tests having an 

overnight storage at low temperatures in their methodology, while many of the 

chemical additive tests can be completed in minutes. [78] 

Even though all of these tests operate under the same principle (to forcefully precipitate 

dissolved proteins in wines) the results had been found by some studies to be different. 

Hung (2014) [56], Esteruelas et al (2009) [78], Pocock and Waters (2006) [64], 

Sarmento et al (2000) [100], Toland et al (1996) [90], Dawes et al (1994) [53], and Berg 

and Akiyoshi (1961) [101] all studied the differences between the various stability tests 

and the naturally occurring precipitates, and the general consensus with all these 

studies is that the stability tests did not produce the same precipitate composition, and 

that they typically overestimate the amount of bentonite required to achieve stability, 

resulting in the possibility of winemakers overfining the wine [5, 78].  

All of the above-mentioned studies refer to the heat tests as the most widely used 

technique in the industry, based perhaps in the fact that heat tests most closely mimics 

naturally occurring precipitates (heat driven instead of chemically driven) [78]. The 

heating scheme was found to have an effect on the composition and amount of 

precipitates. Hung (2010) [55] discovered that the treatment temperature related 

directly to the amount of precipitate, while the treatment time was the opposite 

(inverse correlation). Esteruelas et al (2009) [78] compared the composition of the 

precipitates and found that a higher temperature with a shorter treatment time (90 °C 

for 1 hour versus 60 °C for 4 days) produced precipitates with a composition that better 

matched naturally occurring precipitates.  

Of the different chemical additives tested by Esteruelas et al (2009) [78], ethanol 

precipitated far more polysaccharides than the others resulting in significant 

overestimation of bentonite requirement. All other tested additives like tannin, 

ammonium sulphate, trichloroacetic acid, and Prostab® precipitated most dissolved 

proteins in wine, a higher amount than naturally occurring precipitates, but with similar 

compositions 

In summary, the heat tests remain the most used standard test for wine heat stability, 

with higher heating temperatures and lower heating time being discovered to have a 
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closer resemblance to naturally occurring precipitates. Chemical additives, while they 

may be less accurate than heat tests, can produce results in only a fraction of the time.  

 

2.4.2 Optimising the Application of Bentonite 

The conventional bentonite fining process is a batch process with several significant 

problems. While the adsorption speed of proteins onto bentonite has been found to be 

rapid (achieving equilibrium under 30s) by Blade and Boulton (1988) [72], the entire 

fining process is very time consuming. It can take several days to weeks for the 

bentonite to settle [10]. The result of this is a long period of contact time between the 

bentonite and wine components. This is undesirable especially with studies finding that 

bentonite can adsorb odour compounds as well as proteins [79]. One possible 

improvement to the conventional bentonite fining process is in-line dosing of bentonite 

rather than batch-wise addition.  

Studies like Muhlack et al (2006) [10] and Nordestgaard et al (2007) [19] examined the 

viability of this process. In-line dosing works by injecting hydrated bentonite into 

moving streams of unfined wine [10]. Together with centrifugation or filtration stages, 

this alternative process aims to minimise the amount of contact time between bentonite 

and wine and consequently speed up fining time and reduce lees production [10, 19]. 

This also presented the possibility of converting the traditional batch process into a 

continuous one and forms one of the major aims for this research.  

Muhlack et al (2006) [10] and Nordestgaard et al (2007) [19] both found that the 

amount of contact time between bentonite and wine required for fining was short (2 

min and 3 min respectively). Centrifuge was used in both studies to remove the 

bentonite after fining, but encountered bentonite carryover into the processed wine, 

requiring further processing such as filtration or another stage of centrifuge. This 

process also did not alter the amount of bentonite required to achieve stable wine. It 

was also found that this process did not significantly affect the sensory properties, 

which is a significant advantage of this process.  
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2.4.3 Alternative Fining Agents 

Bentonite’s biggest advantages in its use in wine fining are its low cost, high adsorption 

capacity and adsorption rate of proteins. Its biggest disadvantages are the large volume 

of lees (swelling) and the difficulty in removing it after fining. One of the avenues of 

improving on the fining process is to look for an alternative to bentonite as the fining 

agent. There are many materials being studied as possible alternatives to bentonite, the 

most prominent ones being alternative clays, ion exchange resins, silica gel, and 

hydroxyapatite. The fining agent of focus in this study is bentonite due to the 

advantages listed above in addition to stronger industrial relevance (most of the 

alternative fining agents listed below are not in use in the winemaking industry yet).  

A study carried out by Sarmento et al (2000) [14] examined and compared all of the 

above mentioned materials and find that many different of them can be used as an 

alternative to bentonite. The clays and ion exchange resins, in particular, followed the 

Langmuir isotherm, indicating that they behave similarly to bentonite, albeit at lower 

adsorption capacities. Silica gel and hydroxyapatite did not follow the Langmuir 

isotherm.  

Silica gels have been used in the beer industry to remove haze-causing proteins, not 

unlike how the wine industry uses bentonite. Mesoporous silica gels, in particular, had 

been found to be able to selectively remove lower molecular weight protein from beer. 

The main disadvantages of silica gel, when compared to bentonite, is the lower 

adsorption capacity (0.134 mg/mg compared to 0.702 mg/mg according to Sarmento et 

al (2000) [14]), and some legislation restrictions on its use in food processing in some 

countries [3].  

Hydroxyapatite is a well-known biomaterial capable of protein adsorption, particularly 

in bioengineering and medical research [102]. There are numerous studies on the 

adsorption of proteins onto hydroxyapatite but very few on the use of this material in 

the wine industry despite its capabilities. Research projects are currently being run in 

parallel to this in discovering the use of this material in wine fining.  
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2.4.4 Proteolytic Enzymes 

One possible alternative to protein removal from wine is the degradation of protein 

molecules using proteolytic enzymes [2]. These enzymes break down protein molecules 

into smaller peptides or amino acids and can be extracted from different sources such 

as grape and yeast. Protease is found naturally in plants and targets protein molecules 

specifically unlike the non-selective nature of many different additives used for heat 

stabilisation [2, 9, 15]. This has the potential of minimising wine loss and sensory 

quality degradation.  

Studies like Heatherbell et al (1984) [103], Lagace and Bisson (1990) [11], Waters et al 

(1992) [15], Pocock et al (2003) [82], and Marangon et al (2012) [104] used proteolytic 

enzymes from multiple sources with a combination of various degrees of heat treatment 

to remove haze-causing proteins from wines. The conclusion from these studies 

revealed that wine proteins are not hydrolysed at low temperatures (15 °C) [2, 15]. It 

was only with the addition of high temperature (90 °C for 1 min) treatment that 

significant protein degradation was achieved [82]. Pocock et al (2003) [82] found that 

proteolytic degradation of wine proteins occurs during the heating up stage and not the 

holding stage. Sensory effects from the combined heat and enzyme treatment were also 

found to be minimal [82, 104]. Similar results were found in the study by Marangon et al 

(2012) [104] who used different enzymes and heat treatment scheme (75 °C for 1 min).  

The important discovery from these studies is that the haze-causing proteins are 

naturally resistant to proteolytic degradation rather than the presence of proteolytic 

inhibitors or protective compounds in wine [2, 15]. This led to the discovery of haze-

causing proteins being PR proteins mentioned earlier. With continuing research and 

discoveries of haze-forming mechanisms, researchers are narrowing down on the more 

effective enzymes and heat treatment schemes (flash pasteurisation) for heat 

stabilisation with minimal sensory quality loss [9].  
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2.5 Membrane Technology and Cross-Flow 

Filtration 

2.5.1 Membrane Technology 

Membrane technology is a highly effective technique used in the process of separation 

in many different industries. Water purification, food processing, pharmaceuticals, 

petrochemicals, and many other industries have already adopted membrane separation 

technology [26, 105, 106]. Different materials and fabrication processes allow 

membranes to be adapted to many different applications like nano-filtration, ultra-

filtration, micro-filtration, corrosive components, food safety standard compliance, 

continuous processes, and many more [26, 105]. Membranes can be classified by the 

process they are designed for, and these are based on the size of the pores or the 

mechanism by which the membranes achieve separation. Figure 2.7 presents the most 

commonly seen membrane-based separation processes for liquid separation.  

 
Figure 2.7: Pressure driven membrane-based separation process classifications based 

on pore size. [26] 
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Polymer materials are frequently used in the fabrication of membranes with new 

materials being constantly studied and examined for their viability in different 

applications (polymeric membranes). A few membrane materials are already well 

established in the use in food and beverage industries and these include polysulphone 

(PS), polyethersulphone (PES), polyvinylidene fluoride (PVDF), polypropylene (PP), 

polyamide (PA), polyimide (PI) and more. The difference in the membrane material and 

their fabrication techniques allow for variations in porosity, hydrophilicity, mechanical 

strength, and chemical stability, granting polymeric membrane enormous flexibility in 

separation process adaptation. [105] 

PS and PES are both in the polysulphone family and contain sulphone groups and 

aromatic hydrocarbons in the polymer units [107]. They are thermoplastics with good 

mechanical strength and thermal and oxidative resistances, both highly valuable 

properties to food processing industries. Being resistant to alcohols and acidic 

environments over a wide range of concentrations make these polymers excellent for 

wine processing. Both polymer forms are fully amorphous, resulting in good light 

transmittance with a yellow (PS) or amber (PES) shade [107]. Depending on the 

thickness, membranes made using these polymers are flexible. Both polymers can be 

dissolved easily in highly polar solvents like aniline and N-methyl-2-pyrrolidone (NMP). 

PES has a higher glass transition temperature than PS due to larger number of sulphone 

groups in the polymer structure as can be seen in Table 2.1 [107]. This structural 

difference also means that PS is more hydrophobic than PES leading to lower flux when 

used in aqueous filtrations [107, 108].  

PVDF is also a popular thermoplastic for use in many industrial processes. Like the 

polysulphone family, PVDF combines high mechanical strength with high thermal 

resistance. It is also highly chemical resistant, ultraviolet resistant, oxidation resistant, 

and hydrophobic [105, 109]. PVDF membranes display rubbery characteristics and are 

highly flexible (depending on thickness). However, it has been found that PVDF fouls 

easily, as a membrane, by proteins and oils, making it less desirable for wine processing 

than PS or PES. The method of PVDF membrane fabrication is similar to that of PS and 

PES. When PVDF solidifies from the casting solution, the polymer crystallises into four 

different polymorphs (α, β, γ, and δ), which can be characterised using infra-red 
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spectroscopy [109, 110]. The polymorph can be controlled by the precipitation 

conditions [109, 110]. The repeating units of PVDF molecules are shown in Table 2.1.  

Table 2.1: Structures of the repeating unit in several popular membrane polymers 

Polymer Structure 

PS 

 
PES 

 
PVDF 

 
 

2.5.2 Dead-End Filtration and Cross-Flow Filtration 

Cross-flow filtration is a process already in use in the wine industry, seen in larger 

wineries to clarify wine prior to bottling. There are several companies that manufacture 

cross-flow filtration systems specifically designed for wine clarification, and companies 

that hire the use of such systems to wineries not large enough to afford such systems 

[20, 22]. Dead-end filtration differs from cross-flow filtration in the flow direction and 

the subsequent mechanisms of separation. In dead-end filtration, the feed stream 

direction is perpendicular to the surface of the filter medium (Figure 2.8) [26]. A cross-

flow filtration system contains three main flow streams (Figure 2.8): the feed, retentate 

and permeate. The feed stream flows parallel (tangential) to the surface of the 

membrane, a fraction of the fluid passes through the filter medium with some solute as 

the permeate, and the fluid fraction that did not pass through the membrane is the 
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retentate, more concentrated in solute than the feed stream [26, 111]. The separation of 

components in the fluid stream is determined by the filter medium which can be of 

different materials depending on the application of filtration. For aqueous solutions like 

wine, polymeric membranes are more frequently used [22]. For both types of filtration, 

the feed stream is pressurised and this provides the major driving force for trans-

membrane mass transport. The pressure difference across the membrane is known as 

trans-membrane pressure (TMP) [26, 106, 111].  

 
Figure 2.8: A general schematic diagram of a dead-end filtration system and a cross-flow 

filtration system.  

The difference in flow streams between dead-end and cross-flow filtration result in 

difference advantages and disadvantages between the two operation modes. Due to the 

direction of the driving force, all the retentate gather on the surface of the membrane 

resulting in membrane surface fouling. This fouling impedes trans-membrane mass 

transport, resulting in reduced flux and can increase retention of particles [111, 112]. 

The rate of fouling depends on multiple factors discussed in greater detail in a following 

section. In general, dead-end filtration is more popularly used in low fouling situations 

such as water filtration due to the lower energy requirements when compared to cross-

flow filtration in such situations [111]. Surface fouling is undesirable and requires 

periodic backwashing and/or cleaning to remove [111, 112].  

In cross-flow filtration systems, the continuous flow of liquid across the surface of the 

membrane as the system is operating washes off some of the filtered solute off the 

membrane surface, thus slowing the build-up of surface fouling [113]. This self-cleaning 

property of cross-flow filtration systems is one of the major advantages, although it still 



38│Chapter 2 Literature Review 
 

does not eliminate the problem of membrane fouling. Just like dead-end filtration, 

backflushing, periodic physical and/or chemical cleaning or even replacement of the 

membrane is required to ensure optimal performance of the filter medium [106]. 

Fouling reduces the flux across the membrane by blocking the membrane pores by 

solutes in the feed stream, which in wine streams, consist mainly of suspended solids 

[27, 28, 114]. Cross-flow filtration usually contains a small amount of dead volume 

[111]. In terms of the winemaking industry, cross-flow filtration is the more relevant 

process due to the large amount of foulants in wine (discussed later) and will be the 

focus in this thesis [115].  

Important process parameters for cross-flow filtration include membrane rejection, flux 

and permeance. Rejection is a parameter calculated from the change in solute 

concentration from feed stream to permeate stream (equation 2.1). Flux is defined as 

the flow rate of material across a unit area of the membrane (equation 2.2). Permeance 

is the flux per unit pressure (equation 2.3). These three parameters provide the 

required information to determine the effectiveness of the membrane and the viability 

of the filtration system. [106] 

𝑅𝑅 = 1 − 𝐶𝐶𝑝𝑝
𝐶𝐶𝑓𝑓

         (2.1) 

𝐽𝐽 = ∆𝑉𝑉
𝐴𝐴∆𝑡𝑡

          (2.2) 

𝐾𝐾 = 𝐽𝐽
∆𝑃𝑃

          (2.3) 

Where 𝐶𝐶𝑝𝑝 is the concentration of solute in the permeate stream, 𝐶𝐶𝑓𝑓 is the concentration 

of solute in the feed stream, 𝑉𝑉 is volume of material, 𝐴𝐴 is area of membrane, 𝑡𝑡 is time, 𝑃𝑃 

is TMP, 𝑅𝑅 is membrane rejection, 𝐽𝐽 is flux across membrane, and 𝐾𝐾 is the membrane 

permeance.  

The most important parameters of a filtration are the rate of output (characterised by 

filtration rate, flux or permeance), and the quality of output (characterised by rejection 

and selectivity). The rate of output is mainly controlled by the permeability of the 

membrane while the quality of output by the interaction between the membrane 

materials (materials properties) with the solvent and solute of the feed [105, 106, 111]. 
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Fouling and concentration polarisation affect both the rate and quality and are 

discussed below.  

 

2.5.3 Membrane Properties and Transport Theory 

Membranes can be classified as either symmetric or asymmetric. Symmetric 

membranes have a consistent structure across their thicknesses [105]. The flux of 

symmetric membranes is dependent on the membrane thickness where thick 

membranes are not practical due to low flux [24]. Asymmetric membranes have 

changing internal structure, porosity or composition across the thickness of the 

membranes [105]. An important type of asymmetric membranes is the Loeb-

Souriranjan membrane first made by Loeb and Souriranjan around 1960. The Loeb-

Souriranjan membrane was later known as a type of phase separation membrane and 

the process of fabrication is known as the phase separation, phase inversion, or the 

polymer precipitation process [24]. These membranes generally have a layered 

structure where the top layer is very thin and selective followed by much thicker 

substrate layer/s that provides mechanical strength. This allows the membranes to 

maintain high flux without sacrificing mechanical strength required for basic handling 

without breakages [24]. Asymmetric membranes can also be composite membranes, 

where a second material can be added to alter the properties. In the case of mixed 

matrix membranes (MMM), this second material may be added in the form of particles 

during the fabrication process [25, 27]. This alters the structural characteristics, 

mechanical and chemical properties of the membrane or it can act as an active 

component with the membrane being the supporting structure [25, 27, 105]. SEM 

images comparing symmetric and asymmetric membranes can be seen in Figure 2.9.  

In all membrane separation techniques, the membrane is used as a barrier to separate a 

certain component or group of components from the feed. Mass transfer through the 

membranes is usually through a diffusion-based (solution diffusion) mechanism or pore 

flow as shown in Figure 2.10. In the case of non-porous (dense) membranes, diffusion 

occurs and is usually driven by pressure or solution concentration. In nanofiltration, 

ultrafiltration or microfiltration processes, mass transfer occurs mainly through pore 
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flow, where molecules smaller than the pores can flow through the membrane, while 

larger molecules are trapped or rejected. Flux in pore flow membranes is generally 

higher than solution diffusion membranes. [116] 

  
Figure 2.9: SEM images showing the difference between (a) asymmetric and (b) 

symmetric PVDF membranes. [110] 

 
Figure 2.10: Schematic diagram showing the difference between the pore flow model 

and the solution-diffusion model for trans-membrane mass transport. [116] 

The driving force for diffusion in the solution diffusion model is a concentration 

gradient. This can be described by Fick’s law of diffusion shown in equation 2.4 [116]. 

When a semi-permeable membrane is placed between solutions of different 

concentrations, molecules will diffuse through the membrane from the high 
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concentration side to the low concentration side. In the filtration scenario, matter in the 

feed side molecularly dissolves into the polymer membrane followed by diffusion 

through the membrane before leaving as permeate. The dissolution and rate of diffusion 

determines the separation of species. This model is normally used to describe mass 

transport through non-porous or dense membranes. These types of membranes are 

often found in processes such as reverse osmosis, dialysis, pervaporation, and gas 

permeation [116-118].  

𝐽𝐽𝑖𝑖 = −𝐷𝐷𝑖𝑖
𝑑𝑑𝑑𝑑𝑖𝑖
𝑑𝑑𝑑𝑑

         (2.4) 

Where 𝐽𝐽𝑖𝑖  is the flux of component 𝑖𝑖 , 𝐷𝐷𝑖𝑖  is the diffusion coefficient, and 𝑑𝑑𝑑𝑑𝑖𝑖
𝑑𝑑𝑑𝑑

 is the 

concentration gradient of component 𝑖𝑖. [116] 

The pore-flow model is generally used to describe transport (convective) through 

capillaries or porous mediums down a pressure gradient. This can be described by the 

Darcy’s law shown in equation 2.5 [112, 116]. In this model, the pore properties such as 

pore size, porosity and microstructure, are the most important factors at determining 

flux and separation. Because different membranes can have very different 

microstructures, the mechanisms by which separation is achieved can differ 

significantly. For example, with asymmetric membranes with a dense top surface, 

separation mainly occurs at the membrane skin layer. Molecules are excluded when the 

size and/or shape do not allow the molecules to flow through the pores. Molecules can 

also be adsorbed onto the membrane surface or in the membrane microstructure while 

flowing through the pores. This adsorption is commonly electrostatic and is hence 

dependent on the charge of the molecules and the membrane material. Molecular 

sieving occurs when the membrane pores are small enough (typically occurs in nano-

filtration) [116, 119-121].  

𝐽𝐽𝑖𝑖 = 𝐾𝐾𝑐𝑐𝑖𝑖
𝑑𝑑𝑝𝑝
𝑑𝑑𝑑𝑑

         (2.5) 

Where 𝐾𝐾 is the transport coefficient and 𝑑𝑑𝑝𝑝
𝑑𝑑𝑑𝑑

 is the pressure gradient in the membrane.  

There are other mechanisms researchers used to explain the flux behaviour of 

membranes, especially those with very small pores like nanofiltration membranes. In 

addition to the pore-flow model, other mechanisms include Donnan exclusion and 
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dielectric effect [122]. Donnan exclusion is used to describe the filtration of charged 

molecules. Ionisable groups on the membrane surface and pores result in charged 

groups when the membranes come into contact with the solution to be filtered [123]. 

An electric potential known as Donnan potential exists between the membrane and the 

solution and charged molecules are either electrostatically adsorbed (counter-ions) or 

repelled (co-ions) resulting in membrane rejection of the charged species [122, 123]. 

This mechanism formed a major part of the Donnan-Steric-Pore-Model first proposed 

by Bowen et al (1997) [124] to characterise nano-filtration membranes for filtration of 

salts [124, 125]. Dielectric exclusion is a mechanism still under research and is another 

charge-based mechanism caused by the confinement of space in nano-filtration 

membranes. The proposed mechanism describes the passage of solutes and solvent 

through the nano-scale pores. The drag force created by the passage of solvent through 

confined space hinders the passage of solute resulting in both convective and diffusive 

transport [123]. Therefore, flux prediction models for nano-filtration membranes have 

to include different mechanisms and a recent model is the extended Nernst-Planck 

equation for the transport of an ion in a solution through the membrane as shown in 

equation 2.6 [123]. Donnan exclusion and dielectric exclusion will not be explored 

further in this thesis due to the focus on microfiltration.  

𝐽𝐽𝑖𝑖 = −𝐷𝐷𝑖𝑖,𝑝𝑝
𝑑𝑑𝑑𝑑𝑖𝑖
𝑑𝑑𝑑𝑑
− 𝑑𝑑𝑖𝑖𝐷𝐷𝑖𝑖,𝑝𝑝

𝛾𝛾𝑖𝑖

𝑑𝑑𝛾𝛾𝑖𝑖
𝑑𝑑𝑑𝑑
− 𝑑𝑑𝑖𝑖𝐷𝐷𝑖𝑖,𝑝𝑝

𝑅𝑅𝑅𝑅
𝑉𝑉𝑠𝑠𝑖𝑖

𝑑𝑑𝑝𝑝
𝑑𝑑𝑑𝑑
− 𝑑𝑑𝑖𝑖𝐷𝐷𝑖𝑖,𝑝𝑝

𝑅𝑅𝑅𝑅
𝑧𝑧𝑖𝑖𝐹𝐹

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝐾𝐾𝑖𝑖,𝑑𝑑𝑐𝑐𝑖𝑖𝑉𝑉   (2.6)  

Where 𝑉𝑉 is the solvent velocity.  

Hydrophilicity (and by extension, hydrophobicity and membrane surface energy) is an 

important parameter to consider in the choice of a polymer material for membrane 

separation processes. Hydrophilicity determines extent the polymer will be wetted by 

water, and in turn multiple properties of the final membrane. This is particularly 

important in aqueous systems like water treatment and wine where there are both 

organic components and water. A higher hydrophilicity is found to result in a higher 

permeability of water through pores of the same size due to better wetting of the 

membrane surfaces [106]. This is reflected in filtration systems requiring a lower 

system pressure to produce the same flux [28]. A higher hydrophilicity is also less likely 

to foul since fouling agents are usually organic and thus attach easier to surfaces with 

lower hydrophilicity [105, 106]. The hydrophilicity of membrane surfaces can be 
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measured by the contact angle of a droplet of water on the surface [126]. For polymer 

membranes, the hydrophilicity can also be modified by additives during the formation 

process or by coating [106].  

Pore size and structure in microfiltration and ultrafiltration membranes is considered 

the major factor determining the selectivity of a membrane while also having significant 

effects on the flux [26]. The pore-flow model is more commonly used here and 

separation of solute from solvent is typically through size exclusion. The pore diameters 

of membranes usually exist in a range and can be reported as an average pore diameter 

or maximum pore diameter. With smaller pore sizes like in ultrafiltration membranes, 

molecular weight cut-off (MWCO) values may be used instead (the molecular weight of 

molecules, in Daltons, where 90% of the solute are rejected by the membrane) [26]. In 

mathematical models, the membrane pores are usually assumed to be circular in cross-

section. The pore size distribution of membranes can be characterised using bubble 

point method or by high magnification microscopy [111, 127]. In wine clarification, a 

commonly used pore size is 0.45 µm to remove suspended particles and colloids, but 

lower pore size membranes are sometimes used to remove microbiological organisms 

like bacteria [115].  

 

2.5.4 Factors Affecting Cross-Flow Filter Performance 

There are multiple factors that affect the flux in the cross-flow filtration system. The 

filter mediums used in the beverage industry is most frequently ultrafiltration and 

microfiltration, both of which are predominantly pressure-driven processes, and 

microfiltration appears to be the most common form of filtration seen in winemaking 

[115]. The main factors include the velocity of the feed stream, TMP, temperature, 

solution pH, anti-fouling measures, concentration, and membrane properties such as 

pore size, and hydrophilicity and surface charge. The flux in cross-flow filtration is 

dynamic, usually decreasing as the filtration operation progressed due to fouling and 

concentration polarisation. These effects interact with the factors mentioned earlier and 

increase the complexity of accurately modelling cross-flow filtration flux [111, 112].  
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2.5.4.1 Fouling 

Fouling is one of the most important mechanisms by which the performance of filtration 

is changed during operation. Membrane fouling causes flux decline which is a loss of 

output and thus an increase in operation time and cost [26]. Fouling is caused by the 

interaction between the particles in the feed solution and the membrane surface or 

pores resulting in loss of permeability, and can be irreversible [111]. The membrane 

properties like hydrophilicity, pore size and structure, and properties of the solutes and 

solvent of the solution affect the rate of fouling. This can occur on the surface of the 

membranes or inside the porous structure generally as a result from adsorption, pore 

plugging or precipitation [111]. Therefore, the design of a filtration process put a lot of 

emphasis in minimising fouling.  

Pore blocking is one of the major forms of fouling in microfiltration and ultrafiltration 

membranes. While the solvent can travel through a membrane easily, solute particles 

similar or larger sized than the membrane pores are rejected by the membrane. These 

particles may diffuse back into the bulk solution, form a mass transfer boundary layer 

(concentration polarisation), or block the membrane pores [26]. The mechanisms by 

which membrane pores are blocked are dependent on the relative sizes of the solute 

particles compared to the pore size. With particles larger than the pore openings, pores 

can be completely blocked by individual particles. With particles smaller than the pore 

openings, the particles are captured or adsorbed in the pores resulting in pore volume 

reduction. Regardless of particle size, they can be deposited on the membrane surface 

and block pores partially, eventually blocking the pores off completely until a filter cake 

is formed [26, 112]. These different forms of pore blocking are illustrated in Figure 2.11. 

In general, a membrane with larger pores will have higher solvent flux but can be easily 

fouled by internal pore blocking which is harder to remove or minimise than surface 

pore blocking. The correlation between porosity and permeability appears to be linear, 

at least when tested with polysulphone microfiltration membranes filtering bentonite 

suspensions of various concentrations [127]. In addition, it is found that higher solute 

concentration results in higher rate of fouling due to pore blocking [26, 112].  
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Figure 2.11: Different mechanisms of pore blocking causing membrane fouling in cross-

flow filtration. [26] 

Wine before clarification contains a large amount of foulants. These are usually grouped 

into colloids or particles with sizes ranging from 0.1 to 100 µm where particle size 

distribution, composition and volume fraction all vary between product to product. 

Some of these particles are large enough such that back diffusion into the bulk solution 

is slow making the concentration polarisation model inaccurate when applied to wine 

filtration even though the effects of concentration polarisation may still be present. 

Filter cake formation and internal pore blocking are identified to be the most important 

fouling mechanisms. Wine colloids include proteins, polysaccharides, polyphenol 

aggregates and other molecular aggregates. Many of these colloids adsorb easily onto 

membrane surfaces. Colloids such as polysaccharides and tannins had been found to 

cause irreversible fouling. Wine particles are suspended particles larger than 1 µm and 

include microbiological organisms such as yeast cells. These usually foul the 

membranes by forming compressible filtration cakes [115]. A study on ceramic 

membrane filtering red wine by El Rayess et al (2011) [128] found that irreversible 

fouling occurs at the start of filtration regardless of pressure. A following study by El 

Rayess et al (2012) [21] identified that fouling by different components have different 

effects on flux reduction (authors focused pectins, tannins and mannoproteins and 

found pectins having the most effect on flux followed by tannins then mannoproteins). 
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2.5.4.2 Concentration Polarisation 

Concentration polarisation is another mechanism by which the performance of filtration 

is changed during operation. During filtration, some components in the feed solution are 

rejected by the membrane and accumulate on the membrane surface or in the pores 

forming a layer highly concentrated with the rejected components similar to the filter 

cake in dead-end filtration [111]. This boundary layer also promotes membrane fouling. 

The components in this boundary layer can diffuse back into the retentate stream via 

Brownian diffusion (particles in a liquid move randomly) or hydrodynamic dispersion 

(shear effect from the tangential flow stream). As a result, in concentration polarisation 

dominant scenarios, the flux decline is usually accompanied by an increase in solute 

concentration. Concentration polarisation is considered a natural occurrence in all 

pressure-driven filtration processes due to membrane selectivity. Unlike filter cake 

formation in dead-end filtration or fouling, concentration polarisation can be largely 

reversed by reducing TMP to zero and can be affected by filtration operation 

parameters discussed later [111, 112].  

 

2.5.4.3 Flow Velocity 

The flow velocity of the cross-flow feed stream affects the turbulence in the flow 

channels and subsequently the hydrodynamic shear on the boundary layer near the 

membrane surface. As a result, it has a notable effect on the flux where a high flow 

velocity will result in a thinner boundary layer and reduce fouling, both result in 

increased flux [26, 111, 112, 120]. Theoretically, increasing flow velocity increases the 

mass transfer coefficient such that the concentration of solutes in the boundary layer is 

reduced. Design consideration wise, a higher flow velocity will require higher energy 

consumption which needs to be considered in pump selection and operating cost 

estimations. In wine filtration, a flow velocity higher than 2 m/s had been found to 

increase wine temperature requiring extra cooling to prevent organoleptic changes 

[115].  
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2.5.4.4 Transmembrane Pressure 

Transmembrane pressure (TMP) is also known to affect the flux through fouling and 

concentration polarisation on top of being a major driving force for transmembrane 

mass transport [111, 112]. At lower TMP values, an increase in TMP may result in a 

linear increase in flux, but once TMP reaches a certain threshold value, flux will remain 

constant or decrease with further increase in TMP (parabolic correlation as shown in 

Figure 2.12) [111]. The flux decrease at high TMP is attributed to increased fouling and 

concentration polarisation and can be regarded as a reduction in effective TMP. The 

increase to concentration polarisation due to increased TMP (higher driving force 

resulting in more solute accumulation near membrane surface) also promotes fouling, 

further increasing resistances to flow.  

The selection of an optimal TMP value is dependent on the solute concentration and the 

flow velocity. Generally, a high solute concentration or a low flow velocity results in a 

low threshold TMP value (TMP value where further increase to pressure results in no 

change or reduction of flux) due to stronger concentration polarisation effects [111].  

Another effect of pressure is membrane compaction which occurs with compressible 

membranes like most polymers. The effect of membrane compaction on flux is similar to 

that of membrane fouling with the exception that it can occur even in non-fouling feed 

solutions like pure water. During membrane compaction, the density of the membrane 

is increased and porosity reduced resulting in reduced flux that is irreversible. Fouling 

and concentration polarisation are generally much larger contributors to flux decline in 

ultrafiltration and microfiltration due to the lower pressures common in these filtration 

operations [111, 112, 129].  
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Figure 2.12: Effect of TMP on flux in cross-flow filtration. Results graph by Bhave (2014) 

showing pure water flux (PWF), low solute concentration (○), and high solute 

concentration (●). [111] 

 

2.5.4.5 Temperature 

The operating temperature affects the viscosity of the feed solution and this in turn 

affects flux [3, 111, 121]. Most solutions have lower viscosity as temperature is 

increased. At lower viscosities, the mass transfer coefficient increases resulting in 

increased flux. However, the use of increased temperature to improve flux may not be 

economically efficient due to the energy required to heat the solution. Additionally, 

most biologically-related solutions (proteins, enzymes or biological processes such as 

fermentation) require strict temperature controls. Wines, in particular, oxidise at 

elevated temperatures, and are generally processed at low (refrigeration) temperatures 

[115]. Temperature also affect the solubility of certain components in the solvent (like 

carbon dioxide in wine [3]) and the physical state of certain components (like oil 

solidifying in low temperatures [121]) further promoting the requirement of strict 
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temperature control for certain solutions. To take into account the effect of viscosity on 

filtration flux, the general membrane equation (equation 2.7) can be used to estimate 

flux [112].  

𝐽𝐽 = ∆𝑝𝑝−∆𝜋𝜋
𝜇𝜇𝑅𝑅𝑡𝑡

         (2.7) 

Where ∆𝑃𝑃 is the TMP, ∆𝜋𝜋 is the difference in osmotic pressure across the membrane, 𝜇𝜇 

is the viscosity of the solution, and 𝑅𝑅𝑡𝑡 is the sum of all resistances hindering trans-

membrane flow including resistance due to filter cake formation and other forms of 

fouling, and the resistance of the membrane.  

 

2.5.4.6 Solution Acidity 

The pH of the solution is also known to have an effect on filtration flux, especially on 

colloidal substances or suspensions [1, 111]. Most colloidal compounds have a charge 

which is dependent on solution pH. Membrane materials can also develop surface 

charge in such solutions resulting in electrostatic attraction or repulsion [111].  A 

complex solution such as wine contains a range of colloidal compounds including 

proteins, polysaccharides and polyphenols. At pH 3.0-4.0, wine proteins are positively 

charged [1]. In such cases, membrane materials that are negatively charged at these pH 

values will electrostatically adsorb protein molecules, thus an increase in fouling. 

Generally, the stronger the repulsion between colloidal compounds, the higher the flux 

of water is observed. This may require large changes in solution pH which is not viable 

for solutions like wine where the acidity is tightly controlled for various reasons such as 

to prevent microbiological growth [115].  

 

2.5.4.7 Reducing Flux Decline 

While flux decline due to concentration polarisation can be minimised by filtration 

parameters, fouling usually requires cleaning or replacement of the membrane [26, 111, 

119, 120]. One filtration technique that is employed frequently to counter flux decline is 
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backflushing (backwashing), or backpulsing [24, 26]. Both backflush and backpulse 

involve applying a reverse flow to return a small volume of permeate back through the 

membrane although in some liquid filtration applications a gas can be used in place of 

permeate. Backflush and backpulse differ in the duration and pressure of the reverse 

flow where backflush is usually applied at lower pressure but for longer periods of time 

[26]. This removes solute particles adsorbed on the membrane surface and also some 

particles loosely captured in the membrane pores. It is also very effective at removing 

the concentration polarisation boundary layer and therefore reduce the rate of fouling 

but may not fully reverse the effects of fouling and membrane compaction [26]. Due to 

the higher pressures of backpulse, it is more commonly used in inorganic membrane 

because of their higher pressure tolerance, whereas backflush is more commonly used 

for polymeric membranes. In industrial situations, these processes will be automated 

where the cycle of the backflush is predetermined based on feed solution. Solutions that 

foul easily require shorter cycles in order to maintain a high overall flux. Regardless of 

the duration of the backflush or backpulse, these are disruptions to continuous filtration 

operation but the average flux over time is generally much higher than uninterrupted 

filtrations [26, 111]. Figure 2.13 shows the effect of backflushing in terms of the effect 

on the fouling components, and the effect on the flux during filtration.  

 
Figure 2.13: Schematic diagram and graph showing the mechanisms and effects of 

backflush. [26] 

Many forms of membrane fouling cannot be reversed by backflush and require 

membrane cleaning [112, 119]. Most cross-flow filtration membranes require periodic 

cleaning that frequently requires the use of chemicals [26, 111, 112]. This is especially 
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important for the food and beverage industry where the cleaning procedures include 

microbiological contamination control in equipment. The choice of cleaning solution 

depends on the foulants, the vigorousness of the cleaning procedures, and on the 

thermal and chemical resistance of the membranes and seals. Generally, inorganic 

foulants like salts require the use of acidic cleaning solutions, while many organic 

foulants like proteins use alkaline cleaning solutions. Other cleaning solutions may 

include oxidising agents, detergents, or solvents to remove specific foulants. The use of 

strong cleaning agents (whether it be alkaline, acidic or oxidising) can cause membrane 

degradation. As a result, most commercial membranes have a limited service life with 

hydrophobic polymeric membranes being reported to have service life between 1 to 2 

years [111]. The application of cleaning procedures for cross-flow systems is necessary 

for most cases and this causes disruptions to plant operations. This disruption is 

generally less disruptive to batch-based operations like wine-making where the 

filtration system can be cleaned in between batches. With continuous operations, 

backup filtration systems may be required during periodic cleaning. The most 

commonly used cleaning agent for wine filtration systems the sodium hydroxide 

solution (1-5%) due to the large amount of organic foulants in wines [111, 115].  

 

2.5.5 Membrane Fabrication: Phase Inversion Membranes 

There are a number of different methods of fabricating membranes. These include [24]:  

• Solution casting (for dense membranes) 

• Melt extrusion 

• Track-etching 

• Phase separation (phase inversion) 

The most common method for producing asymmetric membranes all from the same 

material (non-composite) is by phase inversion.  

The phase inversion process of making polymeric membranes is also known as the 

Loeb-Souriranjan technique [24, 105]. The polymer material is first dissolved in a 

suitable solvent at a certain temperature to make a polymer solution (casting or doping 
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solution) then cast into the required shape [24]. The solvent (forming the membrane 

pores) is then removed leaving behind the solid phase (forming the membrane 

structure). The higher the solvent content in the casting solution, the more porous the 

membrane. The original Loeb-Souriranjan process used water as the non-solvent to 

precipitate the polymer but the solvent in the cast membrane can be removed either via 

evaporation (temperature of vapour pressure induced, commonly called dry phase 

inversion) or diffusion with other non-solvents (addition of a non-solvent is commonly 

called diffusion-induced phase inversion) [24]. In the case that a non-solvent is used, the 

non-solvent displaces the solvent resulting in polymer precipitation since the polymer 

material cannot dissolve in the non-solvent. A combination of different solvent removal 

methods can be used to achieve different membrane pore structures [24, 105]. 

The phase inversion process using water as the non-solvent is commonly used to cast 

flat sheet membranes in laboratories [24]. The membranes can either be cast onto glass 

or a backing layer (usually paper to provide extra mechanical strength for the 

membranes) then lowered into a bath of water. A three-component (ternary) phase 

diagram can be used to describe the formation of the membranes as shown in Figure 

2.14 [24]. The casting solution, where the polymer is fully dissolved in the solvent, is in 

the one-phase region. The addition of water causes the system to move from the one-

phase region into the two-phase region, a polymer-rice phase (solid) and a polymer-

poor (liquid) phase. The formation of the membrane is the precipitation of the polymer 

when the casting solution gains water and loses the solvent [24, 130].  

Mechanically, the top surface of the membrane precipitates rapidly forming the 

characteristic dense skin layer (instantaneous liquid-liquid demixing) [130, 131]. The 

solvent beneath the skin layer (sublayer) diffuses through the skin layer until the skin 

layer becomes too thick. Water continuously diffuses through the skin layer and when 

sufficient water has reached the sublayer, a polymer-poor nucleus forms which 

develops into a nascent pore (nucleation occurs when the solution enters the 

metastable region in the ternary phase diagram) [24, 130]. As more water diffuses into 

the nascent pore, solvent from the surrounding regions diffuses into the water causing 

the nascent pore to grow. The solidification of polymer forms the pore walls and stops 

the growth of the pores. As nuclei continue to form and develop into nascent pores in 

the first sublayer, they will encounter either mature pores, other nascent pores, or 
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growing pores. When nascent pores meet before the pore wall solidifies, an open pore is 

formed. As the pores grow, they may come into contact as water continues to diffuse 

into the deeper sublayers causing the pores to join and become larger pores [130].  

 
Figure 2.14: An example of a ternary phase diagram used to describe the process of 

phase inversion. The casting solution is a single-phase fluid of polymer dissolved in 

solvent, and with the addition of water (non-solvent) moves through the metastable 

region, into the two-phase region where the polymer precipitates forming the 

membrane. [24] 

In the case of rapid demixing, water and solvent can rapidly diffuse into newer pores 

before the pore wall solidifies [130, 131]. This rapid diffusion means that the polymer 

molecules are more clustered together and the growth of the pores form finger-like 

structures initiating from the first sublayer growing into deeper sublayers. In the case of 

delayed liquid-liquid demixing, the concentration of water in the casting solution is low 

and the formation of nuclei is slow. This slow diffusion of water and formation of nuclei 

results in many nuclei being formed near simultaneously, limiting the growth of nearby 

nuclei before pore wall solidification [130, 131]. This results in sponge-like structure 

(the characteristic phase inversion membrane showing the three different layers: dense 
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skin layer, finger-like porous layer, and sponge-like layer, can be seen in Figure 2.9a) 

[24, 110].  

The phase inversion process can be modified to alter the structure and characteristics of 

the membranes. These modifications can include alternative solvents, mixture of 

thermal and diffusion induced precipitation and casting solution composition. Some of 

these were examined in a study by Buonomenna et al (2007) [110] who worked on 

PVDF membranes and found significant differences in membrane structure when 

factors such as casting temperature, solution concentration, non-solvent composition, 

and duration of exposure to air before immersion into non-solvent bath. The study 

found that a higher casting temperature did not affect the overall membrane 

morphology but increased the rate of demixing. The use of various alcohols as the non-

solvent, or extended duration of air exposure before non-solvent immersion (with 

volatile solvent for increased evaporation rate) resulted in different membrane 

morphologies (more symmetrical and nodular, examples of the two different 

morphologies shown in 33TFigure 2.933T). Increasing polymer concentration did not affect 

morphology but reduced pore size. In terms of crystal polymorph of the solidified PVDF, 

high temperature casting and long exposure time to air favours the formation of α 

crystals while low temperature casting and the use of alcohols as the non-solvent 

favours the formation of β crystals. [110] 

Membranes can be cast into various shapes then arranged in ways to form modules that 

can be installed in cross-flow filtration systems. Tubes and flat sheets are the most 

common membrane shapes. Tubes can be arranged into a shell-and-tube arrangement 

(supported with additional structures to withstand high backpressures) or hollow fibre 

arrangement (no additional structural support to withstand high backpressures). Flat 

sheet membranes can be arranged on flat surfaces (also acts as support to withstand 

high backpressures), or wound into a spiral-wound arrangement (membranes 

separated by flexible support sheets). Of all the different arrangements possible, flat 

sheet membranes on flat surfaces are the easiest to prepare, use and analyse. These 

configurations can be seen in the schematics shown in Figure 2.15. [26] 
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Figure 2.15: Schematic diagrams of various filtration modules showing: (top) tube 

membranes in the form of tubular and hollow fibre membrane modules and (bottom) 

flat sheet membranes in the form of plate and frame and spiral-wound modules. [24] 

The most commonly used polymers in the winemaking industry include the PS, PES and 

PVDF polymers made into microfiltration or ultrafiltration membranes in the hollow 

fibre arrangement with capillary flow (feed stream inside the hollow fibre) [22]. An 

example of the hollow fibre membrane module used in wine filters can be seen in Figure 

2.16 [132]. These polymers can withstand a wide range of pH environments (wine is 

acidic while washing solution is basic) and high temperatures (washing procedure 

using hot water or steam) [22]. These hollow fibres are then packed into cylindrical 

modules. There are several advantages of using hollow fibre membranes: the modules 

can be compact with high membrane surface area, and high flow velocity at relatively 

low volumetric flow rates. These allow the filtration setups to have low footprint and 

energy (pump) requirements [24]. 
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Figure 2.16: Image of a cut hollow fibre module showing the hollow fibres used in 

commercial wine filtration system manufactured by Pall Corporation. [132] 

For this study, PS, PES and PVDF polymers will be studied due to their similar methods 

of fabrication, and that all three polymers are already used in wine filters.  

 

2.5.6 Bentonite Immobilisation – Mixed Matrix Membranes 

The separation properties (flux and selectivity) of membranes can be modified by the 

addition of other materials to form composite membranes in order to alter the 

properties. This can be applied to the surface of the membrane as a coating to adjust the 

hydrophilicity of the surface, or can be embedded into the membrane to either change 

the selectivity of the membrane. The latter is known as mixed matrix membranes (MMM) 

and they can be fabricated using the same phase inversion process. MMM are usually 

comprised of a parent material (a polymer in many cases) and micro- or nano-sized 

particles (usually inorganic) dispersed within the parent material [106, 133, 134]. This 

can combine the selectivity of selected inorganic materials with the low cost of 

production of polymeric membranes [135].  

Originally studied for gas separation processes, it was found that the embedded 

particles can significantly increase the permeability and selectivity of the membrane 

[133]. Research on MMM in gas separation is still going strong [136]. A study by Kim 
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and Marand (2008) [133], for example, found that PS membranes embedded with 

mesoporous silica enhanced the gas permeability by up to 300% as well as the gas 

(carbon dioxide/methane mixture) selectivity when compared to pure PS membranes. 

Other inorganic materials used in gas separation processes had been tested in MMM. 

These are mainly nanoparticles like zeolite [137, 138], composite nanoparticles like 

carbon-silica nanocomposite [139], or nano-structured materials like carbon nanotubes 

[140]. These studies all reported improved performance of the membranes over pure, 

non-composite membranes either through improved permeance without loss of 

selectivity, or improved mechanical strength [136].  

Using bentonite or montmorillonite as the embedded material has been studied 

previous for various processes. Examples include pervaporation [141], dye removal 

[142], water purification (from oil) [143], and protein separation [131, 144, 145]. The 

process of interest to this study is the removal of proteins.  

The first design of adsorber membranes for protein recovery or separation was 

proposed by Avramescu et al (2003) [27] who made ethylene vinyl alcohol (EVAL) 

copolymer membranes embedded with ion exchange particles and used these to adsorb 

bovine serum albumin (BSA) in static adsorption experiments. These membranes were 

designed for membrane chromatography, as a replacement for packed bed column 

chromatography for the purification of biomolecules. The authors used a commercial 

ion exchange resin as the protein adsorber and found high protein adsorption in static 

adsorption tests. Phase inversion was the technique used to fabricate the membranes 

with dimethylsulphoxide being used as the solvent and water as the non-solvent with 1-

octanol as an additive. Membrane compositions ranged from 25% to 75% resin loading. 

The adsorber membranes were found to be less sensitive to fouling, lower pressure 

drop and higher throughput when compared to column chromatography [27, 131].  

The main difference between an adsorber membrane and pure membrane is the 

enhanced selectivity due to the adsorbent. The selectivity of microfiltration is mainly 

due to particle size (size exclusion) and is therefore non-selective with similar sized 

components. With the addition of an adsorbent material, the membrane selectivity of a 

specific component (proteins in this case) can be improved. Some adsorbent materials 

for proteins were discussed earlier in 33TChapter 2.4.333T and the mechanisms of adsorption 
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are largely known. However, there are currently no certain methods of predicting 

protein adsorption in MMM filtration due to the addition of protein-polymer 

interactions. Apart from the effects of solution pH and concentration, polymer 

hydrophobicity and surface morphology, and fouling, the transport of protein molecules 

to adsorbent surface adds to the complication of predicting protein adsorption/removal. 

The internal morphology of the membrane may also limit the accessibility of a 

proportion of adsorbent particles (adsorbent particles accessible only via pores which 

are smaller than protein molecules). [131] 

There are many proposed advantages of using MMM for protein separation processes 

(such as membrane chromatography mentioned above). Compared to chromatographic 

columns, the pressure drop in membrane filtration is much lower. Membranes are 

usually thin and convective flow (rather than diffusion) is the most important form of 

mass transport through membranes. This means low contact time between the 

adsorbing material and the solution reducing the likelihood of over-processing the 

product. The main disadvantage is the lower adsorption capacity of membranes due to 

the thinness of membranes which can be compensated by increasing the size (surface 

area) of the membranes. Ideally, the adsorbing material has high adsorption capacity 

and the membrane matrix is microporous (for low pressure drop and high flux) and 

hydrophilic (since hydrophobic materials are easily fouled by organic foulants which 

can also mean non-selective adsorption and undesirable removal of some organic 

components). [131] 

The effect of bentonite addition to the morphology and physical properties of the 

membranes had been previously reported. These include changes to mechanical 

strength, hydrophilicity, surface roughness, porosity, thermal stability and internal 

structure [131, 134, 146]. An increase to mechanical strength was reported for 

membranes with low concentration of embedded particles (less than 10%) [25, 141, 

147], but lower when particle loading was increased further to increase the adsorption 

capacity of the membranes. Avramescu et al (2003) [27] reported fragile membranes at 

75%, and Kittinaovarat et al (2010) [148] reported unstable composites above 50%. 

The thermal stability of the final membranes were also improved when tested with 

thermogravimetric analysis (TGA) attributed to the delay of oxygen diffusion into the 

membrane matrix by the particles [25, 28, 141, 149, 150], although a study with 
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chitosan as the polymer matrix by Nesic et al (2012) [142] reported that the 

improvement was only noticeable at low particle loadings. At higher loadings (50%), 

the internal structure became more irregular therefore reducing electrostatic 

interactions between matrix and particles [142]. Contact angle analysis performed in 

several studies also reported improvements to the hydrophilicity of the membrane 

surfaces with increasing bentonite loading [25, 28, 143, 151].  

Morphology wise, surface roughness was increased with higher bentonite loading [142, 

143]. This is believed to be caused by the distribution of particles causing the surface to 

have a “lumpy” appearance [142]. In terms of porosity, studies reported an increase in 

porosity with the increase in bentonite loading although these studies examined 

membranes with low loading (less than 10%) [151, 152]. The structure of the internal 

pores (morphology) was also affected by the embedded particles. With increasing 

particle loading the formation of finger-like macropores were suppressed (delayed 

demixing) [27, 147, 151, 153]. Avramescu et al (2003) [27] proposed that the 

embedded particles are acting as nuclei during phase inversion. This can be an 

advantage since the finger-like macropores since these form channels that solvent and 

solute particles flow through preferentially, and are expected to be weak spots that are 

easily deformed when TMP increases. With low to moderate (up to 50%) particle 

loading, the membranes retain the characteristic layered structure (33TFigure 2.9a 33T) 

indicating that the mechanisms of membrane formation are relatively unchanged 

(33TChapter 2.5.533T) [28, 143, 151].  

Several studies directly preceding this had been performed as smaller scale projects 

(many unpublished) in the University of Auckland and the University of Bath to examine 

the fabrication of bentonite embedded MMM and the viability of the concept of using 

these membranes to remove proteins from aqueous solutions. These projects worked 

on model wine solutions, a mixture of deionised water, ethanol and BSA, and attempted 

protein removal using bentonite embedded mixed matrix membranes of various 

polymer materials in a dead-end filtration system. These studies indicated the ideal 

membrane properties to be high porosity, high bentonite content, and high durability. 

The membranes fabricated in these studies were all made using the phase inversion 

technique using NMP as a solvent and water as the non-solvent. The membranes were 
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all asymmetric in structure, and all are capable of removing proteins from the model 

wine solutions to various degrees:  

Tan (2010) [154] fabricated Polyimide (PI) and PS membranes embedded with nano-

sized bentonite particles with bentonite loadings of 14% and 16%. The study found that 

PS, although a better candidate in regards to separating BSA from the model wine 

solution, required higher pressures to maintain the same flux as PI given the same 

bentonite to polymer ratios. The highest BSA rejection of 91% was achieved with a PS 

membrane with 16% bentonite loading. It is also confirmed that a higher solvent 

composition in the casting solution resulted in higher porosity in the membranes.  

Clark (2010) [155] expanded on the above and used PES and PS as membrane materials, 

as well as comparing between sodium bentonite and montmorillonite as embedded 

materials. Particle loadings of 50%, 66.7%, and 80% were tested. This study found that 

high bentonite content (40% casting solution weight fraction or 80% particle loading) 

caused the casting solution to be too viscous for casting resulting in defective 

membranes. A higher bentonite percentage in the casting solution also caused an 

increase in the final membranes’ surface roughness, micro-porosity, cross-section 

symmetry, and higher filtration flux. Results from this study suggested bentonite weight 

fraction of 20% for ideal membrane and flux. While several membranes were found to 

be able to achieve 100% BSA rejection, the pressure required ranged from 1 bar to 25 

bar. The author also found instances where a pure PS membrane was able to achieve 

100% rejection providing evidence that the membrane structure was performing BSA 

rejection rather than the embedded particles.  

Bowstead (2011) [156] examined PES and PVDF membranes and compared between 

montmorillonite and zirconia as embedded materials. In the process of making the 

PVDF casting solution, the author found NMP to be a superior solvent to 

dimethylsulphoxide and dimethylacetamide. Particle loadings of 60%, 75% and 80% 

were tested, but the author encountered weight loss of membranes after filtration, 

indicating membrane degradation from the high pressures in dead-end filtration 

(insufficient structural strength). Both of these results contributed to the decisions of 

solvent choice and particle loading detailed in 33TChapter 333T. Zirconia is found to result in 

membranes with smoother surfaces than montmorillonite, just as PVDF membranes are 
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smoother than PES. In addition, PVDF membranes appear to shrink more than PES 

membranes after casting while providing higher filtration flux.  

Koschany (2011) [157] then compared between PS and PVDF membranes with 

montmorillonite as embedded particles at particle loadings of 40%, 50%, 57%, and 

66.7%. This study found similar results to the study by Bowstead (2011) [156] when 

comparing the difference between the two polymer materials tested – PVDF providing 

higher flux than PS. Cross-section analysis revealed that the PVDF membranes have 

larger cavities compared to PS resulting in less contact support for the montmorillonite 

particles. In terms of rejection, PS membrane with a 40% particle loading achieved a 

high result of 60% BSA rejection, but the tested PVDF MMM averaged less than 20% 

BSA rejection in the best case and negligible rejection in most cases.  

The adsorption of proteins onto the montmorillonite surfaces is then confirmed by Tran 

et al (2011) [28] using X-ray photoelectron spectroscopy (XPS) providing evidence for 

the feasibility of this membrane separation technique. This study also confirmed the 

addition of montmorillonite particles causing the hydrophilicity and porosity of the 

membranes to increase. The author tested PS membranes with a bentonite loading of 50% 

and reported an average BSA rejection of 33.8%. Similar to results reported by Clark 

(2010) [155], the author reported a much higher pressure requirement to filter the BSA 

solution using pure membranes when compared to MMM (Tran et al (2011) [28] 

reported 20 bar to filter using pure membranes and 5 bar using MMM) but higher 

rejection with the pure membranes suggesting that BSA rejection via membrane 

structure was the major rejection mechanism.  

Manning (2012) [158] studied the addition of montmorillonite particles to PVDF and 

poly(vinyl alcohol co-ethylene) (EVAL) membranes and found that the addition of the 

montmorillonite particles increased the permeance of the membranes as well as protein 

rejection. However, due to the low increase in protein rejection from the addition of 

montmorillonite particles, the author suspects that protein rejection via size exclusion 

remains an important factor. Bentonite loadings of 43%, 60%, and 75% were tested and 

EVAL MMM were found to have better BSA rejection but much lower permeance 

indicating a higher contribution from size exclusion. Similar to the study by Bowstead 

(2011) [156], the author reported mass loss from the membranes post-filtration.  
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2.6 Implications from Literature 

Protein instability is a problem faced by winemakers. While the cause of protein 

instability is still being studied, methods are already in place to solve this problem. 

Bentonite fining is the most commonly used method, which is effective, but wasteful and 

time consuming. This study looks into an alternative to bentonite fining that addresses 

its most glaring issues: a large quantity of lees, and the long processing time.   

Wine is a highly complex solution where many different components contribute to the 

taste and aroma. The ideal fining process will be highly selective, removing only the 

instability-causing components. Bentonite adsorption is selective based on the 

electrostatic charge of the molecules and the adsorption of proteins is rapid. While the 

mechanisms of bentonite fining are well-known, the contribution of embedding 

bentonite particles in membranes is still being studied. Current research indicate that 

bentonite adsorption in MMM is responsible for a portion of proteins removed but the 

effects of embedding bentonite particles on the performance of the MMM had been 

found to be complex: the membrane structure, porosity and robustness are modified, 

and the effects of these modifications on the mechanisms of rejection and transport 

properties are not fully understood. In addition, the effect of fabrication conditions and 

composition on the properties of the final MMM is still under research. This thesis will 

attempt to address some of these issues through membrane characterisation.  

In recent years, cross-flow microfiltration has become a popular process in the 

winemaking industry for the clarification of wines prior to bottling. There are studies on 

the structure-performance relationship of this process but performance predictions are 

difficult due to the matrix effect of wine composition and complexity, operating 

conditions, and membrane properties. The addition of bentonite particles into the 

membrane matrix will only increase the complexity. Previous work on these MMM used 

model solutions and dead-end filtration to limit the number of variables. While these 

tests are useful in analysing the mechanisms, more information is needed in the 

processing of complex solutions frequently found in the beverage industry such as wine. 

This thesis will, for the first time, examine cross-flow filtration of real wine using 

bentonite-embedded MMM, making this work more industrially relevant.   



 
 

 

Chapter 3 Materials and Methods 

Table 3.1: List of material and equipment used in experiments 

Material/Reagents Manufacturer/Supplier 

Unfined Sauvignon Blanc Pernod Ricard Winemakers, NZ 
Laboratory-grade pure bentonite Sigma-Aldrich, USA 
Commercial-grade bentonite Seporit® Erbslöh Geisenheim AG, Germany 
Commercial-grade bentonite Aktivit® Erbslöh Geisenheim AG, Germany 
Bovine serum albumin (NZ) MP Biomedicals, Australia 
Thaumatin Natex, UK 
Ethanol ECP Ltd, NZ 
Methanol ECP Ltd, NZ 
Sodium carbonate (NaR2RCOR3R) ECP Ltd, NZ 
Tartaric acid Ajax Finechem, Australia 
Potassium tartrate Ajax Finechem, Australia 
Sodium tartrate dihydrate Ajax Finechem, Australia 
Prostab® Laboratoire GRESSER-Œnologie, France 
Coomassie Plus Thermo Fisher Scientific, NZ 
Acetic acid Thermo Fisher Scientific, NZ 
Gallic acid Sigma-Aldrich, USA 
Sodium hydroxide (NaOH) Sigma-Aldrich, USA 
Folin-Ciocalteu (FC) reagent Sigma-Aldrich, USA 
Coomassie brilliant blue (CBB) R250 Fluka, Sigma-Aldrich, USA 
Polysulphone (Mw 35,000) (PS) Sigma-Aldrich, USA 
Polyethersulphone, Veradel 3100P (PES) Solvay Advanced Polymers, Belgium 
Polyvinylidene fluoride (Mw 275,000) 
(PVDF) 

Sigma-Aldrich, USA 
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N-methyl-2-pyrrolidone (NMP) Merck Schuchardt, Germany 
Decon90 Decon Laboratories Ltd, UK 
Equipment  
Pestle and mortar Unknown 
Malvern Mastersizer2000 with Hydro 
2000MU attachment 

Malvern Instruments Ltd, UK 

Retsch Rostfrei  63 µm sieve Retsch GmbH, Germany 
IKA RCT Basic magnetic stirrer and heater IKA Works GmbH & Co. KG, Germany 
Mettler Toledo digital balance Mettler Toledo, Switzerland 
WTW pH 330i pH meter WTW GmbH, Germany 
HACH 2100N Turbidmeter Hach Company, USA 
Perkin Elmer Lambda-35 Perkin Elmer, USA 
Helios Omega UV/Vis Thermo Fisher Scientific, NZ 
Thermo Scientific Heraeus PICO21 Centrifuge Thermo Fisher Scientific, NZ 
Sigma Laboratory 4k15 Laboratory 
Centrifuge 

Sigma-Aldrich, USA 

Elcometer 3700 Doctor Blade Elcometer Ltd, UK 
Elcometer 4330 Basic Motorised Film 
Applicator 

Elcometer Ltd, UK 

IKA RW20 Digital mechanical stirrer IKA Works GmbH & Co. KG, Germany 

Bandelin Sonorex Digital 10P Ultrasonic Bath 
Bandelin Electronic GmbH & Co. KG, 
Germany 

Philips XL30s Scanning Electron Microscope Philips, Netherlands 
Quorum Q1500RS sputter coater Quorum Technologies, UK 
Zeiss LSM710 Inverted Confocal Microscope 
with an EC Plan-Neofluar M27 objective lens 

Carl Zeiss, Germany 

Shimadzu TGA-50 Thermogravimetrix 
Analyzer with TA-60WS Thermal Analyzer 
attachment 

Shimadzu Corp, Japan 

KSV Cam 101 Optical Contact Angle and 
Surface Tension Meter 

KSV Instruments Ltd, Finland 

12x12 LED light panel Pinfold Health Services Ltd, NZ 

2.5” MET cross-flow filtration cells 
Membrane Extraction Technology Ltd, 
UK 

Hydra-Cell G03 diaphragm pump Wanner Engineering, Inc, USA 
Sterlitech HP4750 stirred dead-end filtration 
cell 

Sterlitech Corp, USA 
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3.1 Bentonite Preparation 

3.1.1 Commercial bentonite preparation  

For easy reference, laboratory-grade bentonite is designated Bentonite A, the 

commercial bentonite Aktivit® is designated Bentonite B, and Seporit® designated 

Bentonite C. Bentonite A is described by the supplier as high purity montmorillonite 

with an average particle size of less than 25 µm. Bentonite A came as a fine powder and 

used as is. Bentonites B and C (kindly donated by Pernod Ricard Winemakers, NZ) came 

as large granules and require crushing to break up into finer powder for membrane 

casting solution preparation. Both commercial bentonites are Na-Ca bentonites but 

marketed for different applications: Bentonite B for general beverage treatment like 

stabilisation and clarification and Bentonite C specifically for wine or juice protein 

stabilisation. A pestle and mortar was used to crush the bentonites into finer powder 

followed by sieving through a 63 µm sieve. The sieved bentonites were used for both 

bentonite solution preparation and membrane fabrication.  

An observation was made that 63 µm appears to be the smallest sieve size that worked 

for Bentonite B and C so a smaller particle size for these 2 bentonites could not be 

tested. In addition, Bentonite A was not able to be sieved by a 25 µm mesh size sieve.  

 

3.1.2 Particle size determination  

The hydrated particle size of the different bentonites were analysed using a Malvern 

Mastersizer2000. Bentonite solutions of known concentration (5% w/v) were prepared 

by adding deionised water to bentonite followed by overnight stirring to hydrate the 

bentonite. The particle size analyser parameters were adjusted as follows: the refractive 

index was set to 1.55, dispersant (water) refractive index set to 1.33, and stirrer speed 

set to 1200 rpm.  
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3.2 Batch-wise Bentonite Fining 

The bentonite fining process used in this study is commonly used in the wine making 

industry to clarify and heat stabilise wine as detailed in 33TChapter 2.3.333T. Prior to 

processing a large batch of wine, smaller batches (less than 100 mL), known as fining 

trials, are performed in order to identify the amount of bentonite required to achieve 

heat stability.  

Bentonite solutions (5% w/v) were prepared by adding deionised water to bentonite 

followed by overnight stirring. This serves to hydrate the bentonite particles. The 

bentonite particles have a tendency to settle but can be stored in a refrigerator for many 

days. The solutions were stirred for at least 15 min before the required volumes were 

retrieved using automatic pipettes.  

Model wine solutions were prepared by first mixing ethanol with water to form a 12% 

v/v solution. Protein, either thaumatin (kindly donated by Natex, UK) or BSA (MP 

Biochemicals), was then added to form solutions of various concentrations (0.1, 0.2 or 

0.5 g/L solutions were prepared depending on the requirements of the experiment). A 

magnetic stirrer was then used to fully dissolve the proteins. The pH of the solutions 

was adjusted using a 2 g/L tartaric acid solution before storage in a refrigerator (4 to 

8 °C). All model wine solutions were used within the week of preparation to eliminate 

any variability that may be caused by extended storage periods.  

The pH of unfined wine was also adjusted as required using either a 2 g/L tartaric acid 

solution or potassium tartrate (to increase pH).  

The bentonite solution was added to unfined Sauvignon Blanc wine (kindly donated by 

Pernod Ricard Winemakers, NZ) or model wine solutions in known quantities such that 

the concentration of bentonite in the final mixture was known (grams of bentonite per 

litre of model wine solution or unfined wine). Fining trials were performed on 50 mL of 

samples in Schott bottles. After the addition of the bentonite solution, the mixtures were 

mixed thoroughly by shaking the bottles gently for 10 min. The bottles were then left 

standing for 8 hrs for the bentonite particles to settle.  

  



Chapter 3 Materials and Methods│67 
  

3.3 Wine Analysis 

3.3.1 Stability Test – Heat Test  

A common method used in the wine industry to analyse protein stability is the heat test. 

As mentioned in 33TChapter 2.4.1.233T, heat tests can vary in length and temperature, 

depending on the standard procedures of the winery in question. This study adopts the 

90 °C for 1 hr heat test detailed in Sarmento et al (2000) [100] and found to be the most 

accurate representation of real wine protein precipitate according to Esteruelas et al 

(2009) [78]. This test was used to estimate heat instability of real wines (unfined, fined, 

or filtered) and was not used to analyse model wine solutions.  

If the samples being tested were unfined or bentonite-fined, they were filtered using 

0.45 µm filter papers or centrifuged (10k g for 10 min using Thermo Scientific Heraeus 

PICO21 Centrifuge for small volumes and Sigma Laboratory 4k15 Laboratory Centrifuge 

for large volumes) before tests. A turbidity meter (HACH 2100N) was then used to 

measure the turbidity of the filtered samples before pouring into Schott bottles. These 

were then placed into a hot water bath set to 90 °C for 1 hr. After heating, the bottles of 

samples were moved to a refrigerator set to 4 °C for cooling for at least 6 hrs. The 

samples were then removed from the refrigerator, warmed to room temperature, 

shaken gently to disperse any precipitated particles, before subjected to a second 

turbidity measurement. The difference in turbidity before and after the heat test was 

noted as the increase in turbidity and is the value of interest. A turbidity increase of less 

than 2 NTU is suggested for any sample to be considered protein stable.  

To measure turbidity using the HACH 2100N Turbidmeter, the machine was switched 

on and warmed up for 30 min. Samples were poured into a specialised bottle (40 mL) 

which was then cleaned and dried to remove dust, grime, or water on the outer surface 

of the bottle which are found to affect the turbidity reading. It was then inserted into the 

compartment of the machine for measurement. The turbidity reading was recorded 

after the digital reading stabilised after a few minutes. The zero value (no sample in the 
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sample compartment) was noted to ensure no shifts in the zero value after equipment 

restarts.  

UV-Vis spectroscopy was also used as an alternative to the turbidity meter to measure 

samples of smaller volumes. This method was adopted from Pocock et al (2006) [64]. 

Samples were added into disposable plastic cuvettes (1 cm pathlength) and their UV-

absorbance at 520 nm was measured using a UV-Vis spectrometer (UV-Vis, Perkin 

Elmer Lambda-35). Absorbance readings of samples were recorded before and after 

heat tests in order to find the increase in turbidity. Pocock et al (2006) suggests an 

absorbance difference before and after heat test of less than 0.02 for the samples to be 

considered protein stable. [64] 

 

3.3.2 Stability Test – Prostab® Analysis  

Prostab® analysis kit is a reagent kit designed specifically for use in the wine industry 

as an alternative to the more commonly used heat test. It has the added advantages of 

being a very rapid test with only small volumes of samples required compared to heat 

tests, as mentioned in 33TChapter 2.4.1.233T. Since Prostab® precipitates all dissolved 

proteins, the level of heat instability can be calibrated against an equivalent protein 

concentration, adding a further advantage of allowing more accurate comparison with 

model wine solutions [78]. This test was used to analyse both real wine and model wine 

solutions.  

The Prostab® analysis kit comes with two reagents, each added to a sample in a 1:10 

volume ratio. Reagent 1 was first added to a sample in a disposable plastic cuvette and 

the UV-absorbance at 600 nm was measured with UV-Vis spectroscopy. Reagent 2 was 

then added, mixed properly, and left to incubate for 10 min in room temperature before 

repeating the UV-Vis measurement. The level of increase in UV-absorbance indicates the 

level of protein instability of the sample and is referred to as Prostab® stability value in 

this study. Prostab® recommends an increase of less than 0.010 as an indication of 

protein stable wine.  
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A standard curve was prepared to relate Prostab® results (heat stability) to protein 

concentration. Model wine solutions of known concentrations of thaumatin were 

prepared and their Prostab® measurement values recorded and plotted into a 

calibration curve shown and discussed in the following 33TChapter33T. This was repeated for 

BSA.  

 

3.3.3 Protein Concentration – Bradford Assay  

The Bradford assay measures protein concentration in a solution [94]. While protein 

concentration is known to be inaccurate at predicting protein instability in wines, it is 

still useful to measure changes in protein concentrations [41]. This is especially true for 

model wine solutions where there are no interfering components that affect the 

accuracy of the assay. However, this means that unlike the above-mentioned stability 

tests, there are no standard values indicating protein stable wine.  

The Bradford assay is based on the binding of protein molecules to the Coomassie 

Brilliant Blue (CBB) G-250 dye. When the dye is not protein-bound, it usually exists in 

the red form with UV-absorbance at 465 nm. Upon binding to protein molecules, a 

colour shift to blue occurs, with UV-absorbance at 595 nm. The change in UV-

absorbance at 595 nm is normally used to measure the protein concentration in a 

solution. The binding of the dye to protein takes about 2 min with the dye-protein 

complex capable of remaining in dispersion for up to 1 hr. The assay is usually buffered 

in order to reduce interference from non-protein components except for detergents 

which can cause noticeable interference. The assay is known to have high sensitivity to 

protein concentration and this can be modified by changing the dye solution volume to 

sample volume ratio. [94] 

Wine was found to contain components that interfere with the formation of the dye-

protein complex. Murphey et al (1989) [159] found that the formation of dye-protein 

complex was slower in wine and this delay was proposed to be caused by proteins being 

bound to polyphenols. Marchal et al (1997) [95] later identified that both the ethanol 

content and phenolic compounds can react with the CBB dye. Boyes et al (1997) [160] 
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managed to devise a more accurate modification to the Bradford assay by adjusting the 

wine sample pH to alkali prior to analysis to reduce hydrogen bonding.  

Coomassie Plus (Thermo Fisher Scientific) is a premade Bradford analysis kit used to 

measure protein concentration in this study. The analysis method was modified from 

the manufacturer’s instructions to improve sensitivity at the tested protein 

concentration range. The manufacturer’s instructions included test procedures for 

protein concentrations (0.100-1.500 g/L or 0.001-0.025 g/L) out of range of the 

solutions used in this study. In order to improve detection sensitivity (the range 0.0-0.1 

g/L being the most important in this study), the sample to reagent ratio was adjusted. 

Coomassie Plus solution was added to samples in 2:1 volume ratio in disposable plastic 

cuvettes and then measured for UV-absorbance at a wavelength of 595 nm using UV-Vis 

spectroscopy after a 10 min incubation time. Same as the Prostab® analysis, standard 

curves were prepared for both thaumatin and BSA model solutions and these are shown 

and discussed in the following 33TChapter33T. This technique was mainly used to measure 

protein concentration in model wine solutions and was not used in the analysis of wine.  

 

3.3.4 Polyphenol Concentration (Gallic Acid Equivalent)  

Polyphenols are important to the aroma and taste of wine (sensory components) and a 

high degree of removal during processing stages is considered detrimental to the 

quality of the wine. Polyphenol concentration is usually measured in gallic acid 

equivalent (GAE) and the analysis technique for white wines was optimised by Bajčan et 

al (2013) [35] which was in turn based on work by Singleton and Rossi (1965) [36].  

A 20% w/v NaR2RCOR3R solution was prepared using deionised water. 0.4 mL of water was 

added to 0.08 mL of sample in a test tube. FC reagent (0.02 mL) (kindly donated by the 

Department of Science, University of Auckland) was then added, shaken gently to mix, 

and then left for 3 min. The NaR2RCOR3R solution (0.24 mL) was then added followed by 3.26 

mL of distilled water. The mixture was then shaken gently to mix the components well 

and left to stand for 1.5 hr. Absorbance at 765 nm was then measured using a UV-Vis 

spectrometer (Perkin Elmer Lambda-35).  
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A standard curve (33TAppendix A33T) was prepared by performing the polyphenol 

concentration analysis on solutions of known concentrations of gallic acid, starting from 

0.25 g/L down to 0 g/L.  

 

3.3.5 Colour Analysis  

Colour and clarity are both important characteristics of a wine that determines its 

appearance. Colour, in particular, can be related to the type and age of wine or faults in 

the wine that happened during any stage of the winemaking process such as bacterial 

contamination [161, 162]. A deeper colour (towards amber or golden), for example, 

generally indicate oxidation due to ageing [3, 161]. The increase in colour intensity and 

browning of white wine may or may not be desirable depending on the wine and its 

target consumers [3]. Young wines like mass produced Sauvignon Blanc are generally 

expected to have a low degree of browning. Ultrafiltration and fining agents like 

bentonite and polyvinylpolypyrrolidone is known to reduce the colour intensity of wine 

[83, 163].  

Colour of wine samples were measured using UV-Vis spectroscopy. Wine samples were 

added to disposable plastic cuvettes and measured for absorbance at 420, 520 and 620 

nm [161-163]. Absorbance at these wavelengths measures the violet, green and red 

areas of the visible spectrum respectively. For colour analysis, the values of interest are 

the colour intensity (equation 3.1) and hue (equation 3.2) of the samples.  

𝐴𝐴420 + 𝐴𝐴520 + 𝐴𝐴620        (3.1) 

𝐴𝐴420
𝐴𝐴520

           (3.2) 
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3.4 Phase Inversion Fabrication of Membranes 

Membranes were made using the wet-phase inversion process detailed in 33TChapter 2.5.533T. 

In this study, bentonite-embedded mixed matrix membranes (MMM) were made using 

this process with deionised water as the non-solvent and NMP as the solvent. Three 

different polymers were trialled as the membrane matrix: PS, PES and PVDF.  

Polymer pellets were first dissolved in NMP by stirring with a mechanical stirrer for 

several hours to form a polymer dope solution. PS and PES pellets were fully dissolved 

at room temperature while PVDF required heating to 45 °C in a water bath to dissolve in 

the same amount of time. The processed bentonite particles were then weighed out and 

added to the dope followed by further stirring to reach a visually homogeneous casting 

solution (between 4 to 6 hrs depending on the viscosity of the solution). The weight 

compositions of the polymer, solvent and bentonite particles of the casting solutions 

made into membranes (results and discussions presented in 33TChapter 533T) are presented 

in Table 3.2.  

An ultrasonic bath (Bandelin Sonorex Digital 10P) was used to degas the casting 

solution for 1 hr. The casting blade (Elcometer 3700) was set to a casting thickness of 

250 µm and the film applicator (Elcometer 4330) set to a casting speed of 1 cm/s, the 

lowest speed setting. Membrane thickness above 250 µm was found to have high levels 

of shrinkage upon phase inversion resulting in the formation of deep wrinkles, 

especially apparent on the PVDF membranes. Trials with different casting speeds 

revealed that a speed higher than 1 cm/s resulted in incompletely formed membranes 

at high solution viscosity (low solvent wt% and high polymer wt%). The most 

consistent results were achieved at 1 cm/s.  

The membrane casting setup can be seen in Figure 3.1. A thin membrane sheet was cast 

onto a sheet of glass using the above settings (membrane length and width differ from 

sheet to sheet depending on volume of casting solution prepared). The glass plate was 

then immersed in a bath of deionised water for the membranes to fully form. The 

membranes were when washed with deionised water before storage in a bath of 

deionised water, which also served to hydrate the embedded bentonite particles.  
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Table 3.2: Polymer casting solution compositions of membranes successfully fabricated.  

Membrane Polymer Bentonite Polymer 

(wt%) 

Solvent 

(wt%) 

Bentonite 

(wt%) 

PS10B20 PS A 10 70 20 

PS16B16 PS A 16 68 16 

PS12B12B PS B 12 76 12 

PS16B16B PS B 16 68 16 

PS15B12C PS C 15 73 12 

PS16B16C PS C 16 68 16 

PE10B20 PES A 10 70 20 

PE10B25 PES A 10 65 25 

PE12B0 PES None 12 88 0 

PV10B20 PVDF A 10 70 20 

PV16B16 PVDF A 16 68 16 

PV10B10 PVDF A 10 80 10 

PV13B13 PVDF A 13 74 13 

PV12B0 PVDF None 12 88 0 

 

The preparation of the casting solutions was influenced by several variables: the 

polymer material used, the polymer content, and the bentonite used. The polymer 

material directly affected the ease of dissolution. While there were no noticeable 

difference between PS and PES in terms of dissolution, PVDF took noticeably longer to 

dissolve, to the extent that heating was used to speed up the process to within 1 day. 

Raising the solution temperature, however, resulted in a minor loss of solvent via 

evaporation. 45 °C was found to be a good balance between solvent evaporation and 

speed of dissolution and thus was used for all casting processes involving PVDF. The 

membranes were labelled according to the polymer used, wt% of polymer and wt% of 

bentonite in the casting solution and bentonite type. Therefore, PS16B16B means a 

membrane made using a casting solution with 16 wt% PS and 16 wt% of Bentonite B.  
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Figure 3.1: Photograph showing the membrane film applicator and the casting blade in a 

chamber for dust control.  

 

3.5 Membrane Characterisation 

3.5.1 Light box imaging  

Light box imaging is a simple technique for visual inspection of membrane uniformity 

and defects. A bright light placed under the translucent membranes provide uniform 

and high contrast illumination. High resolution digital images can then be taken to view 

various membrane details such as variations in density and thickness, particle 

distribution, and defects such as holes caused by trapped air bubbles.  

A custom-made light box was constructed using a LED light panel (144 LEDs) in an 

enclosure with a white translucent panel board as the lighted surface. The LEDs run on 

direct current power to ensure no flicker when imaging with a camera. Membranes 
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were wiped dry and placed onto the light box and images were then taken using a 

digital camera then visually inspected.  

 

3.5.2 Scanning electron microscopy  

Membrane morphology was characterised using scanning electron microscopy (SEM) 

with a Philips XL30s Scanning Electron Microscope (SEM). The SEM is an imaging 

equipment using high-energy electron beams to scan the surface of a sample [126, 164]. 

This can provide visual information on surface topography, and morphology [126]. The 

great field of depth allows the sample surfaces to be visualised three-dimensionally and 

at very high magnifications. When the high-energy electrons impact the surface of the 

sample, the atoms becomes excited and emits secondary electrons (SE), back-scattered 

electrons (BSE), and characteristic x-rays which can be picked up by designated 

detectors [164]. 

Secondary electrons (SE) are emitted by atom near or at the sample surface via inelastic 

scattering [126]. This detection mode was used to analyse the surface topography of the 

top surface, bottom surface and cross-section of the membranes. Images were taken 

with an accelerating voltage of 5.00 kV and a spot size of 2.0 at various magnifications.  

Backscattered electrons (BSE) are high-energy electrons reflected back when the 

electrons in the electron beam are elastically scattered by atoms in the sample. BSE 

signals are stronger when the electrons are backscattered from heavier atoms resulting 

in brighter locations in the image [126]. This mode was used to identify bentonite 

particles (different elemental composition) from the surrounding matrix, especially 

those beneath the surface of the membranes (approximately 1 µm penetration depth). 

Images were taken with an accelerating voltage of 20.0 kV and spot size of 4.0 at various 

magnifications.  

Characteristic x-rays are released when a higher energy electron replaces an ejected 

inner shell electron. The number and energy of the x-rays are unique to different 

elements due to the difference in atomic structure and these can be used in x-ray 

spectroscopy to identify the elemental composition [164]. The SEM used in this study is 
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equipped with energy-dispersive spectroscopy (EDS) capabilities and this was used to 

analyse the elemental composition of select regions of the membrane when examined 

under BSE mode.  

Membrane cross-sections were prepared by freeze-fracture using liquid nitrogen. 

Membranes were then mounted on brass blocks in a configuration such that the cross-

section, top and bottom surfaces can be analysed by SEM. All samples were coated with 

a 20 nm platinum coating using a sputter coater (Quorum Q1500RS) to increase 

conductivity prior to SEM analysis. Images taken by SEM using SE and BSE modes were 

inspected visually to identify features and anomalies. An imaging software, ImageJ, was 

used to roughly estimate pore size and surface coverage of the pores. The software 

accompanying the EDS system was used to analyse the elemental composition of 

specific regions in the SEM images taken in BSE mode.  

 

3.5.3 Confocal laser scanning microscopy  

Confocal laser scanning microscopy (CLSM) was originally developed for the analysis of 

cells and tissues. It is capable of optical sectioning to obtain images from various depths 

in a thick sample. A laser (excitation source) passes through a light source aperture 

before being reflected through the objective lens onto the sample. Secondary 

fluorescence emitted from laser excitation of the sample travels through the same 

objective lens which focuses fluorescent light through a detector aperture into the 

detector (confocal point) which then converts the light signal into electrical signal used 

to construct a digital image. Fluorescent light not in the focal plane of the objective lens 

(out-of-focus light rays) is not confocal with the detector aperture and does not reach 

the detector. The objective lens can be refocused which shifts the focal plane to a 

different depth in the sample. This depth selection can be automated in the microscope 

software to create a series of images at various sample depths (known as z-stack). [165] 

Fluorescence of a sample is an important aspect in CLSM. Different materials have 

different levels of fluorescence or emit fluorescent light of different wavelengths. With 

biological samples, dyes can also be used to bind to a biological molecule or region to 
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alter its fluorescence characteristics. With a proper selection of dyes and CLSM settings, 

specific regions or structures in a sample (like the nucleus of a cell) can be highlighted 

and imaged. Proteins are biological molecules frequently targeted to provide 

fluorescence to specific sample regions under CLSM. [165] 

While several different dyes can be used to alter protein fluorescence, CBB R250 dye 

was selected due to staining and destaining process being performed in an acidic 

environment (alkaline environment may cause protein desorption from bentonite) 

[166]. In this study, CLSM was used to analyse the adsorption of proteins on the 

membranes and bentonite particles. This technique utilised the near-infrared 

fluorescence of CBB R250 dye when bonded to protein molecules as detailed by Luo et 

al (2006) [167].  

In order to eliminate interference from other wine components, thaumatin-based model 

wine solutions were used to analyse the binding of proteins on membrane polymer and 

bentonite particles. Samples analysed include before and after filtration (in the case of 

membranes) or fining trial (in the case of bentonite) to see the contrast in fluorescence 

that identifies the location of the adsorbed proteins.  

CBB R250 dye was first prepared by dissolving 0.01 wt% dye in a solution of 50 wt% 

methanol and 10 wt% acetic acid. A destaining solution of 40 wt% methanol and 7 wt% 

acetic acid was also prepared. Samples to be dyed were first rinsed with deionised 

water, followed by soaking in a small bath of the dye solution for 10 min to stain the 

samples. The samples were then removed from the dye solution and rinsed with the 

destaining solution then soaked in a bath of destaining solution for 10 min. After 

destaining, the samples were moved to a bath of deionised water for soaking of 5 min. 

This was repeated once with fresh deionised water before being mounted for CLSM 

analysis.  

A Zeiss LSM710 Inverted Confocal Microscope was used with an EC Plan-Neofluar M27 

objective lens. The samples were fluoresced with a 633 nm laser with a 638-755 filter. 

Care was taken to ensure that the gain, offset, and pinhole size were consistent between 

the samples before and after filtration or fining trial. Z-stack images were taken to 

produce 3-dimensional views of the membrane or bentonite samples. Images were 
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inspected visually to identify features and compare against SEM images and the ImageJ 

software used to quantify the differences in fluorescence.  

 

3.5.4 Thermogravimetric analysis  

Thermogravimetric analysis (TGA) is a technique that measure changes to a sample’s 

physical and chemical properties at elevated temperatures. It is most commonly used to 

analyse weight gain or loss when a sample is subjected to an increase in temperature. 

The change in weight can be the result of decomposition, moisture evaporation, or 

oxidation. In this study, TGA was used to analyse the interaction between bentonite 

particles and the polymer matrix of the membranes. [168] 

Membrane samples (between 5 to 8 mg) were cut into small pieces and placed into a 

platinum crucible. The sample weight was measured and recorded before placing into 

the Shimadzu TGA-50 Thermogravimetrix Analyzer with TA-60WS Thermal Analyzer 

attachment for analysis. For PS and PES membranes, samples were heated from 25 to 

750 °C at 10 °C/min under argon atmosphere with a flow of 100 mL/min. For PVDF 

membranes, samples were heated from 25 to 580 °C. Changes in sample weight were 

recorded by the equipment software to be analysed later.  

 

3.5.5 Contact Angle Analysis  

Contact angle analysis is a commonly used technique to analyse the hydrophobicity of a 

surface. A commonly used variation of this technique is the sessile drop method [126, 

169]. In this method, a drop of water is placed onto the surface of the membrane and a 

camera is used to image the shape of the droplet. The contact angle is defined as the 

internal angle between the membrane surface and the liquid surface (tangent at the 

point of contact). A contact angle of less than 90° indicates a surface of high wettability 

[169]. The contact angle of a droplet is shown in Figure 3.2.  
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Figure 3.2: Image showing contact angle and shape of water droplet on smooth 

homogeneous solid surfaces of different levels of wettability. [169] 

For some membrane surfaces (typically non-porous surfaces), the contact angle is static 

and is established rapidly [169]. For porous or semi-permeable surfaces such as 

membranes, the contact angle will change as the water molecules diffuse into the 

membrane material [170, 171]. The water droplet may also spread on the surface. In 

both cases, a gradual reduction in contact angle will occur and dynamic measurements 

of contact angle, droplet volume, and droplet diameter are used. A reduction of droplet 

volume indicates absorption or diffusion, while an increase to droplet diameter 

indicates spreading on the surfaces [170, 171].  

The use of pH-modified solution instead of pure water in the sessile drop method allows 

for the analysis of surface charge according to Hurwitz et al (2010) [172]. The study 

demonstrated that polyamide membrane surfaces (acidic) became more wetting and 

hydrophilic when the pH of the droplet solution was increased. Part of the method used 

by Hurwitz et al (2010) [172] was adopted here to analyse the hydrophilicity of 

bentonite-embedded MMM with solutions at typical wine pH. 

KSV Cam 101 Optical Contact Angle and Surface Tension Meter is the instrument used to 

analyse the contact angle using the sessile drop method. Membrane samples were cut 

and fixed onto glass microscope slides using carbon tape taking care to ensure that the 

top surface was facing top and were flat under the zoomed-in camera view on the 

instrument. The membrane samples were then cleaned with deionised water then dried 

in air. For hydrophilicity analysis, a single drop of deionised water was placed on the 

membrane surface at room temperature. The first measurement was taken 2s after a 

droplet was released and then at 2s intervals for 60s. The measurements were repeated 

on different regions of one membrane for a total of 3 measurements per membrane. The 
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recording software is capable of measuring the contact angle, droplet volume and 

droplet diameter. These data was recorded and used to analyse the droplet changes 

over the period of 60s.  

To analyse surface charge characteristics of the membranes, buffered solutions of pH 

3.0 and 3.5 were prepared. A 50 mM tartrate buffer was made using tartaric acid and 

sodium tartrate dihydrate in deionised water. The pH of solutions was adjusted to the 

desired value using a 1 M sodium hydroxide solution. The sessile drop method used in 

the hydrophilicity analysis detailed above was repeated with the buffered solutions 

instead of deionised water as the droplet.  

 

3.6 Filtration 

3.6.1 Cross-Flow Filtration Rig Design and Operation:  

A cross-flow filtration system had been designed to make use of 2.5” MET Cross-Flow 

Filtration Cells with a Hydra-Cell G03 diaphragm pump. The system was custom-built 

using stainless steel piping to take advantage of its corrosion resistance, ease of cleaning, 

and ability to withstand higher system pressures. The system was designed to operate 

with pressures up to 30 bar. A diaphragm pump, due to its ability to run dry, allows the 

system to be drained periodically in order to clean and experiment on different 

solutions. The flowrate can be controlled on the pump speed controller, a knob located 

on the power switch. A calibration of pump speed setting against pure water flowrate 

(no membranes installed) can be found in Figure A-2 (33TAppendix A33T). A set of tri-way 

valves controls the flow of the retentate and permeate streams, and the system pressure 

is controlled via a backpressure valve. A pump damper is also installed to reduce the 

pressure and flow variations caused by diaphragm pump. A water bath is used to 

maintain a constant experiment solution temperature during pump operation. A 

schematic of the system is provided in Figure 3.3 and a photograph of the constructed 

rig can be seen in Figure 3.4.  
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Figure 3.3: Schematic diagram of the cross-flow filtration rig. 
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Figure 3.4: Photograph showing the cross-flow filtration rig.  

Membranes were cut to size using a surgical blade so that they could be installed into a 

cross-flow filtration cell shown in Figure 3.5. Each cell has an active membrane area of 

14 cmP

2
P. The system was drained prior to membrane installation by switching on the 

pump and turning the tri-way valve to drain position (referred to as “permeate flow – 

drain”). Once the system was fully drained, the pump was switched off and the filtration 

cell partially disassembled to install the membrane. The cell was then reassembled and 

filtration experiments can begin. Solution to be filtered were poured into the feed tank 

and the tri-way valves turned to “no permeate” position (100% retentate flow). The 

pump was then switched on and the system pressure adjusted to the desired 

experiment parameter by turning the backpressure valve. Once the pressure was 

stabilised, the tri-way valve was turned to initiate permeate flow, either to recycle (back 

 



Chapter 3 Materials and Methods│83 
  

to feed tank, referred to as “permeate flow – recycle”) or to drain (“permeate flow – 

drain”, to collect samples for analysis). Only one cell was installed with membrane at a 

time so the other cell can be used to rapidly drain the system without removing the 

membrane. Since the permeate stream opens into atmosphere and that all system 

pressure readings are gauge pressure, the transmembrane pressure is estimated to be 

the average system pressure.  

Figure 3.5: Photograph showing both 2.5” MET Cross-Flow Filtration Cells with the tri-

way valves set to “no permeate”.  

 

3.6.2 Membrane Preconditioning  

Membranes were preconditioned by running deionised water through the system at the 

same pressures as the filtration experiments the membranes were to be used in. 

Preconditioning was performed with 500 mL of distilled water with the tri-way valve 

set to “permeate flow – drain”. All membranes were preconditioned for 30 min prior to 

experiments. After preconditioning, the system was drained then rinsed once with 

distilled water (tri-way valve set to “no permeate”) for 10 min before initiating 

experiment.  
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3.6.3 Cross-Flow Filtration Experiments  

Solutions to be filtered were poured into the feed tank. Typical solution volume used 

per experiment was 750 mL. For all experiments, the tri-way valve was turned to 

“permeate flow – drain” position and the permeate collected using a beaker. Periodically, 

the flow rate of the permeate was measured and a sample collected for analysis. All 

experiments were conducted at room temperature due to the oxidative browning of 

white wines that is accelerated at elevated temperatures. The feed solution can be pure 

water, model wine solution or unfined Sauvignon Blanc wine depending on the 

parameters being tested.  

 

3.6.4 Backflush 

Backflush can be performed to reverse the effects of filter cake build-up, concentration 

polarisation, and surface pore blocking, but are known to be ineffective at removing 

internal pore blocking [26, 111]. This is usually done by returning a portion of the 

permeate back through the membrane although a gas can also be used in place of the 

permeate. In this setup, nitrogen gas was used as the backflush fluid. A nitrogen gas 

supply (pressurised gas cylinder) was connected to the permeate outlet controlled by a 

tri-way valve. The pressure valve on the gas cylinder was set to 1 bar gauge pressure. 

Prior to backflushing, the pump was switched off to stop flow. The tri-way valve 

controlling the nitrogen flow was turned to initiate flow for 30s. Nitrogen flow was then 

turned off and filtration can be restarted by switching on the pump.  

 

3.6.5 Cross-Flow Filtration Clean-in-Place  

The presence of residual sugar and other components in wine promote the growth of 

moulds in the filtration equipment if not cleaned vigorously. A cleaning procedure 

similar to the CIP procedure in industry was adopted for this study. A laboratory grade 
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alkaline cleaning solution, Decon90 was used to create a 5% cleaning solution with 

water. The filtration system, with the membranes removed, was run using the cleaning 

solution for 1 hr with the water bath controlling the temperature at 40 °C for the 

cleaning process. The system was then drained of the cleaning solution then operated 

with warm water maintained at the same temperature for another hour. The system 

was then drained completely before rinsing with water three times, followed by a final 

rinse with distilled water. 

 

3.6.6 Dead-End Filtration 

Dead-end filtration experiments were performed for protein rejection analysis and 

mass balance calculations due to the lack of dead volume and initiation time 

characteristic with cross-flow filtration. A dead-end filtration cell, Sterlitech HP4750, 

was used for this purpose. Cut and preconditioned membranes (both the cross-flow 

filtration cells and the dead-end filtration cell use membranes of the same diameter) 

were placed onto the porous support plate and installed into the cell. Solutions to be 

filtered were then poured into the cell before it was sealed and connected to a 

pressurised air supply (pressurised gas cylinder). A magnetic stirrer set to 500 rpm was 

used to keep the solution well mixed during filtration. The pressure control valve on the 

gas cylinder was used to adjust the pressure to the desired value before the start of 

filtration. After the start of the filtration, samples were periodically collected for 

analysis and the volume of filtrate measured and recorded for analysis.  

 

3.7 Statistical Analysis 

Experiments were performed three times to account for experimental variation. The 

data were averaged with sample standard deviation calculated. Unless otherwise stated, 

error bars represent one standard deviation. Analysis of variance with 95% confidence 

intervals were also performed on the data to analyse the differences between different 

sets of data using SPSS Statistics software expressed as F(a, b) = x, p < 0.05.  
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Chapter 4 Protein Stability – Model 

Solutions and Analysis 

4.1 Introduction 

White wines contain a range of proteins, with molecular weights ranging from 11.2 to 

190 kDa [42, 173] and isoelectric points (pI) between 2.5 and 8.7 [53, 174]. The biggest 

contributors to protein instability were discovered to be pathogenesis-related (PR) 

proteins, specifically thaumatin-like proteins (molecular weight around 24 kDa) and 

chitinases (around 32 kDa) [7, 15, 47, 175]. These proteins are not susceptible to 

degradation by processes such as fermentation and oxidation and so are present in 

large quantities even after these processes [15, 47].  

Since wines are complex solutions of various compounds, simplified model wine 

solutions are frequently used by researchers to control the number of variables [72, 176] 

when designing new techniques to process wine where these solutions are used to 

predict the effectiveness of the techniques [11, 28, 82] or to further the understanding 

of the mechanisms of current processes such as bentonite fining [5, 76, 77]. A commonly 

used protein in model wine solutions is bovine serum albumin (BSA) in a solution of 

ethanol and water with tartaric acid used for pH control. BSA is a frequently used 

protein because it is well researched and easily available [28, 72, 95, 159]. However, 

BSA may not be an acceptable protein to use in the study of new fining processes where 

molecular weight/size is an important factor and is of particular importance to this 

study since it is an important variable in membrane filtration (33TChapter 2.5.333T). In 
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addition, molecular weight/size can potentially change the adsorption and mass 

transfer properties that occur during bentonite fining and therefore make the fining of 

BSA different to that of the actual haze-causing fractions in white wine.  

Wine proteins’ molecular weight range is between 11.2 and 190kDa [42, 173] with pI 

between 2.5 and 8.7 [53, 174]. The major protein fractions found in wine haze are the 

24 kDa (thaumatin-like) and 32 kDa (chitinases) [47]. The ideal protein for a model 

wine solution should then be similar to the haze-causing proteins, particularly in the 

properties important to the techniques being studied, and remain available and 

affordable.  

BSA has a known pI of 4.7 or 4.9 [177], but a molecular weight of 66.4 kDa [178], almost 

triple the molecular size of thaumatin-like proteins and double the size of chitinases 

[175]. A possible alternative to BSA is thaumatin, a basic protein with a pI of 12, and a 

molecular weight between 20 and 22 kDa [179]. It is an intensely sweet protein used in 

sweeteners and can usually be extracted in 2 variants: thaumatin I and thaumatin II, 

which are nearly identical in terms of amino acid composition [179]. Thaumatin-like 

proteins is a complex superfamily of proteins responsible for disease resistance and 

stressful environment adaptation in plants [180]. In white wines, they have acidic 

isoelectric points [41, 42] and account for over half of the PR proteins found in 

sauvignon blanc wines as discovered by a study by Pocock et al (2000) [48]. While 

thaumatin and thaumatin-like proteins are not entirely the same, they have very similar 

molecular weight ranges, as well as both being positively charged at wine pH levels 

(typically 3.0 to 4.0), and there are significant similarities between the homologies of 

these proteins [180].   

It is known that different protein respond different to bentonite adsorption [181]. This 

chapter examines the viability of using commercially available thaumatin as a cost 

effective model wine component. This particular model wine would be most 

appropriate as a screening tool used in investigating fining processes where protein 

separation by molecular weight/size is relevant. The aim is to determine whether 

thaumatin is a satisfactory model solution component in predicting bentonite 

adsorption of proteins in wine by examining and comparing both BSA and thaumatin as 

proteins in model solutions and comparing their performance to that of real wine 
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during bentonite fining. In addition, the experiments done in this chapter serves to 

compare and calibrate the protein stability analysis techniques that are vital to the 

understanding and analysis of the membranes performance detailed in later chapters. 

Finally, different bentonites were tested in this Chapter to quantify the adsorption 

capacities in order to predict the filtration capacity of the MMM examined later in this 

thesis.  

 

4.2 Protein Stability Analysis Techniques 

The Bradford assay measures protein concentration in a solution and thus is very useful 

in the analysis of model wine solutions due to the lack of interfering compounds present 

in wines. A comparison between Bradford assay and Prostab® can be seen in Figure 4.1. 

These are also calibration curves that serve to relate protein instability to equivalent 

protein concentration of a model wine solution later. The Bradford assay curves (Figure 

4.1a), while not linear, were similar to figures provided by the manufacturer of the 

assay kit. These results show that within the pH range used in this study with the 

Bradford kit, there was negligible effect of pH on the measurements. Standard curves 

generated with the Prostab® analysis have good linearity (Figure 4.1b, linear 

correlation rP

2
P = 0.99) for both proteins, but with less sensitivity than Bradford. While it 

is not considered a standard protein analysis, these results suggest that it can be used as 

a rapid means of relative protein content determination.  

The heat test remains one of the most important tests of protein stability, and is a 

standard test procedure in some wineries. The performance of Prostab® was compared 

against a version of this procedure in Figure 4.2. Measurements of turbidity, done by 

UV-Vis spectroscopy at 520 nm, showed the same trend as the turbidity meter but at a 

different scale. The drop in turbidity was rapid at first and then levelling out as the 

bentonite concentration increased. The main disadvantage of the turbidity meter is the 

much larger volume of sample required to perform analysis. There was little issue with 

larger batch experiments, but for some laboratory scale experiments where samples are 

less than 10 mL in volume, the UV-Vis spectroscopy method might be better.  
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Figure 4.1: Calibration curves for thaumatin and BSA with a: Bradford assay; b: 

Prostab® analysis. Error bars indicate 1 standard deviation.  
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Figure 4.2: Fining test results for sauvignon blanc wine using Bentonite A at various 

bentonite concentrations, measured using turbidity meter and UV-Vis spectroscopy for 

heat tests, and UV-Vis spectroscopy for Prostab® test.  

Comparatively, Prostab® results are more linear than the heat test results, indicating 

that at lower bentonite concentrations, Prostab® is less sensitive than heat tests at 

detecting changes in protein stability and this is in agreement with findings by 

Esteruelas et al (2009) [78]. Since the bentonite fining process is performed to heat 

stabilise the wine, wine makers are more interested in the higher bentonite 

concentration end where the required amount of bentonite concentration to ensure 

protein stability is found.   

In terms of the stability of the fined wine, both Prostab® measurement and heat test 

with UV-Vis spectroscopy measurement results agreed that 0.3 g/L of bentonite 

concentration (Bentonite A) was required to fully protein stabilise the wine, while heat 

test with turbidity meter measurement suggested that 0.2 g/L was sufficient. This 

concentration translates to about 0.8 g/L if using Bentonites B or C which is within 

range of bentonite concentration requirement to stabilise wine (0.56-1.08 g/L as 

reported by Hung (2010) [55] and 1.1 g/L as reported by Pocock (2011) [77]).  
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It is understandable that Prostab® analysis may produce slightly different outcomes to 

heat test results due to the difference in the way the analysis techniques work (33TChapter 

2.4.1.233T) but it is interesting to note that the heat tests produced different results by 

altering the equipment used to measure the change in turbidity, although the average 

for 0.2 g/L for heat test measured by UV-Vis spectroscopy was very close to the 0.02 

value, suggested by Pocock et al (2006) [64] indicating protein stability. In such 

scenarios, it would be up to the wine makers to decide whether the wine would be 

considered stable enough and risk insufficient fining, or to be conservative and process 

the wine at higher bentonite concentrations at the risk of over-fining the wine. In either 

case, the Prostab® results gave no ambiguity on the instability of the sample wine fined 

at a bentonite concentration of 0.2 g/L and clearly suggested 0.3 g/L to be the required 

concentration.  

Esteruelas et al (2009) [78], who compared the haze precipitates produced by various 

different methods of forced precipitation with natural wine protein precipitate, found 

that neither the heat tests nor the Prostab® analysis can fully replicate natural protein 

haze in composition (different levels of proteins and other components such as 

polysaccharides) but they provide similar estimates to the amount of fining a wine 

needs to reach protein stability. The main advantage and reason for using Prostab® 

analysis as the main analysis technique is the speed of analysis where protein stability 

of a sample can be determined in less than 20 min after experiments. Other advantages 

are the low variability of the results, the greater linearity of the calibration curve as 

shown in Figure 4.1 (compared to the Bradford assay), and the ability to easily relate 

protein stability to an equivalent protein concentration as shown in Figure 4.2.  

 

4.3 Bentonite Analysis 

Figure 4.3 shows that Bentonite A was a significantly more efficient fining agent 

compared to the other two bentonites, requiring less than half the concentration (0.3 

g/L compared to 0.8 g/L) to fully remove proteins at pH 3.5 with thaumatin. The 

differences between the bentonites can be explained by the different hydrated particle 

size distribution (average d(0.5) of 4.49 µm, 8.63 µm and 8.17 µm for Bentonites A, B 
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and C, respectively), where Bentonite A has higher surface area due to the smaller 

particle size. The maximum adsorption difference between Bentonites B and C is 15%, 

within the error of 1 SD. The similar results with Bentonites B and C were not surprising 

due to the similar particle sizes and being the same type of bentonite (Na-Ca). A small 

difference in the adsorption performance within the same type of bentonite under 

different labels had been previously reported [76]. Since the average hydrated particle 

sizes were much lower than the sieved particle sizes (63 µm for Bentonites B and C) it 

appears that bentonite particles naturally clump up resulting in increased difficulty in 

casting solution preparation (33TChapter 3.433T). While crushing was typically not performed 

prior to bentonite slurry preparation in wineries, it was required to ensure the 

bentonite particles were fine enough for membrane casting solution preparation.  

While Bentonite A showed significantly higher adsorption capacity, there are reasons to 

choose Bentonites B and C in the batch fining process: lees volume (bentonite swelling) 

and price. The lees volume for the three bentonites used in this study can be seen in 

Figure 4.4 (Bentonite A showed about triple the volume of precipitate compared to the 

other two bentonites after overnight settling for double the adsorption capacity). This 

would explain how a lower concentration of Bentonite A was required to achieve 

protein stability. In terms of per volume of precipitate, the commercial bentonites were 

more efficient. With wine makers wanting to minimise the volume of lees generated 

from bentonite fining, the higher volume of precipitate with Bentonite A made it 

undesirable. Price wise, Bentonite A is almost 3000% more expensive than commercial 

bentonites like Bentonite C. The cost of using Bentonite A will become prohibitive for 

wine makers in batch fining processes where the bentonites were discarded after use.  

For the purpose of fabricating mixed matrix membranes (Chapter 5), the advantages of 

using Bentonite A should outweigh the disadvantages. With the bentonite embedded 

into membranes, there would be no bentonite precipitate and thus no lees generated 

from it, eliminating one of the major disadvantages of Bentonite A. The higher 

adsorption capacity per unit mass of Bentonite A will be an advantage although the 

effect of the greater degree of swelling on the performance of the membranes is yet to 

be tested. Despite the high cost of Bentonite A when compared to commercial 

bentonites, it is still inexpensive when compared to the other materials used in making 

the membranes. In addition, the smaller particle size of Bentonite A made it easier for 
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the bentonite to remain suspended in the membrane casting solution as mentioned 

in 33TChapter 3.433T. The effects of the different types of bentonites in the performance of the 

membranes will be discussed in detail in 33TChapter 633T.  

  

 
Figure 4.3: Fining test results on model wine solutions at various pH with: (a) Bentonite 

A; (b) Bentonite B; (c) Bentonite C. Absolute protein concentration values with SD can 

be found in Appendix E.  
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Figure 4.4: Volume of precipitate after overnight settling for 0.3 g/L bentonite in wine. 

Left: Bentonite A; centre: Bentonite B; Right: Bentonite C 

 

4.4 Bentonite Fining of Model Wine Solutions and 

Sauvignon Blanc  

Figure 4.3 shows that both proteins displayed similar, non-linear trends with increasing 

bentonite concentrations with all bentonite types, where adsorption was low at very 

low concentrations, increasing significantly upon a certain threshold before tapering off, 

similar to the results of a previous study [55]. This suggests that the adsorption 

mechanisms of protein onto bentonite are independent of the type of bentonite used or 

the protein in question. This figure also shows that thaumatin displays larger reductions 

in protein concentration with increasing bentonite concentration meaning that 

thaumatin is more readily adsorbed onto all types of bentonite than BSA at all pH values 

and the difference is statistically significant (F(1, 141) = 1842.41, p < 0.05, meaning that 

there is 95% confidence that there is a significant difference between the means of 

thaumatin and BSA since the F-test value is greater than 1).  

Regardless of the bentonites used, both proteins responded to changes in acidity of the 

model wine solutions with significant statistical difference (a change in pH resulted in a 

significant difference in mean protein adsorption since F(1, 141) = 88.76, p < 0.05). The 

optimal pH of the BSA model solution appears to be 4.0, achieving 94% removal with 

Bentonite A at 0.3 g/L and 63% and 69% with Bentonites B and C, respectively at 0.8 
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g/L. While both proteins were affected by changes in pH, BSA was affected to a higher 

degree (the change in protein adsorption was significantly higher when pH was changed 

for BSA than for thaumatin since F(2, 141) = 96.04, p < 0.05). BSA adsorption became 

negligible when pH increased to 4.3, with approximately 17% removal. This is likely due 

to the solution pH being close to the pI of BSA (4.7-4.9) reducing its net charge and thus 

its ability to adsorb onto bentonite [3, 182]. Adsorption of thaumatin resulted in 

complete protein removal at the highest tested bentonite concentrations for all tested 

pH conditions. Thaumatin adsorption showed a preference towards higher pH, different 

to what was expected, where a lower solution pH should increase the net charge of 

thaumatin and thus increase its adsorption by bentonite [182]. This is likely caused by 

the larger amounts of acidity modifying compounds used to achieve the solution pH 

interfering with bentonite adsorption.  

Figure 4.5 showed the difference between the Bradford assay and Prostab® kit results 

on the fining tests on wine. Noticeably, the Prostab® results appeared to be more 

sensitive than the Bradford assay. This can be attributed to the way the analysis kits 

work. Prostab® attempts to precipitate all the dissolved proteins including some 

polyphenols in the sample solution, creating an increase in solution turbidity [78]. The 

Bradford assay measures the colour change of the solution when the Coomassie dye 

binds to the dissolved proteins to form complexes [94, 160]. Hence, interfering 

compounds in wine, like organic compounds such as phenolics, can reduce the 

sensitivity of the Bradford assay [159]. This explains the lower protein concentration 

measured by Bradford. By using Prostab® results together with Bradford results, model 

solution-equivalent protein concentration can be derived from wine. Since the purpose 

of wine fining is to achieve heat stability via the removal of proteins, the relative 

changes of protein levels are the focus and the Prostab® results in Figure 4.5 are 

important.  
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Figure 4.5: Fining test results on wine using Bentonite A at various pH conditions. 

Absolute concentration values with SD can be found in Appendix E.  

Both sets of results showed a dependence of protein removal on the pH of the wine. 

While both the model wine solutions were affected by pH, neither responded to 

bentonite fining in the completely same way as unfined wine did. Specifically, for wine, a 

lower solution pH increased the level of protein removed via bentonite fining, unlike the 

model solutions. The highest levels of protein removal for wine were recorded at pH 3.5 

where 37% of proteins remained (thaumatin equivalent Bradford assay) and got 

progressively lower as pH increased (64% remaining at pH 4.3). In addition, the 

relationship between bentonite concentration and the amount of proteins removed is 

more linear for wine than either of the model solutions. These differences are likely 

caused by the wide range of proteins in real wine (both molecular weight and pI) [7, 41, 

173]. The increase in pH reduced the net charge of proteins and their ability to adsorb 

onto bentonite, but the presence of proteins of higher pI will still be removed at pH 4.3. 

In terms of wine stability, the Prostab® analysis results (Figure 4.5) highlight that a 

model wine with thaumatin will underestimate the amount of bentonite required to 

achieve heat stability while BSA will overestimate.  
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4.5 Conclusions 

The laboratory-grade bentonite (Bentonite A) has double the protein stabilisation 

effectiveness than the commercial bentonites (Bentonites B and C) but produced more 

than double the volume of precipitate after fining. It is also significantly more expensive 

than the commercial bentonites.  

Both proteins, BSA and thaumatin, were actively removed in bentonite fining trials. BSA 

was affected to a higher degree by the pH of the solution and the protein removal via 

fining was insignificant at pH 4.3.  

Neither protein was able to fully duplicate real wine fining, mostly due to the 

complexity of the “matrix effect” of wine: that wine contains proteins of different pI, 

many compounds that can interfere with bentonite adsorption of proteins, and that 

proteins and these interfering compounds can interact (like the binding of protein and 

polyphenols). Both model solutions will be inaccurate when used to quantitatively 

predict the effect of bentonite fining but each shows a similar trend to that of real wine 

when subjected to bentonite fining, especially at lower pH levels. This makes thaumatin 

as inexpensive and viable alternative to BSA as a protein for model solutions, and a 

potentially better protein to use in studies of protein stabilisation process if molecular 

weights/sizes are crucial consideration such as membrane filtration.  

The Prostab® analysis is a rapid test that produced similar results to heat tests when 

used to determine the level of bentonite fining a wine requires. It can also be related to 

an equivalent protein concentration that has a more linear response to protein 

concentration in a solution than the Bradford assay.  

 

 



 
 

 

Chapter 5 Characterisation of Bentonite-

Embedded Mixed Matrix Membranes 

5.1 Introduction 

Using membranes as a means to purify proteins is a well-studied process commonly 

done using ultrafiltration membranes [16, 120, 183]. While proteins can be removed 

from white wines using ultrafiltration, studies commonly agree that ultrafiltration can 

have detrimental effects on the quality of wine via the remove of aroma compounds [16, 

163, 184, 185]. The loss of aroma compounds, the inability to guarantee wine stability 

even with 10 kDa membrane filters, and high operating costs resulted in a lack of 

interest by the wine industry [1, 115]. As a result, studies focused on the use of 

microfiltration in the wine industry and very little work had been done to understand 

the mechanisms of wine ultrafiltration [115].  

Embedding micro- or nano-sized particles into membranes results in mixed matrix 

membranes (MMM) [135]. By embedding clay particles in polymeric membranes, the 

resultant membranes showed improvements in mechanical and thermal stabilities, and 

increased porosity [25, 28, 141, 147]. Of particular interest to this work is the 

embedding of inorganic clay particles (specifically bentonite) in a polymer matrix. This 

membrane system aims to serve two purposes: the particles alter the morphology of the 

membrane, improving some properties such as increased porosity, hydrophilicity and 

strength, while also assisting in the primary purpose of the membrane, to remove 

proteins [25, 28]. The morphological changes are attributed to the bentonite particles 
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acting as nucleation sites during the phase inversion process as detailed in 33TChapter 2.5.633T. 

In terms of separation mechanisms, protein adsorber MMM combine membrane 

filtration with principles of adsorption (and chromatography when in series [131]) in a 

single separation step that harness particles with an active surface on which the protein 

adsorbs as the wine is filtered. The ideal MMM must show specificity onto the 

encapsulated particles while maintaining an open matrix with well-attached particles 

that have most of their active surface available for adsorption, has high porosity for high 

flux, and high particle content for increased adsorption capacity.  

The most commonly used fabrication process for MMM for protein adsorption is the 

phase inversion process. The choice of process parameters used in this work was based 

largely on finding from previous studies detailed in 33TChapter 2.5.633T. These studies gave a 

general idea on the expected morphological outcome of the membranes given certain 

polymer selection and casting solution concentrations but more information is required. 

In order to design and optimise functional MMM for wine fining, more work is needed 

on understanding how certain fabrication conditions affect the morphology and 

characteristics of the MMM, and then how these in turn translate to the filtration 

performance.  

This chapter addresses the fabrication and characterisation of bentonite embedded 

MMM made of different matrix polymer materials: polysulphone (PS), 

polyethersulphone (PES), and polyvinylidene fluoride (PVDF). This is done to further 

the understanding on the impact of embedding bentonite particles on the morphology 

of the resultant membrane. The membranes were characterised using different imaging 

techniques including scanning electron microscopy (SEM) and light-box imaging to 

visually identify morphological differences, SEM with energy dispersive X-ray 

spectroscopy (EDS) for elemental analysis, confocal laser scanning microscopy (CLSM) 

to provide evidence for the adsorptive role of the embedded bentonite particles, 

thermogravimetric analysis (TGA) for particle-polymer interaction, and contact angle 

analysis to analyse the effect on hydrophilicity.  
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5.2 Membrane Casting 

Membranes of three different polymers, three different bentonites, and various 

different compositions were prepared as summarised in Table 5.1. This table contains 

information from 33TTable 3.233T reproduced here for easier reference. Polymer content 

refers to the amount of polymer in the dope solution before bentonite addition, and 

bentonite loading refers to the wt% of the final membrane that is made up of bentonite 

particles.  

Table 5.1: List of membranes fabricated and their specifications.  

Membrane Polymer Bentonite Casting Solution 

Composition (wt%) 

Polymer/Solvent/ 

Bentonite 

Polymer 

Content 

(%) 

Membrane 

Bentonite 

Loading 

(%) 

PS10B20 PS A 10/70/20 12.5 66.7 

PS16B16 PS A 16/68/16 19.0 50.0 

PS12B12B PS B 12/76/12 13.6 50.0 

PS16B16B PS B 16/68/16 19.0 50.0 

PS15B12C PS C 15/73/12 17.0 44.4 

PS16B16C PS C 16/68/16 19.0 50.0 

PE10B20 PES A 10/70/20 12.5 66.7 

PE10B25 PES A 10/65/25 13.3 71.4 

PE12B0 PES None 12/88/0 12.0 0.0 

PV10B20 PVDF A 10/70/20 12.5 66.7 

PV16B16 PVDF A 16/68/16 19.0 50.0 

PV10B10 PVDF A 10/80/10 11.1 50.0 

PV13B13 PVDF A 13/74/13 14.9 50.0 

PV12B0 PVDF None 12/88/0 12.0 0.0 
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5.2.1 Effect of Casting Solution Composition on Membrane 

Morphology 

The polymer content refers to the weight percentage of polymer material in the dope 

solution prior to the addition of bentonite. This affected the time taken to fully dissolve 

the polymers and the viscosity of the final casting solution. For example, the preparation 

for the casting solution for membrane PS10B20 took less time than PS16B16. The 

change in viscosity of the casting solution was noticeable with only a few percentage 

change in polymer content. Solutions of 19.0% polymer content or higher were difficult 

to cast into a membrane film even at the lowest speed setting and at casting trials higher 

casting speed settings resulted in defective membranes (insufficiently formed films) as 

shown in Figure 5.1a. In addition, a longer degas time was required for more viscous 

casting solutions. Insufficient degassing resulted in the presence of bubbles in the 

casting solutions and subsequently large pores in the final membrane as shown in 

Figure 5.1b.  

  
Figure 5.1: Images of membrane defects caused by (a) high solution viscosity and/or 

high casting speed, and (b) insufficient degassing of the casting solution.  

Both bentonite loading and bentonite type had effects on the preparation of the casting 

solution. The addition of bentonite to the casting solution, regardless of the type of 

bentonite used, increased the viscosity, making the mixing and degassing of the casting 
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solution harder. The type of bentonite was also important. Bentonite A was noticeable 

harder to disperse after addition to the solution when compared to Bentonites B and C, 

requiring longer periods of vigorous stirring to create a casting solution with 

homogeneous dispersion of particles. Bentonites B and C, while being easier to disperse, 

had a tendency to settle if the polymer content was too low. From experience, a polymer 

content of lower than 12.5% will likely result in the bentonite particles settling 

(Bentonites B and C only). This is most likely caused by the particle size difference 

between the bentonites (33TChapter 4.3.233T), where the smaller particle size of Bentonite A 

allowed the formation of a suspension with no indication of settling when left to stand 

overnight. Another minor effect of the bentonite type was the on the appearance. 

Bentonites B and C had noticeably lighter hues compared to Bentonite A, resulting in a 

lighter-coloured casting solution that subsequently translated to lighter-coloured 

membranes.  

 

5.2.2 Membrane Characterisation via Visual Analysis and 

Light-Box Imaging 

5.2.2.1 As Cast Membranes 

The outcome of the cast membrane was also affected by the factors mentioned earlier, 

and some of these characteristics can be seen in light box images shown in Figures 5.2 

to 5.4. As with the casting solution preparation, the appearances of PS membranes are 

indistinguishable from PES membranes. PVDF membranes, as mentioned in 33TChapter 

2.5.133T, were noticeably different when compared to PS or PES membranes. Where PS and 

PES membranes’ texture resemble plastic, PVDF membranes had a more rubbery 

texture. PVDF membranes also appeared to be more translucent than the other 

polymers, noticeable under the light box images, and resulting in membranes of a 

darker hue when bentonite particles were added. Generally, PVDF membranes were 

less robust than PS or PES membranes, as they were easier to tear during normal 

handling.  
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The polymer content and bentonite loading affected the outcome of the final 

membranes. Low polymer content (12.0%) resulted in rough membrane surfaces 

(Figure 5.3c: PE12B0, and Figure 5.4e: PV12B0) with a wrinkled appearance. The 

addition of bentonite particles partially alleviated this problem as can be seen when 

comparing between Figure 5.4a: PV10B20 and Figure 5.4e: PV12B0 (similar polymer 

loading of 12.5% compared to 12.0%), or when comparing Figure 5.4c: PV10B10 with 

Figure 5.4e: PV12B0, where PV10B10 (11.1% polymer content) contained less wrinkles 

than PV12B0 despite having lower polymer content. This is likely the result of bentonite 

particles filling out the space left when solvent was removed. For membranes that did 

not form wrinkles, there were no visually identifiable characteristics to distinguish 

between membranes of same polymer but different composition.  

The polymer content also affected how robust the membranes were under normal 

handing. Typically, higher polymer content resulted in membranes that felt stronger but 

more rigid during handling while low polymer content membranes like PV10B10 

required careful handing to prevent tearing in simple actions such as removing the 

membrane from the water bath. Previous studies found improvements to tensile 

strength with the addition of filler material, but in these studies, the membrane 

compositions were very different (from 5% to 20% additive loading) [25, 141, 147]. 

However, all membrane specifications listed in Table 5.1 were capable of withstanding 

high system pressures (20 bar) in the cross-flow filtration system without breakages.  

Membranes with high polymer content such as PV16B16 (19.0% polymer in dope 

solution as shown in Figure 5.4b) was found to be more robust during handling but 

required longer time to prepare the casting solution: longer polymer dissolution time, 

longer time to disperse bentonite particles due to increased dope solution viscosity, and 

longer degassing time. The MMM with the highest bentonite loading tested was 

PE10B25 with 71.4% bentonite loading. Increasing bentonite wt% or polymer wt% 

resulted in a more viscous casting solution that was difficult to consistently reproduce 

well-formed, flat membranes. Any further increases in bentonite loading will require 

the reduction of polymer content resulting in less robust membranes as discussed 

earlier.  
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Figure 5.2: Normal light (left) and light box (right) images of PS membranes listed in 

Table 5.1.  

   
Figure 5.3: Normal light (left) and light box (right) images of PES membranes listed in 

Table 5.1.  
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Figure 5.4: Normal lighting (left) and Light box (right) images of PVDF membranes 

listed in Table 5.1.   

 

5.2.2.2 Membranes after Filtration 

Visual analysis was also performed on membranes before and after filtration 

experiments. Figure 5.5 to 5.7 shows several images of membranes before and after 

filtration. The most noticeable effect was the discolouration of the membranes used to 

filter unfined wine. This is caused by colour components of wine adsorbed onto the top 

surface of the membranes. The bottom membrane surfaces did not show the same 

discolouration, meaning that the dense top layers of the membranes are effective at 

separating most of the colour components.  

Of particular interest is the effect of filtration on the top surface of the membranes 

which is responsible for the majority of separation based on size exclusion (property of 

asymmetric membranes) [26, 105]. Therefore, the durability of this layer is very 

important.  
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Figure 5.5: Representative digital images of PS membranes after filtration with unfined 

wine: (a) PS10B20 before filtration; (b) PS16B16B at 20 bar; (c) PS16B16C at 20 bar; (d) 

PS16B16C at 10 bar.  

From Figure 5.5, it can be seen that the top surface of the membranes can become 

plastically deformed by the tangential flow of the cross-flow filtration, and the extent of 

deformation is pressure dependent. At 10 bar, the membrane surface has a polished 

appearance. Increasing the pressure to 20 bar (to compare results with previous work) 

and a rough, pimpled appearance can be seen, which is likely caused by an irreversible 

deformation of the top skin layer resulting from membrane compression so that the 

pores beneath the skin layer are impressed onto the top surface. Changing the bentonite 

type (Figure 5.5b and 5.5c) did not appear to cause any difference. Since PES 
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membranes are similar to PS membranes, this pimpled appearance was not on the PES 

membranes (Figure 5.6) due to the lower filtration pressures used (2.0 to 4.5 bar). 

However, the PVDF membranes (Figure 5.7) showed even higher degree of roughness 

than the PS membranes even when used at lower pressures (2.0 bar) indicating that the 

PVDF membranes are easier to irreversibly deform under compressive forces. This is 

likely due to PVDF having lower compressive strength compared to PS and PES 

(compressive strengths of 55-90, 96 and 100 MPa respectively) [107, 109]. These 

details will be examined further using SEM imaging in 33TChapter 5.3.133T.   

  

  
Figure 5.6: Representative digital images of PES membranes before and after filtration 

with unfined wine: (a) PE10B20 before filtration; (b) PE10B20 at 2 bar; (c) PE10B20 at 

4.5 bar; (d) PE10B25 at 4.5 bar.  
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Figure 5.7: Representative digital images of PVDF membranes before and after filtration 

with unfined wine: (a) PV13B13 before filtration; (b) PV13B13 at 4.5 bar; (c) PV10B20 

at 2.0 bar.  
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5.2.3 Membrane Mass and Thickness 

Membrane mass (air dried) was measured using a simple digital balance while 

thickness (membrane fully hydrated) was measured using a micrometer. The results 

are summarised in Table 5.2. Of particular interest is the overall membrane density, 

which allows for the estimation of the amount of bentonite in a given membrane and 

subsequently, the estimation on the maximum protein adsorption capacity for a given 

surface area of membrane.  

Table 5.2: Averaged thickness, density and mass of bentonite (average of 3 samples ± 1 

standard deviation) of membranes listed in Table 5.1.  

Membrane 
Thickness 
(µm) 

Overall membrane 
density (g/cmP

3
P) 

Mass of bentonite per 
cmP

2
P of membrane (mg) 

PS10B20 180 ± 7 0.38 ± 0.01 4.6 ± 0.1 

PS16B16P

1 59 ± 3 0.54 ± 0.06 1.6 ± 0.2 

PS12B12B 150 ± 10 0.33 ± 0.01 2.5 ± 0.1 

PS16B16B 140 ± 4 0.48 ± 0.02 3.2 ± 0.1 

PS15B12C 140 ± 4 0.39 ± 0.04 2.4 ± 0.2 

PS16B16C 140 ± 7 0.42 ± 0.03 3.0 ± 0.2 

PE10B20 180 ± 7 0.43 ± 0.01 5.0 ± 0.2 

PE10B25 180 ± 5 0.51 ± 0.02 6.7 ± 0.3 

PE12B0 150 ± 10 0.18 ± 0.02 0 

PV10B20 170 ± 9 0.49 ± 0.01 5.3 ± 0.1 

PV16B16 150 ± 3 0.49 ± 0.01 3.8 ± 0.1 

PV10B10 160 ± 5 0.40 ± 0.01 3.1 ± 0.1 

PV13B13 150 ± 9 0.44 ± 0.01 3.3 ± 0.1 

PV12B0 140 ± 6 0.19 ± 0.01 0 

P

1
P Membrane PS16B16 was cast as a thinner membrane (casting setting 150 µm instead 

of 250 µm).  

As expected, the higher the solid concentration in the casting solution, the higher the 

density of the final membrane. As can be seen from the results, there can be large 

variances (up to 20 µm) in thickness which may affect the flux of the membranes. These 
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variances are believed to be caused by drag of the viscous casting solution during the 

casting process. The variances of density are comparatively much smaller. A denser 

membrane of the same polymer material should have a lower degree of porosity and 

higher resistance to membrane compaction and trans-membrane mass transport. The 

effects of the differences in membrane thicknesses and densities can be seen in SEM 

images in 33TChapter 5.3.133T with further discussions.  

Again, there was very little to distinguish between PS and PES membranes. Membranes 

PS10B20 and PE10B20, for example, were cast under the same specifications, and the 

resulting membrane thicknesses are almost identical. PVDF membranes cast under the 

same specifications resulted in a slightly thinner membrane which indicates a larger 

degree of shrinkage during the phase inversion process resulting in a denser membrane. 

Comparing the thickness of the membranes of the same polymers and it can be seen 

that the increase of bentonite loading relative to the polymer content resulted in thicker 

membranes (comparing PV10B20 to PV16B16). This is an expected result since 

bentonite swells while the polymer matrix shrinks during the phase inversion process, 

negating the loss of material from the solvent being removed.  

 

5.3 Scanning Electron Microscopy: Analysing 

Membrane Morphology 

5.3.1 Secondary Electron Mode 

The surfaces and internal structure of the membranes were characterised using SEM via 

secondary electron (SE) mode.  
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5.3.1.1 As Cast Membranes 

The top and bottom surfaces of several representative membranes are shown in Figures 

5.8 to 5.10. As expected of asymmetric membranes, the top and bottom surfaces of the 

membranes are different. The top surfaces (the surface exposed to air during the casting 

procedure) have no visible open pores indicating a dense skin layer. The bottom 

surfaces have visible porosity, indicating lower density support layers. Bentonite 

particles are sometimes visible in the occasional open pores (example Figure 5.9c).  

Similar to light box images, there is little to distinguish between top surfaces of PS and 

PES membranes under the SEM despite compositional differences, as shown in Figures 

5.8 and 5.9. The top surfaces are relatively smooth with few features when compared to 

PVDF. The appearance of the top surface was affected by several factors: the type of 

bentonite embedded, and the bentonite loading. Membranes with Bentonite A 

(PS16B16 in Figure 5.8a, PE10B20 in Figure 5.9a) embedded have visible raised spots 

reducing the overall smoothness of the membranes when compared to those embedded 

with the other two bentonite types (Figure 5.8b: PS16B16C). These raised spots indicate 

bentonite particles directly beneath the skin layer of the top surface which are visible 

with Bentonite A due to the smaller particle size allowing the particles to remain 

suspended in the cast membrane film. Bentonites C would have a higher tendency to 

settle prior to phase inversion due to the larger particle size, resulting in a smoother 

skin layer. The change in bentonite loading can be seen via the increase in the number 

of raised spots. This reflects the higher density of bentonite particles just underneath 

the skin layer. How this difference in bentonite distribution will affect the performance 

of the membranes may require more information from SEM images under BSE mode 

discussed later in 33TChapter 5.3.233T. Pure membrane like PE12B0 shares appearance with 

membranes embedded with commercial bentonites like PS15B12C, being smooth and 

even with few notable features (lines on the top surface caused by handling). These 

differences are not visible under light box images, indicating that the details are 

microscopic.  
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Figure 5.8: Representative SEM images of PS membranes showing top (upper) and 

bottom (lower) surfaces of two PS membranes with same composition but different 

bentonite: (a) Bentonite A; (b) Bentonite C.  
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Figure 5.9: Representative SEM images of PES membranes showing top (upper) and 

bottom (lower) surfaces 
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Figure 5.10: Representative SEM images of PVDF membranes showing top (upper) and 

bottom (lower) surfaces.  
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Differences in the density of the membranes can be seen in the bottom surface images in 

Figures 5.8 to 5.10. Generally speaking, a lower polymer content in the casting solution 

resulted in a higher degree of porosity and larger pores in the bottom layer, and 

bentonite particles can sometimes be seen through the larger pores. For example, 

Figure 5.9a: PE10B20 contains more visible open pores than Figure 5.8a: PS16B16, 

covering 10% (PE10B20) of the bottom surface area compared to 6% (PS16B16), and 

also contains larger pore sizes, with average Feret diameters (the largest distance 

between any two points along pore boundary, also known as calliper length) of 3.3 µm 

and 2.7 µm respectively, and maximum Feret diameters of 17.7 µm and 12.2 µm 

respectively. Without distortions from the bentonite particles, pure membranes like 

Figure 5.9b: PE12B0 contain smaller pores, with average Feret diameter of 0.4 µm with 

a maximum of 1.8 µm covering 3.4% of the bottom surface. This effect of embedded 

particles increasing the porosity and pore size of membranes were also reported in Yan 

et al (2007) [186] and Tran et al (2012) [28], who theorised the effect to be the result of 

interactions between bentonite and polymer in solution such that the interaction 

between polymer macromolecules are weakened. This increases the spacing between 

the molecules and increases the diffusion rate of solvent during phase inversion 

resulting in larger pores.  

The bentonite particles also affect the appearance of the membrane bottom surface 

although the effects are different to the membrane top surfaces. The bottom surfaces of 

PS and PES MMM had an uneven (lumpy) appearance seen in Figures 5.8 and 5.9. The 

unevenness at the bottom surfaces, clearly seen on Figure 5.8b: PS16B16C but to a 

lesser extent on Figure 5.8a: PS16B16, could be caused by the settling of the bentonite 

particles during the casting process. Another possible cause of the unevenness is the 

swelling of the bentonite particles during phase inversion and storage (both in water). 

This would cause a greater degree of distortion of the polymer matrix in the lower layer 

due to its lower density. A reduction of the amount of large bentonite particles at the 

bottom surface, either via smaller bentonite particles embedded (Figure 5.8a: PS16B16) 

or lower bentonite loading (Figure 5.17a: PS15B12C) resulted in more even bottom 

surfaces. The difference in surface features can also be observed with visual 

examination under natural light where the top surface is shinier than the bottom. 
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PVDF membranes, however, looked very different under the SEM. Where the top surface 

of PS and PES membranes are smooth and featureless, PVDF membranes are rough and 

uneven especially those with bentonite particles embedded, resulting in micro-folds 

(wrinkles) that are suspected to increase potential of fouling during filtration (Figure 

5.10a: PV10B20). The degree of roughness appears to be caused by the composition of 

the casting solution, or more specifically, the density of the membrane and the amount 

of bentonite swelling. A reduction of the density of the membrane (low polymer content) 

means the membrane structure is more affected by the swelling of bentonite, resulting 

in increased structure and surface distortions. Increasing the bentonite loading (amount 

of bentonite particles) also increased structure and surface distortions due to greater 

degrees of bentonite swelling. Comparatively, pure PVDF membranes like Figure 5.10c: 

PV12B0 contain no surface distortions due to the lack of bentonite particles.  

The bottom surface of PVDF (Figure 5.10) membranes also looks very different to PS 

and PES membranes. Its appearance is that of nodules clustered and bonded together. 

This type of structure is suspected to be more susceptible to erosion (mass loss) during 

filtration.  

The cross-sectional structures of all the membranes are similar, which is a dense top 

layer with a porous support layer characteristic of the wet phase inversion process. As 

shown in Figure 5.11, the layers at the top surface are made up of micro-tubular pores 

(layer B) just beneath a very thin skin layer (layer A) forming the smooth top surface, 

and the bottom layer (layer C) is of a sponge-like porous structure. The difference 

caused by the type of bentonite used in membrane embedding can be seen in Figure 

5.11 as well where much larger particles can be seen with membranes embedded with 

Bentonite C when compared to Bentonite A (PS16B16C compared with PS16B16 in 

Figure 5.11).  
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Figure 5.11: Cross-sectional SEM image of membranes PS16B16 (top) and PS16B16C 

(bottom) showing the 3 different layers characteristic of asymmetric membranes.  

The structure starting from the lower portions of the micro-tubular layer slanted off at 

an angle, unlike the top layer where the micro-tubes developed perpendicular to the 

membrane surface. This is likely caused by the drag on the viscous casting solution 

during the casting process. This type of pore shape is not unique to MMM since it can 

happen with pure membranes as well as reported by Vandezande et al (2009) [187]. As 

expected, an increase in solvent concentration of the casting solution (lower solution 

viscosity) resulted in more perpendicular micro-tubes in layer B. The relative thickness 

of the micro-tubular porous layers (Layers B1 and B2), compared to the total membrane 

thickness, also appears to be affected by bentonite loading. In general, a higher 
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bentonite loading resulted in a thinner micro-tubular porous layer (Figure 5.13a: 

PV10B20 compared with Figure 5.13b: PV16B6). This is likely a result of bentonite 

particles interacting with the polymer during membrane formation (phase inversion) 

[186, 187]. Bentonite particles act as nucleation points, disrupting the formation of the 

tubular pores. With increased bentonite loading, there is a larger degree of disruption, 

resulting in thinner tubular porous layers.  

  

 
Figure 5.12: Representative cross-sectional SEM images of PES membranes. 
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Figure 5.13: Representative cross-sectional SEM images of PVDF membrane.  

The support layers of PS (Figure 5.11) and PES (Figure 5.12) membranes have sponge-

like structure, while PVDF (Figure 5.13) is that of a sponge-like structure similar to PS 

and PES membranes followed by a layer of bonded-nodules. In addition, PS and PES 

membranes appear to have two layers of micro-tubular pores (layers B1 and B2 in 

Figure 5.11), the one directly beneath the skin layer of smaller diameter packed closely 

together, while another, of much larger diameter found beneath with the pore walls 

showing the same sponge-like structure as the bottom support layer. PVDF membranes 

have much thinner micro-tubular pore layer but a much thicker support layer. The 

micro-tubular layers is expected to provide less restriction to trans-membrane flow but 

more susceptible to deformation from feed pressure. Membranes with the micro-
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tubular pores perpendicular to the surface are expected to be less prone to compression 

deformation by feed pressure than those slanting off at an angle. Increasing the solvent 

content in the casting solution resulted in the micro-tubular pores developing into large 

planar cavities.  In the case of pure membranes (Figure 5.12c: PE12B0 and Figure 5.13c: 

PV12B0), especially for PVDF, these cavities became so large that the membrane cross-

section looks like multiple sheets of membranes layered together.  

  
Figure 5.14: Cross-section SEM images of how bentonite particles interact with the 

surrounding polymer matrix (Left: PS; Right: PVDF) with arrows indicating contact 

points between bentonite particles and the surrounding polymer matrix.  

Of particular interest is the interaction between the bentonite particles and the 

membrane polymer. One major purpose of using bentonite particles to be embedded 

into the membranes is to attempt to take advantage of the well-known capability of 

bentonite to remove proteins from wines. For this purpose, the more encased the 

bentonite particles are by the surrounding matrix, the harder it is for protein molecules 

to come into contact with bentonite and be adsorbed. For PS and PES membranes, the 

bentonite particles, while surrounded by the supporting polymer matrix, are held in 

place at certain points where the bonding between polymer and bentonite is visible. 

This exposes most of the surface area of the bentonite particles to the fluids flowing 

through the membrane. PVDF membrane on the other hand shows more extensive 

bonding between bentonite particles and the surrounding polymer matrix. This could 

result in a lower degree of exposure of bentonite surface for adsorption. Figure 5.14 
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shows the difference between the level of interaction between PS and PVDF polymer 

matrix with bentonite particles under the SEM.   

The higher magnification images of the dense skin layers can be seen in Figure 5.15. It 

can be seen from the images that there is a noticeable difference between the skin layer 

of PVDF membranes and the other two polymers. First, the skin layer for PVDF 

membranes is thinner than either PS or PES membranes (rough measurements using 

the SEM images gave average thicknesses of 0.14 ± 0.03 µm for PS, 0.13 ± 0.02 µm for 

PES, and 0.06 ± 0.02 µm for PVDF). Second, PVDF skin layer appears to be of the same 

morphological structure as the sponge-like layer whereas the skin layer of the other two 

polymers resembles the bonded nodules seen in the bottom layer of PVDF membranes. 

Thus, the skin layer of the PVDF membranes appears to be denser and should 

contribute more to the resistance to mass transport (PS and PES membrane skin layers 

appear to be more porous). Since these are characteristic of pure membranes made 

using similar variations of phase inversion (examples can be found in a study by 

Buonomenna et al (2007) [110] PVDF skin layer structures and Ghaemi et al (2011) 

[153] for PES skin layer structures), it can be said that the presence of bentonite 

particles altered the thickness of various layers but do not affect the characteristics of 

the structure of the different layers. The bentonite particle in the micro-tubular porous 

layer (Figure 5.15b) does not appear to distort or interrupt the formation of the finger-

like pores at or around the particle.  
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Figure 5.15: Cross-section SEM images showing the dense skin layer of the membranes: 

(a) PS membrane (PS10B20); (b) PES membrane (PE10B25) showing a visible 

bentonite particle; (c) PVDF membrane (PV16B16).  

 



124│Chapter 5 Characterisation of Bentonite-Embedded Mixed Matrix Membranes 
 

5.3.1.2 Membranes after Filtration 

The membranes were also characterised by SEM after being used in filtration and 

comparison images between pre- and post-filtration are shown in Figures 5.16 to 5.18 

(filtration performance of the membranes discussed in the next Chapter). Generally, the 

top surfaces, due to their higher densities, showed less change before and after being 

used in filtration when compared to the bottom surfaces. For PS membrane (Figure 

5.16a: PS15B12C), the top surface appears to be smoother post-filtration reflecting the 

polished appearance seen in visual inspection (Figure 5.2e) as a result of the tangential 

flow “washing” the surface. For PES membranes at low pressure (Figure 5.16b: 

PE10B20) the difference was even smaller. PVDF membranes (Figure 5.16c: PV10B10) 

showing increased roughness is reflected in visual inspection as well (Figure 5.6b).  

The bottom surfaces have eroded appearances (Figure 5.17a: PS15B12C) or noticeable 

increases to pore size (Figure 5.17b: PE10B20) or both (Figure 5.17c: PV10B10) 

indicating loss of material due to the lower density of the bottom layers. Since the 

bottom surfaces were not exposed to tangential flow, the only cause of erosion is from 

transmembrane flow. The level of material loss appears to be tied to the density of the 

membrane layer, with lower density membranes showing greater degree of change. 

PVDF membranes also appear to be less robust than PS and PES membranes, showing 

increased porosity, roughness, and erosion on the bottom surfaces after filtration.  

The internal structure of the membranes, shown in Figure 5.18, remained largely intact 

after filtration. The sponge-like structure and the perpendicular micro-tubular pores 

just under the skin layer appear to be largely unchanged. As predicted, the slanting 

tubular pores (macro voids) were the most affected by pressure where the degree of the 

slant increased after filtration as a result from irreversible membrane compaction 

resulting in a more compacted appearance. This also resulted in a reduction of 

membrane thickness that was not detectable with a micrometer but was visible in SEM 

analysis.  
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Figure 5.16: SEM images showing the appearance of membrane top surfaces before (top) 

and after (bottom) filtration.  
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Figure 5.17: SEM images showing the appearance of membrane bottom surfaces before 

(top) and after (bottom) filtration.  
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Figure 5.18: SEM images showing the appearance of membrane cross-sections before 

(top) and after (bottom) filtration.  

 

5.3.2 Back-Scattered Electron Mode 

BSE mode with EDS was used to examine the distribution of bentonite particles in the 

membranes. The bentonite particles show up as brighter spots in the SEM pictures and 

are confirmed to be bentonite using composition analysis using EDS. Bentonite particles 

(primarily montmorillonite) contain aluminium and high quantities of silicon not 

present in the polymer matrix, which contains higher quantities of carbon and sulphur 

but lower quantities of oxygen in the case of PS and PES membranes, and the presence 

of fluorine in the case of PVDF. The atomic compositions of representative regions 

highlighted in Figures 5.19 to 5.21 are summarised in Table 5.3. The bright regions 

(bentonite) showed significantly higher aluminium, silicon and oxygen content 

compared to the polymer regions. Due to the bentonite particles being under the 

surface of the membrane and that the BSE can penetrate the surface, the bentonite 

particle regions will contain elements of the membrane material. Equivalently, trace 

amounts of aluminium and silicon were also found in the non-bentonite particle areas, 

most likely from bentonite particles nearby or further beneath the membrane surface.  
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Figure 5.19: Cross-section SEM images of membranes under BSE mode with regions 

highlighted for EDS analysis.  
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Figure 5.20: Top surface SEM images of membranes under BSE mode with regions 

highlighted for EDS analysis.  
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Figure 5.21: Bottom surface SEM images of membranes under BSE mode with regions 

highlighted for EDS analysis.  

Cross-section SEM images in this mode revealed that membranes with Bentonite A, 

being of smaller particle size, have evenly dispersed particles across the entire 

thickness of the membrane (Figure 5.19e: PS10B20). For the larger bentonites, images 

(example Figure 5.19a: PS15B12C) show that the larger particles are found closer to the 

upper layers rather than the lower layers. This could be caused by the bentonite 

particles being dislodged from the lower layers of the membranes during sample 
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preparation due to the more porous matrix at the lower layers.  It is also evidence that 

the casting solution was viscous enough to keep the larger bentonite particles in 

suspension during the casting and phase inversion processes. For top and bottom 

surfaces, result images (Figures 5.20 and 5.21) show an even dispersion of particles 

across the membranes just beneath the surfaces. BSE images also revealed the micro-

tubular pores under the skin layer observed in cross-section imaging that are not visible 

under SE mode. As expected, pure membranes show no presence of bentonite particles 

(Figure 5.20g: PE12B0 and Figure 5.20h: PV12B0).  

Table 5.3: Atomic composition of the major components in the regions highlighted in 

Figure 5.7.  

Area C (At%) N (At%) F (At%) S (At%) O (At%) Al (At%) Si (At%) 

X1 18.3 9.6 0.0 0.6 34.4 9.0 24.0 
X2 83.0 3.8 0.0 1.4 9.1 0.7 1.8 
X3 44.7 7.8 5.5 0.0 21.8 4.3 14.3 
X4 63.4 5.1 11.8 0.0 13.7 1.6 3.8 
T1 68.6 0.0 0.0 0.6 13.9 3.8 7.0 
T2 86.9 2.4 0.0 2.1 6.6 0.5 1.4 
T3 45.9 6.7 10.4 0.0 22.0 3.8 10.4 
T4 52.5 6.8 11.2 0.0 19.4 2.8 6.7 
B1 33.1 11.4 0.0 0.3 35.6 3.3 14.9 
B2 87.1 1.9 0.0 2.0 7.3 0.4 1.1 
B3 40.5 9.5 6.5 0.0 29.7 4.3 9.5 
B4 68.4 3.2 11.2 0.0 8.9 2.0 6.1 

 

Nitrogen was detected in almost all measured regions despite that these were freshly 

made membranes (Table 5.3). This may be caused by adsorption of nitrogen gas from 

the atmosphere onto the polymer and bentonite particles, or from liquid nitrogen used 

for freeze-fracture. The higher nitrogen contents found in regions considered to be 

bentonite indicate that bentonite particles adsorb nitrogen better than polymers. This 

means that composition analysis using EDS may not be suitable for post-filtration 

membrane analysis of protein adsorption since the nitrogen signal from proteins may 
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be overwhelmed by nitrogen from other sources. For this analysis, confocal scanning 

laser microscopy (CSLM) was used instead.  

 

5.4 Thermogravimetric Analysis 

The interaction between the bentonite particles and the surrounding polymer matrix 

was examined using TGA. The main membranes being analysed were the PES and PVDF 

membranes with the representative curves presented in Figure 5.22. Membranes with 

embedded bentonite particles show an initial drop in mass at lower temperatures (less 

than 100°C) that is not present in the pure membranes. This is attributed to the water 

adsorbed by the bentonite particles being evaporated when the temperature rose above 

room temperature. The completion of this initial drop occurred at around 100 °C.  

The feature of interest is the onset and endset (final) temperatures of degradation 

summarised in Table 5.4. For all membranes, the embedding of bentonite particles 

increased the onset temperature of degradation indicating an improvement to thermal 

stability. For PES membranes the improvements to thermal stability is more noticeable 

than PVDF membranes. The onset temperature for membranes PV12B0 (461 °C) and 

PV13B13 (462 °C) was estimated to be nearly identical by the TGA software, but the 

weight against temperature plot in Figure 5.22 indicated that the onset of degradation 

for PV13B13 was higher than PV12B0 and only slightly lower than PV10B20 (472 °C). 

The differences in endset temperatures between the MMM and pure membranes 

(difference of 43 °C for PE10B25 and 49 °C for PE12B0), however, are much smaller 

indicating that while the presence of bentonite delayed the onset of membrane 

degradation, once degradation occurs, the bentonite particles accelerate the 

degradation. This is likely due to the bentonite particles heating up and thus provides 

more even heating across the thickness of the membranes. In addition, a higher 

bentonite loading resulted in higher temperatures of degradation (onset temperature of 

462 °C for PV13B13 compared to 472 °C for PV10B20). This matches with the earlier 

observation that the polymer matrix is bonded to the bentonite particles, which in turn 

delay the volatilisation of the polymer material. The TGA results suggest that the bond 

between bentonite particles and PES is stronger than with PVDF.  
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Figure 5.22: Graphs showing TGA results of various (a) PES and (b) PVDF membranes.  

Previous studies on montmorillonite embedded MMM showed greater shifts of 

degradation temperatures, but these studies were performed in air atmosphere which 

would have changed the degradation temperatures (reduction of the onset temperature 

of degradation due to presence of oxygen) [25, 28, 141, 153].  
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Table 5.4: Representative onset and final temperatures of degradation of various PES 

and PVDF membranes tested using TGA.  

Membrane Temperatures (°C) 

 Onset Endset Midpoint 

PE10B20 594 624 605 

PE10B25 594 637 609 

PE12B0 567 616 591 

PV10B20 472 486 478 

PV13B13 462 475 469 

PV12B0 461 487 472 

 

5.5 Confocal Laser Scanning Microscopy: Protein 

Adsorption Analysis 

CLSM analysis was performed on the membranes before and after wine filtration in 

order to identify the role of the bentonite particles in the removal of proteins. As a 

control, bentonite particles, before and after being used in batch-wise wine fining of 

thaumatin-based model wine solution, were subjected to the same analysis. These are 

shown in Figure 5.23, showing the difference between hydrated bentonite particles 

before (protein-free) and after (proteins adsorbed) fining. Protein-free bentonite 

treated with Coomassie brilliant blue (CBB) R250 did not fluoresce as protein-adsorbed 

bentonite did, resulting in darker images under the same CLSM settings. This is 

evidence that bentonite-bound CBB does not fluoresce and can be used to identify the 

adsorption of proteins in bentonite-embedded MMM.  
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Figure 5.23: CLSM images showing difference in fluorescence between (left) bentonite 

particles before batch-wise fining, and (right) bentonite after batch-wise fining.  

While PVDF membranes have been documented to have low fluorescence (low 

interference) with CBB dye staining [166, 167], no information has been found on PS 

and PES membranes. It was found in experiments that the fluorescence of unused but 

dye-stained PS and PES membranes (background staining) are much higher than PVDF 

membranes giving poor signal-to-background ratios. This problem is mainly found in 

the top surfaces of PS and PES membranes where background staining is significantly 

stronger (CLSM images in 33TAppendix C33T) which is most likely due to the higher material 

density at the top surfaces. In contrast, both top and bottom surfaces of PVDF 

membranes gave low background staining allowing for analysis of the contrast in 

intensity before and after filtration. The contrast between PVDF and PES membranes 

under CLSM analysis can be seen in Figure 5.24 (compare Figure 5.24c with Figure 

5.24g).  

Images shown in Figure 5.24 are z-stack images of with a total penetration depth of 50 

µm showing only pixels of highest intensity for maximum transparency. This means that 

both the dye and the laser are able to penetrate the membrane surface to image the 

embedded bentonites which should show up as dark dots in pre-filtration membrane 

images. Porosity in the membranes should also show up as dark dots due to the lack of 

any material for the dye to bind to. Bright spots seen in pre-filtration membrane images 
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would be a result of insufficient local destaining either from dye molecules being 

adsorbed by foreign particles or being trapped in membrane pores.  

   

   

  
Figure 5.24: CLSM images of membranes before and after filtration with model wine 

solutions: (a) PVDF MMM top surface pre-filtration; (b) PVDF MMM top surface post-

filtration; (c) PVDF MMM bottom surface pre-filtration; (d) PVDF MMM bottom surface 

post-filtration; (e) Pure PVDF membrane top surface pre-filtration; (f) Pure PVDF 

membrane top surface post-filtration; (g) PES MMM bottom surface pre-filtration; (h) 

PES MMM bottom surface post-filtration.  
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Figure 5.25: Graph showing differences in fluorescence between pre- and post-filtration 

measured via mean grey value in ImageJ of PVDF membranes shown in Figure 5.24.  

As can be seen from the CLSM images of membrane post-filtration, the pure membranes 

(Figure 5.24f) and membranes pre-filtration all lacked the dense formation of bright 

dots seen in MMM post-filtration, which is believed to be bentonite particles that 

adsorbed protein molecules and are thus fluorescing more intensely than the 

background. With PS and PES membranes, the high level of background staining still 

allowed contrast in fluorescence to show in the bottom surfaces (example in Figure 

5.24g and 5.24h). Despite being imaged at different magnifications, there are 

similarities between the fluorescing bright dots in CLSM images and the bright particles 

in SEM images using BSE mode (Figures 5.20 and 5.21).  

The lower background staining of PVDF membranes allows for easier comparison of the 

intensity of fluorescence using ImageJ software. The results for the difference in levels 

of fluorescence before and after filtration are shown in Figure 5.25.  

It can be seen that the membrane itself (PVDF) can adsorb a certain amount of protein 

resulting in increased fluorescence after dye staining but the amount was much less 

than when bentonite was embedded. Comparatively, the difference in fluorescence at 

the bottom surface was much smaller between MMM and pure membrane than on the 

top surface. This means that the embedding of bentonite significantly increased the 

adsorption of proteins on the top surface. This follows the knowledge that the top 

surfaces are of higher density and are responsible for the majority of the separation due 
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to pore flow. PVDF is known to foul more than PS or PES by organic molecules such as 

proteins [111], which should account for the difference in fluorescence between pre- 

and post-filtration of the two different types of membranes.  

 

5.6 Contact Angle Analysis 

Wettability behaviour of the membranes was assessed using contact angle analysis. The 

sessile drop technique was used with pure water and the results shown in Figure 5.26. 

While the results do not match well with the findings by Anadão et al (2010) [25] 

(different membrane compositions) and Tran et al (2012) [28] (likely the result of 

different surface roughness), they are reflective of the membranes being tested in this 

study. For all membranes, contact angle measured at 2s are all at 90° or lower meaning 

that all the membranes have high wettability [169]. After the initial contact between the 

water droplet and membrane surface, a gradual reduction in contact angle was 

observed. By comparing against a control sample (water droplet on Parafilm M®, 

control results in 33TAppendix B33T), it can be concluded that the reduction of contact angles 

is too rapid to be considered evaporation and should be considered the result of water 

transporting into the membrane and/or water spreading across the surface.  

The pure membranes (PE12B0 and PV12B0) contain uneven surfaces as can be seen in 

light-box and SEM images. They also have the slowest reduction of contact angle (3.5° 

over 60s and 10.5° over 60s respectively) indicating very slow penetration of water into 

the membrane. The large gradual increase in contact diameter suggests that the 

reduction of contact angle is mainly a result of water spreading on the membrane 

surface (spreading). Comparatively, MMM like PE10B20 and PV10B20 where the 

increases in contact diameter are much smaller (normalised diameters of -0.015 and 

0.006 respectively), suggest that the reduction of contact angle is mainly a result of 

water penetrating into the membrane (absorption and transport).  
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Figure 5.26: Graphs showing time-dependent contact angle and normalised contact 

diameter of various PS, PES and PVDF membranes using pure water. 
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Figure 5.27: Graphs showing time-dependent contact angle and normalised contact 

diameter of various PS, PES and PVDF membranes at different solution pH.  
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In short, embedding bentonite particles increased the absorption of water but does not 

necessarily improve the initial wettability of the membrane surfaces (membrane 

PV12B0 has lower contact angles than PV16B16: 85.8-75.2° compared to 90.6-76.4°). 

This implies that MMM should provide better flux than pure membranes but may also 

suggest that the presence of bentonite particles alters the polarity of the surfaces 

resulting in increased absorption.  

Overall, PVDF membranes are found to have higher contact angles than either PS or PES 

membranes regardless of the presence of bentonite particles (contact angles start at 

70.5-80.0° for PS, 74.3-81.5° for PES and 79.5-90.6° for PVDF). This matches the 

information that PVDF is inherently more hydrophobic [107, 109]. The normalised 

contact diameter profiles also reveal that other than membrane PV10B20, water 

spreading on PVDF membranes was more prominent than the other two polymers 

meaning there was less absorption with these membranes. The type of bentonite is also 

shown to have an effect as can be seen in Figure 5.26a comparing PS16B16 to 

PS16B16C, where Bentonite A is shown to improve membrane hydrophilicity more than 

Bentonite C. Increasing the bentonite loading resulted in both an increase to 

hydrophilicity (comparing Figure 5.26c: PE10B20 to PE10B25) and water absorption 

(Figure 5.26a: comparing PS10B20 to PS16B16) further suggesting that the bentonite 

particles affect the surface polarity.  

 To further understand the effect of embedding bentonite particles in these membranes, 

surface charge characteristics were analysed using contact angle measurements with 

pH-adjusted water (buffered solution). The results are shown in Figure 5.27. Bentonite 

is known to have a net negative charge at low pH environments [5, 72]. It is likely that 

this property will also have an effect on the surface of the membranes, altering the 

surface charge and changing the mechanisms by which proteins are separated. Proteins 

in wines are predominately acidic, resulting in the adsorption of protein molecules on 

the surface of the membranes in a wine filtration scenario.  

For pure PVDF membranes (PV12B0), the shape of graphs of dynamic contact angle and 

dynamic contact diameter retained their overall shape with buffered solutions. This 

means that the mechanisms of spreading and absorption did not change with the 

changes in pH. The difference in contact angles measured reveals that the pure PVDF 
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membrane is more hydrophilic at pH 3.5 than at pH 3.0 (54° and 64° respectively at 

initial contact). The main cause for the reduction in contact angle is still spreading with 

pH 3.0 showing higher degree of spreading. Pure PES membrane (PS12B0), however, 

showed significant change when buffered solutions were used. At pH 3.5, the droplet 

was not spreading but fully penetrated by the membrane in less than 40s. Reducing the 

pH to 3.0 resulted in even faster penetration (about 30s) which was assisted by the 

droplet spreading.  

When performing the same test of buffered solutions on MMM, apart from one case 

(membrane PV16B16), all membranes showed larger contact angle decline when pH 

reduced from 3.5 to 3.0. Most membranes (apart from PS16B16 and PS16B16C), with 

contact diameter analysis, also showed lesser degree of spread and increased 

hydrophilicity, and the analysis of droplet volume showed all membranes became more 

absorbing with pH reduction from 3.5 to 3.0. Compared against the control sample 

(buffered solution droplet on Parafilm M®), it can be seen that all MMM are affected by 

solution pH, likely as a result of bentonite affecting the surface charge upon hydration in 

acidic solution. This can be seen when comparing the shape of graphs of MMM contact 

angles between pure water and buffered solutions: the buffered solution graphs tend to 

level off faster than the pure water ones.   

This results in two possible outcomes. First, due to the higher wettability of pure 

membranes in acidic environments, the flux across these membranes will be higher, 

even though the skin layers of the membranes are similar. MMM with noticeably higher 

wettability (PV10B20 compared to PV16B16) will also have higher flux filtering acidic 

solutions. Second, this might also affect the rejection of charged species like proteins. 

The negatively charged bentonite particles just beneath the thin skin layer of the 

membranes will attract and adsorb the positively charged species in wine like proteins 

creating a gradually increasing concentration of these components near the surface. 

This will create an increase in concentration gradient, thus a possible reduction of 

membrane rejection over time, similar to the effects of concentration polarisation 

(Figure 5.28). This may also affect the rejection of other wine components. This will be 

tested later in membrane rejection analysis. More information and tests will be required 

to quantitatively model the charge effects of bentonite particles.  
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Figure 5.28: A proposed conceptual diagram of the solution concentration effect in 

bentonite embedded MMM.  

 

5.7 Implications of Membrane Characterisation 

Results and Conclusions 

The membrane polymer, the type of bentonite used, and the composition of the casting 

solution all have effects on the structure of the membrane. In general, PS and PES 

membranes are very similar in appearance and structure but significantly different to 

PVDF membranes. They are also easier to prepare and more robust.  

The composition of the casting solution results in an optimisation practice. The 

lowering of the viscosity of the casting solution results in a lower density membrane, 

which is less robust with larger cavities in the support layer. An increase in bentonite 

loading also affected the skin layer, with the effects being more pronounced for PVDF, 

resulting in wrinkle-like surface features. The evenness and robustness of the 

membranes seem to be tied to the polymer content, making it a balancing act between 

robustness, high bentonite loading, and low enough viscosity for casting. The 

embedding of bentonite particles also slight increased the thermal stability of the 

membranes.  

The effect of the type of bentonite used mainly falls down to the particle size. Larger 

particle size means a more viscous solution is required for the particles to stay in 
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suspension during casting. It also results in a lower bentonite surface area for 

adsorption which is undesirable for protein adsorption. Regardless of the type of 

bentonite used, the particles were very evenly dispersed inside the membrane with the 

compositions used.  

Membranes with higher bentonite loading are clearly distinguished in SEM imaging in 

BSE mode with a much denser distribution of bentonite particles. The bentonite loading 

also altered the internal structure of the membranes, reducing the formation of tubular 

pores. These give the membranes greater resistance to compaction and are expected to 

improve protein rejection.  

There are clear structural differences between PVDF membranes and the other two 

polymers (PS and PES are near identical). While all membranes have the characteristic 

layered structure of phase inversion cast asymmetric membranes, PVDF membranes 

have noticeably thinner but denser skin layers. The bentonite particles were also more 

tightly surrounded by the PVDF polymer matrix than PS or PES. The thinner skin layer 

of PVDF membranes together with the higher hydrophobicity of PVDF will contribute to 

the determination of filtration flux, but the more exposed bentonite particles in PS and 

PES membranes should allow better protein removal.  

All membranes suffer from some form of wear and/or deformation after being used in 

filtration and this was found to be membrane and pressure dependent. A higher 

pressure resulted in more membrane wear and/or deformation, and PVDF membranes 

also deformed more than PS and PES membranes. The wear is observable in both visual 

analysis and under SEM imaging. This result greatly favours PS and PES membranes 

operating at lower pressures (2.0 to 4.5 bar).  According to cross-sectional analysis in 

SEM, the membranes also suffered from irreversible compaction where the slanting 

macro voids were the most affected. This result favours membranes of higher bentonite 

loading (71.4% as in PE10B25) where the amount of slanting macro voids is greatly 

reduced.  

CLSM analysis revealed that the embedded bentonite particles were actively adsorbing 

proteins and that the effect was much more significant on the top surface of the 

membrane. This suggests that the embedding of bentonite particles greatly improves 

the selectivity of the top membrane layers despite little changes to structure.  
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Contact angle analysis revealed that MMM have better water spreading and absorption 

properties when compared to pure membranes. A higher bentonite loading also 

resulted in improved spreading and absorption which should result in better flux when 

used in filtration. With the use of buffered solutions in contact angle analysis, it was 

revealed that the lower the solution pH, the higher the degree of spreading and 

absorption. It also raised the suggestion that the bentonite particles alter the surface 

charge of the membranes when hydrated in acidic environments, improving the ability 

of the top surface to adsorb proteins.  

It is predicted that a low density, higher porosity membrane will result in higher 

filtration flux but lower rejection. A higher bentonite loading will result in higher 

adsorption capacity of proteins. PS and PES membranes should also give higher flux and 

permeance than PVDF membranes due to the orientation of the pores in the membranes 

and the higher hydrophilicity of the membranes. Based on these results, high density 

membrane compositions (16/68/16 such as membrane PV16B16, and 10/65/25 such 

as membrane PE10B25) should provide better protein separation, possibly at the cost 

of reduced flux. The effect of membrane microstructure on the performance of the 

membranes in cross-flow filtration is discussed in detail in the next Chapter.  
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Chapter 6 Cross-Flow Filtration with 

Bentonite-Embedded Mixed Matrix 

Membranes 

6.1 Introduction 

Cross-flow filtration can be operated in batch, semi-continuous, or continuous 

operations [111]. In the wine industry, most operations are either batch or semi-

continuous. The main function of cross-flow filtration in the wine industry is the 

clarification of wines, removing any suspended and precipitated solids, or to remove 

microbiological organisms to prevent spoiling [20, 115]. This clarification and polishing 

process is a practical step taken by winemakers to ensure that the aesthetics of the wine 

are of high quality and thus desirable to consumers [3]. Wine stabilisations are 

performed to remove microbiological organisms, tartrate precipitation or protein 

precipitations [3]. With the use of turbidity meters and UV-Vis spectrometers, 

winemakers measure the clarity and colour of white wines to ensure that they are of a 

given standard before bottling.  

Cross-flow filtration systems designed specifically for the wine industry are available as 

products or services [22, 132]. These systems are typically microfiltration systems of 

different membrane pore sizes depending on the desired application (microbiological 

organism removal uses the smallest pore size of 0.2 µm) [3, 22]. Since protein 

separation usually requires ultrafiltration due to the smaller sizes of protein molecules, 
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these systems are not capable of protein stabilisation [16, 120]. Ultrafiltration is 

considered detrimental to the sensory properties of wine [163, 184]. Using membranes 

as a means to purify proteins is a studied process, but there are other considerations to 

adopt this process in wine fining. The aim is to remove haze-causing proteins, molecular 

sizes 24 kDa (thaumatin-like) and 32 kDa (chitinases) known to be the biggest 

contributors, but not the sensory components which can be removed by ultrafiltration 

with a molecular weight cut-off (MWCO) range small enough to remove thaumatin-like 

proteins and chitinases [2, 5]. This is where the concept of using mixed matrix adsorber 

membranes comes in. Where typical ultrafiltration and microfiltration membranes 

separate components based on particle or molecule size (size exclusion mechanism), 

bentonite separation of proteins via electrostatic adsorption [72]. By embedding 

bentonite particles in microfiltration membrane, the bentonite selectively remove 

proteins without the sensory quality degradation that can come with ultrafiltration 

while still being able to clarify the wine (microfiltration). This work attempts to extend 

the use of cross-flow filtration from clarification to protein stabilisation.  

For a membrane to be viable for wine fining, in addition to the selectivity of the 

membrane which needs to be high, the membrane must also be capable of achieving 

good flux while being easy to use and maintain. The previous Chapter examined and 

characterised MMM of various compositions and materials and speculated on the effects 

of these properties on the membrane performance. This Chapter focuses on analysing 

the performance of these MMM via the flux and selectivity parameters. Previous studies 

on the performance of these membranes used model solutions in dead-end filtration 

systems to minimise the number of variable in the process in order to understand the 

mechanisms [28, 154-158]. The focus of this work is to apply these membranes in test 

setups that will better resemble the industrial application. To achieve this, a cross-flow 

filtration system was designed and used to process unfined Sauvignon Blanc wine. 

The investigation of real wine is more complicated than model wine solutions due to the 

complex nature of wines. As a proposed alternative to the conventional batch-wise 

bentonite fining process, the quality of the processed wine needs to be monitored. Also, 

it is important to identify the variables that can be changed for optimisation purposes 

and the practicality (efficiency and economic considerations) of this concept.  
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6.2 Membrane Flux Analysis 

6.2.1 The Change in Flux during Cross-Flow Operation 

The flux against time profiles for all filtration tests are typical of cross-flow filtration 

shown in Figure 6.1 where the membranes were used to filter deionised water. Flux is 

high at the beginning of the filtration operation but drops rapidly, followed by a gradual 

decrease in flux until either a terminal (steady state) flux is reached, or zero flux, 

following a correlation similar to a logarithmic decay. Figure 6.2 shows the same trend 

of decline when filtering wine.  

 
Figure 6.1: Graphs showing flux against time profile for membrane PS10B20 operating 

at 4.5 bar on pure (deionised) water with breaks for membrane decompression at times 

10 and 20 min. The trend indicates flux loss due to membrane compaction which is 

partially reversible via removal of TMP for 30 min.  
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Figure 6.2: Graph showing average flux during the course of 120 min experiments for 

membranes PS15B12C (lower density membrane) and PS16B16C (higher density 

membrane) operating at 10 bar pressure on wine. This also shows a reduction of 

standard deviation of the data throughout the course of the experiments.  

It appears that the flux profiles approach a common steady state flux rather than having 

the same gradient of decline. This decline can be indicative of fouling behaviour (the 

larger the volume filtered, a larger degree of fouling, and hence a larger drop in flux) 

together with membrane compaction due to transmembrane pressure (TMP). Figure 6.1 

also served as a compression/decompression test with deionised water to compare the 

difference between the flux decline with (deionised water) and without (real wine) 

fouling. The test results revealed that a portion of flux lost was recoverable by removing 

TMP (removing the membrane from the cell and letting it decompress naturally for 30 

min) indicating elastic compaction. The effect of membrane compaction on flux and its 

reversibility had been previously reported although they are more commonly 

associated with higher pressure filtration processes such as reverse osmosis rather than 

microfiltration [129, 188, 189]. According to these studies, the effect is associated with 

the densification of the membranes resulting in loss of porosity indicated by a loss in 

membrane thickness and slight change in internal structure (a higher degree of 
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compaction with the macroporous structure like the finger-like pores than the sponge-

like structure) [27, 129, 188, 189]. This was observed in this study as well and is 

discussed in the previous chapter (33TChapter 5.3.1.2: Figure 5.1833T). It shows that the flux of 

different membranes of the same composition also has the same trend of approaching a 

steady state flux and the only likely cause is the closing of pores due to pressure. The 

partial recovery of flux with the removal of TMP could be the result of insufficient 

decompression time and unlikely to be irreversible compression since all membranes 

were pre-conditioned prior to experiments (33TChapter 3.6.233T).  

With wine, fouling and filter cake formation, as detailed in 33TChapter 2.5.4, also 

contributed to the flux decline 33T. A higher flux will process more wine in the same amount 

of time, but also means that there will be less time for bentonite to adsorb proteins as 

the wine flows through the membrane. The loss of flux in pure water filtration was 

found to be higher and more rapid than in real wine filtration. Using the same 

membranes (PS10B20) under the same pressure conditions (4.5 bar), pure water 

filtration lost 87% of its initial flux over 30 min while wine filtration lost 48% of its 

initial flux over 120 min. Persson et al (1995) [129] attributed this to the fouling layer 

in non-pure water filtrations bearing a portion of the TMP. The lower flux (98% lower 

initial flux) was expected due to the large amount of foulants in real wine.  

Since the permeate volume is directly correlated to time, it stands to reason that the flux 

against permeate volume profiles follow the same trend (representative profiles are 

shown in Figure 6.3). The flux against permeate volume profile is commonly used in 

filtration to gauge the amount of fouling. Both Figures 6.2 and 6.3 show the variations of 

flux during the course of filtration tests.  

On all tested membranes, the variations of flux at the start of the experiment were large. 

This is likely due to multiple factors compounded together. When the pump was 

switched on, the membranes begin to get pressurised by the flow and membrane 

compaction occurs, resulting in increased density and the closing up of pores in the 

support layers. A sheet of membrane may not have a uniform density throughout and 

the slight difference in density would result in a difference in initial flux (effect on 

membrane structure on flux to be discussed in a later section). Measurements of 

membrane thickness also revealed thickness variations from 5 to 20 µm adding to the 
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variations in membrane performance. Pressure at the start of the experiment was also 

less stable due to operation variations (tightness of the cross-flow cell bolts, and 

adjustments on the backpressure valve to fine tune system pressure to the desired 

value). This is suspected to be the greatest contributor to variations in initial flux. The 

unfined wine, which came in bottles, was also not expected to contain uniform amounts 

of suspended solids that can foul the membranes since the wine was decanted from the 

bottles rather than pre-filtered prior to cross-flow filtration experiments. This would 

also add to the variation in initial flux until the system stabilised (about 1 to 5 min after 

permeate flow was initiated) and account for the difference in result variation seen in 

deionised water filtration (Figure 6.1) and wine (Figure 6.2 and 6.3).  

 
Figure 6.3: Graph showing the converging of flux towards a steady state value, against 

permeate volume for membranes PS15B12C operating at 10 bar pressure on wine. 

The largest contributor to flux variations in experiment repeats is suspected to be the 

variations in the membranes, specifically, the thickness, porosity, and presence of 

defects. There are defects in the membrane too small to be detectable without 

microscope assistance and these would cause the membranes to perform differently. 

Since these are variations within a single piece of cast membrane, the scaling up of the 

filtration system would average out the variances. In addition, the pressure of the 
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filtration system pulsed in response to the operation of the diaphragm pump despite the 

installation of a damper. The pressure pulses were especially severe at around 10 bar 

(pulse amplitude as high as 3 bar) but reduced in amplitude when the system pressure 

was adjusted to around 5 bar or above 15 bar (pulse amplitude around 0.5 bar in both 

cases). Pressures over 20 bar were relative stable (less than 0.5 bar in pulse amplitude) 

as are pressures lower than 4 bar (the high pressures were tested in this work to 

provide a point of comparison against previous work where membranes required such 

high pressures to operate as mentioned previously in 33TChapter 5.2.233T). The large pressure 

pulse amplitudes at 10 bar likely caused extra variations in flux results. Results from 

experiment repeats also showed that the variations could be much higher at higher 

pressures (at 16 bar, standard deviation of membrane PS16B16 was as high as 20 

L/mP

2
Ph compared to a standard deviation of 10 L/mP

2
Ph for membrane PE10B25 at 4.5 

bar). The frequency of occurrence of these larger variations suggests that they were not 

outliers but a result of the higher system pressures. The higher pressure likely amplified 

the effects of variations in membrane thickness and density, and hard-to-detect defects 

listed above. The region most affected by pressure would be the micro-tubular porous 

layer (33TChapter 5.3.133T, Figure 5.11) according to a previous study [27].  

This trend of having larger result variations was expected to be seen in rejection results 

as well.  

 

6.2.2 Effect of Different Types of Bentonite on Flux 

The effect of embedded bentonite type is shown in Figure 6.4.  

There is a difference in flux between membranes embedded with the three types of 

bentonites used, where membranes with Bentonites C produced higher flux compared 

to Bentonites A and B. This is most likely a result of the difference in membrane 

densities discussed in 33TChapter 5.2.333T (Table 5.2). The morphologies of the membrane 

PS16B16 and PS16B16C are shown in the previous Chapter (33TChapter 5.333T: Figures 5.11 

and 5.19). Membrane PS16B16, which has higher density than membrane PS16B16C 

resulting in lower free volume, shows lower average flux as expected. Membrane 
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PS16B16B gave the lowest flux results of the three. While it was expected to give lower 

flux than membrane PS16B16C due to a higher density, it does not account for a lower 

flux than PS16B16. A possible cause is that PS16B16B was a thicker membrane 

(detailed in 33TChapter 5.2.333T) which resulted in larger resistance to transmembrane flow. 

Another reason for the difference in flux is the difference in swelling of the bentonites 

(33TChapter 4.333T: Figure 4.4). Bentonite A swelled more when fully hydrated compared to 

Bentonite B, which in turn swelled slightly more than Bentonite C. The larger degree of 

swelling would indicate more distortions in the membrane internal structure, closing up 

pores and thus reducing flux. In addition, the increase in flux when going from 

Bentonites B and C to Bentonite A was small at 30 min, so considering that Bentonite A 

has a much higher adsorption capacity (about 50% more according to results shown 

in 33TChapter 4.333T) for a small reduction in flux (16% lower flux at 30 min), it should be 

considered a more effective bentonite to use.  

 
Figure 6.4: Graph showing the difference in average flux between membranes 

embedded with the three types of bentonites (PS16B16 with Bentonite A; PS16B16B 

with Bentonite B; and PS16B16C with Bentonite C) operating at 16 bar system pressure 

on wine.  
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6.2.3 Effect of Changing Pressure on Flux 

Two different ranges of pressures were tested and the effect of pressure is shown in 

Figure 6.5. Initially, experiments were performed at the higher pressure range to 

generating data to compare against previous work as mentioned earlier. This provided a 

good overview on the effect of pressure but was found to be detrimental to the 

membranes (33TChapter 5.2.2.233T). With the use of less robust membranes, namely those of 

higher bentonite loading and PVDF membranes, a much lower pressure range was used 

(2.0 to 4.5 bar). This also coincided with the running out of the first batch of unfined 

wine, and so the tests on the higher pressure range were limited to PS membranes.  

Generally, an increase in pressure from 10 to 16 bar resulted in an increase in flux, but 

the reduction in permeance as a result of the pressure increase shows that the 

improvements to flux diminishes with each unit of pressure increase. Increasing the 

pressure further to 21 bar resulted in a decrease in flux (for example, membrane 

PS16B16B and PS16B16C in Table 6.1a). In theory, TMP is a major driving force for 

transmembrane mass transport and so a higher TMP usually results in a higher flux 

[111, 115], and this is the case with pressure increasing from 10 to 16 bar. While the 

membranes tested were all capable of remaining intact at 21 bar, the amount of 

compaction was expected to be greater than when the membranes were operated at 

lower pressures, resulting in a higher degree of closed pores and loss of free volume 

(membrane densification), thus providing increased resistance to the pressure-driven 

mass transport when the pressure was increased further from 16 to 21 bar. This is 

consistent with literature on cross-flow filtration with low solid concentration and high 

cross-flow velocity [111].  



156│Chapter 6 Cross-Flow Filtration with Bentonite-Embedded Mixed Matrix 
Membranes 
 

 

 
Figure 6.5: Graphs showing the effect of pressure on average flux and permeance 

filtering real wine: (a) Membrane PS16B16C (50% bentonite loading) at 30 min 

operating at high pressures; (b) Membranes PE10B20 and PV10B20 (66% bentonite 

loading) at 30 min operating at lower pressures.  
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The effect of pressure on flux on both PES and PVDF membranes were the same at the 

lower pressure range (2.0 to 4.5 bar) as well. As shown in Figure 6.5b, membrane 

PE10B20 provided very similar flux results to PS16B16C but at much lower operating 

pressures. As before, an increase in pressure resulted in a decrease in permeance 

(pressure normalised flux). The similarity in trend indicates that the pressure effect on 

flux is caused by the same mechanisms (closing of pores) but shifted to a lower pressure 

range due to the change in composition. This may be the result of the difference in 

membrane morphology shown in Figures 5.11 to 5.13. Membrane PS16B16 has a larger 

micro-tubular layer (layer B) whereas membrane PE10B20 contains large angled planar 

cavities. The former is also a higher density membrane requiring larger driving force to 

produce the same flux and allowing higher TMP before the resistance from membrane 

compaction became too high.  

The decision on the optimal system pressure is then a balance between efficiency (flux 

and energy requirement), effectiveness (separation), and system design (lower 

pressure systems are easier to design and safer to operate). It is desirable to operate at 

lower pressures without losing too much flux, more reliable performance (less 

pronounced effects from membrane thickness variances and defects), and less 

membrane wear (33TChapter 5.2.233T). The increase of bentonite loading from 50% to 66% 

resulted in membranes that can operate at much lower pressures while maintaining 

comparable flux.  

 

6.2.4 Effect of Membrane Composition on Flux 

Table 6.1 shows the average flux at 30 min and the flux decline from 30 to 90 min for 

some of the filtration experiments performed. In conjunction with Figure 6.2, it can be 

seen that the composition and polymer material of the membranes have noticeable 

effects on the flux. Generally, a higher solid content in the casting solution results in a 

higher membrane density which then results in lower flux. For PS membranes, this can 

be seen in two pairs of membranes: PS16B16C and PS15B12C (densities 0.42 and 0.39 

g/cmP

3
P respectively), and PS16B16B and PS12B12B (densities 0.48 and 0.33 g/cmP

3
P 

respectively). The lower flux is attributed to the higher density membranes having 



158│Chapter 6 Cross-Flow Filtration with Bentonite-Embedded Mixed Matrix 
Membranes 
 
lower free volumes/porosity as mentioned earlier. The flux decline from 30 to 90 min 

shows the steady decline in flux after the initial variations in operating conditions have 

evened out and the majority of membrane compaction has occurred. This decline is 

generally attributed to loss of porosity due to fouling [111, 115]. For most cases, a lower 

membrane density resulted in a lower degree of flux decline during filtration. This 

indicates that denser membranes foul to a higher degree than lower density membranes. 

This is most likely due to denser membranes having lower porosity meaning that 

particles travelling through the membrane have greater likelihood of being trapped or 

adsorbed causing internal pore blocking. However, with the membrane compositions 

being tested, the differences are generally small and may be skewed by data variances. 

This is understandable since all the membranes tested have the same general 

morphology (33TChapter 5.3.133T).  

Table 6.1: Table showing average flux and standard deviation of different membranes in 

cross-flow filtration on wine under different pressures, and the average percentage 

decline in flux from 30-90min.  

Membrane Pressure (bar) Flux at 30 min (L/mP

2
Ph) Flux decline 

from 30 to 90 

min (%) 

  Average Std. Dev. Average 

PS12B12B 16 74.4 9.1 2.6 

PS16B16B 16 69.0 9.4 17 

PS15B12C 10 74.0 13 14 

PS16B16C 10 68.4 6.7 13 

PS10B20 4.5 79.2 2.7 17 

PE10B20 4.5 74.6 5.3 17 

PE10B25 4.5 87.1 10 20 

PE12B0 4.5 96.3 7.4 22 

PV10B20 4.5 41.5 0.62 8.3 

PV16B16 4.5 9.7 2.2 9.2 

PV13B13 4.5 12.9 0.87 7.9 

PV12B0 4.5 54.3 16 13 
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Figure 6.6: Graphs showing the effect of membrane composition on average flux at 4.5 

bar operating pressure on real wine. (a) PS and PES membranes of different 

compositions (PS10B20, PE10B20 and PE10B25) with pure PES membrane (PE12B0). 

(b) PVDF membranes of different compositions (PV10B20, PV16B16, and PV13B13) 

and pure PVDF membrane (PV12B0).  
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Results for PS and PES membranes can be seen in Figure 6.6a. As expected from 

membrane characterisation analysis (33TChapter 5.3.133T), there is very little difference 

between the flux of PS and PES membranes. The slightly higher flux of PS10B20 is 

attributed to the lower density and thus higher porosity of the membranes (membranes 

PS10B20 and PE10B20 have densities 4.6 and 5.0 g/cmP

3
P respectively).  

Membranes PS10B20 and PE10B20 produced very similar flux at the same pressure 

meaning they have the same permeance as well. The small increase of bentonite loading 

from 66.7% to 71.4% (membrane PE10B25 with density of 6.7 g/cmP

3
P) resulted in a 

slight increase in flux despite the reduction of solvent content in the casting solution 

and hence an increase to membrane density. This increase in density is offset by the 

small difference in morphology (cross-sectional SEM images can be seen in 33TChapter 

5.3.133T: Figure 5.12), where membrane PE10B25 has a thinner micro-tubular layer and 

has less angled planar cavities than in membrane PE10B20. It also contains more 

bentonite particles which are less compressible than the polymer matrix. Both of these 

properties will mean that membrane PE10B25 will undergo a lower degree of 

compaction than membrane PE10B20 under the same pressure. 

PVDF membranes, on the whole, were more resistant to flow than either PS or PES 

membranes, shown in Figure 6.6b. Under the same composition and conditions, PVDF 

membranes (PV10B20) produced lower flux than the other two polymers. This is 

expected due to PVDF being inherently more hydrophobic (33TChapter 5.633T). Another 

difference was the amount of flux reduction after the initial rapid drop. The flux decline 

for PVDF membranes was smaller than either PS or PES membranes (average flux 

decline from 30 to 90 min at 4.5 bar for membranes PS10B20, PE10B20 and PV10B20 

were 17%, 17% and 8.3% respectively). This should be a result of the different rates of 

fouling between PS, PES and PVDF membranes. More hydrophobic membranes are 

known to be easier to foul by hydrophobic molecules (proteins for example) and harder 

to remove by tangential flow washing due to the higher interaction energy between 

molecules and membrane surface [126]. With the membranes being constantly washed 

by the feed stream, fouling will block off the majority of the pores in PVDF membranes 

earlier than PS or PES membranes. Factors that contribute to the fouling layer will be 

discussed further in a following section.  
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Pure membranes like PV12B0 and PE12B0 produced higher filtration flux than 

membranes embedded with bentonite particles with similar polymer content. This is 

due to their lower solid content resulting in lower density (higher porosity) and having 

no bentonite particles that swell to deform the membrane and blocking pores.  

In 33TChapter 5.3.133T, the dense selective skin layer of PS, PES and PVDF membranes were 

analysed using SEM (Figure 5.15). While the skin layer for PVDF membranes is thinner 

than PS or PES membranes it appears to be denser. This should contribute to the 

resistance to mass transport resulting in the lower flux results observed here.  

In 33TChapter 5.633T, the wettability of membranes was analysed using contact angle analysis 

with pH-modified water. This is done to examine if the addition of bentonite particles 

will alter the membrane surface charge characteristics to the extent that it will have a 

noticeable effect on flux. The pure membranes were shown to have higher wettability 

than the MMM and were thus expected to have higher flux. This is reflected in the flux 

results but the extent of the effect on flux is different from expectations. PVDF 

membranes, for example, showed a small difference in wettability between pure 

membrane (PV12B0) and bentonite loading of 66.7% (PV10B20) but a large difference 

in flux. Other membrane compositions also showed little correlation between 

wettability and flux. This suggests that the change in membrane surface charge 

characteristics provided by embedding bentonite particles in the membranes has 

negligible effects on membrane flux. It can be said that the dominant factor in 

determining flux when membrane composition is changed is the change in membrane 

density and morphology (microfiltration system [119, 120]).  

 

6.2.5 Effect of Flow Velocity on Flux 

The flow velocity of the feed stream was controlled by the pump speed controller 

(calibration chart in 33TAppendix A33T, Figure A-2). Since there was no accurate data on the 

dimensions of the filtration cell, calculations from flowrate to flow velocity were not 

made. As expected, an increase in pump speed resulted in an increase in flux, although 

the level of flux increase was small compared to the increase in pump speed and hence 
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the energy spent. An increase in pump speed and therefore the increase in cross-flow 

velocity would increase the flow turbulence and reduce the effects of concentration 

polarisation, and there is a linear correlation between cross-flow velocity and flux under 

laminar flow conditions [111]. This explains for the near linear increase in flux recorded 

and summarised Table 6.2.  

Table 6.2: Table showing average flux and standard deviation of membrane PE10B25 

filter wine at various operating conditions.   

P

1
PThe higher flux at 4.5 bar compared to 3.0 bar was previously discussed in 33TChapter 

6.2.3 

 

6.3 Membrane Rejection and Selectivity 

Due to sample availability, two different batches of wine were used in the experiments 

as mentioned earlier. With the second batch having almost 50% higher protein 

concentration than the first, direct comparison in protein rejection between the two 

different batches of wine becomes less reliable. As a result, analysis will focus on results 

for the second batch, which includes experiments from all three polymer membranes 

embedded with Bentonite A.  

The use of the Prostab® analysis kit allows the results to be expressed as protein 

stability of the wine samples, or protein concentration equivalent to a thaumatin-based 

model wine solution (33TChapter 4.233T). However, as stated in 33TChapter 433T, the Prostab® kit is 

not a protein concentration analysis assay like Bradford, and it would be less accurate 

to interpret the results as such. Protein rejection describes the retention of a desired 

Pressure (bar) Pump Speed Flux at 30 min (L/m P

2
Ph) 

  Average Std. Dev.  
4.5 20 87.1P

1 10 
3.0 20 74.9 3.0 
3.0 15 66.6 15 
3.0 10 55.8 6.1 
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species (protein in this case) by the membrane, but does not include any other species 

involved in protein instability. Since the purpose of these membranes is to remove 

protein instability rather than just removing proteins, it is more important to know the 

protein stability of the filtered wine than the rejection of a single species. Therefore, in 

this section, membrane rejection is modified slightly to describe the retention of 

instability causing species:  

𝑅𝑅𝑆𝑆 = 1 − 𝑆𝑆𝑝𝑝
𝑆𝑆𝑓𝑓

         (6.1) 

Where 𝑆𝑆𝑝𝑝 is the protein stability of the permeate, and 𝑆𝑆𝑓𝑓 is the protein stability of the 

feed as measured by the Prostab® analysis kit.  

It is more desirable to have membranes capable of removing protein instability in a 

single pass of filtration. A membrane that requires multiple passes to ensure protein 

stability will not only require a more complicated system setup and/or filtration 

process, but the additional filtration steps may also remove desirable sensory 

components as well. Ideally, the perfect membrane will remove only the protein 

instability causing component and not the desirable sensory components, but this 

would be unrealistic due to the selective nature of both bentonite fining and membrane 

filtration (bentonite selectivity based on electrostatic adsorption of molecules and 

membrane microfiltration selectivity based on size exclusion) [53, 119]. A membrane 

with high selectivity is one which has high rejection of instability causing species and 

low rejection of sensory components. The rejection of sensory components in this work 

is quantified by polyphenol concentration and analysed similarly to protein rejection. 

Filtration also affected the colour of the wine and these results and discussions can be 

found in 33TAppendix G33T.  

As with the flux results, permeate quality results (protein stability and polyphenol 

concentration) variations at the start of the filtration experiments were large. The cause 

for the variations in protein concentration at the start is the amount of water in the 

membranes. Since the membranes were stored in deionised water prior to use in order 

to hydrate the bentonite particles, a certain amount of water was present in the 

membrane, ejected by the permeate but at the same time, diluting the permeate. In a 

larger system processing much larger quantities of wine, this dilution effect will be 
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minimal compared to a laboratory scale experiment. While this volume is small (less 

than 2 mL for most membranes tested), it took between 1-2 min for the water to be fully 

ejected from the membranes.  

Membrane rejection in regards to protein removal is a combination of membrane 

structure (pore flow or solution diffusion) and adsorption by bentonite particles. As a 

result, variations in experiment repeats can be caused by variations in membrane 

thickness, density, and bentonite distribution within the same piece of membrane sheet 

and hard-to-detect defects, and human error.  

 

6.3.1 The Change in Membrane Rejection of Instability 

Causing Components during Cross-Flow Operation 

Several representative protein stability (membrane rejection) against permeate volume 

profiles are shown in Figure 6.7 (to better gauge the amount of fouling), and against 

time profiles are shown in Figure 6.8. In general, membrane rejection with the MMM 

was high at the early stages of filtration, followed by a minor, but gradual decline during 

the course of a 120 min experimental period. For the pure membranes, the results were 

opposite. Just like the flux results, the membrane rejection results converge as the 

experiments progressed as shown in Figure 6.7. This implies that membrane structure 

variations (the same cause for the converging of flux results) have noticeable effects on 

membrane rejection of proteins. The correlation between rejection and time appears to 

be logarithmic, similar to that of flux against time profile, except for the pure 

membranes which are reversed. Since the volume of wine filtered and the filtration flux 

also changed during the progress of the filtration, they can be correlated with rejection 

and stability.  
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Figure 6.7: Graph showing representative correlation between permeate volume and 

membrane rejection of instability causing components in real wine. (a) MMM of all three 

polymer materials and same composition (66.7% bentonite loading) showing reduction 

in rejection with increasing permeate volume. (b) Pure PVDF and PES membranes 

showing increase in rejection with increasing permeate volume.  
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Figure 6.8: Graph showing changes in average membrane rejection of instability causing 

components in wine from 30 to 120 min of filtration experiment at 4.5 bar pressure. It 

shows the increasing rejection of pure membranes (PE12B0 and PV12B0), decreasing 

rejection of lower solid content MMM (PE10B20 and PV10B20), and near constant 

rejection of higher solid content MMM (PE10B25 and PV16B16). 

Figure 6.9 shows the correlation between flux and rejection. As the figure shows, a 

decrease in flux results in a decrease in rejection regardless of membrane polymer, 

bentonite loading or system pressure. The correlation between flux and rejection is 

linear. Under the same pressure conditions, the absolute values of the gradients of this 

linear correlation are higher for PVDF membranes than PES ones. This includes the pure 

membranes although their gradients are negative. This trend is also repeated with the 

relationship between permeate volume and rejection.  

In theory, for common membrane filtrations, membrane rejection increases gradually 

during the process without any disruptions, due to the increases in resistances to mass 

transfer from factors such as filtration cake and pore blocking [111]. This can be seen in 

the results of the pure membranes. The results from MMM filtration thus indicate that 

the embedding of bentonite particles altered the mechanisms of membrane rejection of 

the instability causing components. In addition to rejection due to structural properties, 
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adsorption onto bentonite occurs, removing instability causing components from all 

three cross-flow streams. The inverse correlation between volume and rejection can 

thus be understood as the loss of adsorption capacity of the bentonite particles as the 

filtration progressed. This correlation is also not dissimilar to concentration 

polarisation, where the build-up of molecules near the surface of the membrane forms a 

boundary layer of higher concentration, providing gradually higher driving force for 

solution diffusion. The tangential flow stream usually reduces the effects of 

concentration polarisation through the washing effect.  

Figure 6.9: Graphs showing the linear correlation between average flux of filtration and 

membrane rejection for various membranes operating at 4.5 bar pressures for real wine. 

This shows the inverse correlation of the pure membranes (PE12B0), direct correlation 

with lower solid content MMM (PE10B20 with 30%) and near constant flux with higher 

solid content MMM (PE10B25 with 35%).  

For some membranes, such as PV16B16 (50.0% bentonite loading) and PE10B25 (71.4% 

bentonite loading), where rejection was near 100% for the duration of the experiments, 

the above trends are not visible. This can either mean that these membranes have very 

high rejection structurally with a low MWCO, or that they have a high capacity of 

adsorption due to the large amount of bentonite particles. This is explored further by 
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analysing the rejection of other wine components (33TChapter 6.433T), although the large 

difference in flux between the two membranes (9.7 and 87.1 L/mP

2
Ph respectively at 30 

min) inferred that despite having similar densities (0.49 and 0.51 g/cmP

3
P respectively), 

membrane PV16B16 (low flux indicating high mass transfer resistance) was most likely 

separating the instability causing components via low MWCO (separation by size 

exclusion) and membrane PE10B25 via bentonite adsorption making membrane 

PE10B25 the more desirable membrane to use. This means that membrane PV16B16 

may remove more components from wine (like phenolic compounds meaning greater 

loss of wine quality) than membrane PE10B25. The variance between repeats for pure 

membranes were also much larger than the MMM membranes indicating that there is a 

higher degree of variance in the membrane structure and defects (the variance can be 

seen in Figure 6.7).  

Another property which may have contributed to the rejection against time profiles for 

the MMM is the wettability of the membrane surfaces analysed back in 33TChapter 5.633T via 

contact angle analysis. Comparing between membranes of same material but different 

compositions (PE10B20 and PE10B25), it was shown that a pH-modified droplet 

spreads less on the membrane surface but absorbs faster into membrane PE10B20 

which has lower rejection. The same trend can be seen for PVDF membranes where 

PV10B20 showed lower droplet spread and faster absorption, and has lower rejection 

when compared to membrane PV16B16. The faster absorption indicates less resistance 

to mass transport which contributes to a lower membrane rejection of charged 

components. The contact angle analysis also proposed a possible model where 

positively charged species in wine adsorb onto the membrane surface creating a 

concentration gradient similar to concentration polarisation resulting in a loss of 

rejection over time. This reduction of rejection over time can be seen here in most MMM, 

except for those with very high rejection (for example PE10B25 and PV16B16).  
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6.3.2 Effect of Changing Pressure on Membrane Rejection of 

Instability Causing Components 

 
Figure 6.10: Graph showing average flux and rejection of instability causing components 

at 30 min of filtration of two membranes of same composition but different polymer 

material (PE10B20 and PV10B20) at two different pressures (3.0 and 4.5 bar). Both 

membranes show an increase in flux but a decrease in rejection (barely noticeable with 

the PES membrane) with a pressure decrease.  

This effect can be seen in Figure 6.10, for membranes PV10B20 and PE10B20. Since an 

increase in pressure resulted in a decrease in flux, and that flux was found to be 

correlated to rejection, it can be said that increases in pressure will also cause decreases 

in rejection, but this was not always the case. Using membrane PV10B20 as an example, 

a pressure increase from 3.0 to 4.5 bar resulted in a flux decrease of 25% and a rejection 

increase of 27% (filtration results at 30 min). Membrane PE10B20, on the other hand, 

had a flux decrease of 14% with no significant change to rejection, under the same 

conditions. This means that the mechanics of separation of instability causing 

components is different for the two types of membranes. This can be explained by 
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referring to the structure of the membranes, specifically the interaction between 

bentonite particles and the surrounding polymer matrix (33TChapter 5.3.133T). SEM pictures 

(33TChapter 5.3.133T: Figure 5.14) show that the bentonite particles in PVDF membranes are 

tightly surrounded by the polymer matrix. This restricts the access to the bentonite 

adsorption sites. With a lower flux, the protein molecules have more time to diffuse 

through the PVDF matrix to reach the adsorption sites, and with a higher TMP, the 

driving force for diffusion is increased with increased concentration polarisation and 

cake layer formation [111], allowing faster diffusion of the protein particles. For PES 

membranes, the bentonite particles are bonded to the surrounding matrix only at a few 

points on the particles, leaving most of the bentonite surface exposed for adsorption. 

Protein molecules do not have to diffuse through a layer of surrounding polymer and 

thus partly negating the effects of flux and TMP on rejection.  

 

6.3.3 Effect of Membrane Composition on Membrane 

Rejection of Instability Causing Components 

The polymer material and the membrane composition have a significant effect on the 

flux of the filtration due to the changes in microstructure. This is expected to also affect 

rejection since a significant fraction of membrane rejection is attributed to 

microstructural properties, as is evident in the results for the pure membranes. These 

results are summarised in Figure 6.11.  

For PVDF membranes, internal structure appears to be the dominant factor controlling 

rejection. Structurally, the only significant change going from PV10B10 to PV16B16 was 

the final thickness of the membranes and thus the relative thickness of the various 

layers. Changing the composition to membrane PV10B20 resulted in large structural 

changes such that the structure resembled pure PVDF membranes, with large planar 

cavities and large tubular pores, more than PV10B10 (cross-sectional SEM images 

in 33TChapter 5.3.133T: Figure 5.13). As a result, flux of membrane PV10B20 was lower than 

either PV13B13 or PV16B16 and membrane rejection lower (inverse correlation 

between flux and rejection as mentioned earlier). Membrane PV13B13 and PV16B16 

gave very similar rejection results as suggested by their structural similarities, but 
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because these results are at near 100% rejection, it may be that the tested batch of wine 

or experimental settings was incapable of bringing out any differences. Assuming that is 

the case, membrane PV16B16 is expected to have higher rejection due to being a thicker 

membrane and thus having more bentonite particles to adsorb proteins.  

Figure 6.11: Graph showing average membrane rejection of instability causing 

components at 30 min filtering wine at 4.5 bar. PS, PES, and PVDF membranes of 

various compositions shown with the pure membranes (PE12B0 and PV12B0) having 

much lower rejection than MMM of any composition.  

For PES membranes, the structural differences between PE10B20 and PE10B25 are 

very noticeable despite the small composition difference (33TChapter 5.3.133T, Figure 5.12). As 

shown in the SEM cross-section images, membrane PE10B25 has more sponge-like 

structure and less large cavities which allows for more contact between liquid and 

bentonite particles, increasing adsorption. That membrane PE10B25 has better flux and 

rejection than PE10B20 makes it a better overall performing membrane.  
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6.3.4 Protein stability 

Wines can be considered to be protein stable if the Prostab® stability value of the 

sample is less than 0.010. Therefore, only a few membranes were able to produce 

protein stable wine, summarised in Table 6.3. These are PV13B13, PV16B16 and 

PE10B25, and as mentioned earlier, all these membranes were capable of near 100% 

rejection. Membranes like PS10B20, PE10B20 and PV10B20, while having over 80% 

rejection under most of the tested conditions, were unable to produce protein stable 

wine. This means that multiple filtration passes will be required with these membranes. 

The pure membranes (PE12B0 and PV12B0) were the worst performing membranes in 

terms of protein stability of the filtered wine despite having the highest flux tested.  

Table 6.3: Table showing overall average protein stability of wine processed under 

various operating pressures. Membrane properties (material, bentonite loading and 

density) from previous chapter repeated in this table for easier reference.  

Membrane 

Membrane Properties 

Pressure 
Overall average 
Prostab® Stability 
Value 

Material 
Bentonite 
Loading 

Density 
(g/cmP

3
P) 

PS10B20 PS 66.7% 0.38 ± 0.01 4.5 0.027 

PV10B20 PVDF 66.7% 0.49 ± 0.01 4.5 0.020 

PV10B20 PVDF 66.7% 0.49 ± 0.01 3.0 0.047 

PV16B16 PVDF 50.0% 0.49 ± 0.01 4.5 0.002 

PV13B13 PVDF 50.0% 0.49 ± 0.01 4.5 0.008 

PV12B0 PVDF 0.0% 0.19 ± 0.01 4.5 0.096 

PE10B20 PES 66.7% 0.43 ± 0.01 4.5 0.026 

PE10B20 PES 66.7% 0.43 ± 0.01 3.0 0.021 

PE10B25 PES 71.4% 0.51 ± 0.02 4.5 0.008 

PE10B25 PES 71.4% 0.51 ± 0.02 3.0 0.007 

PE12B0 PES 0.0% 0.18 ± 0.02 4.5 0.073 

 

The differences in protein stability of the filtered wine can be better understood by also 

considering the flux results (33TChapter 6.2.433T). Membranes PS10B20 and PE10B20 have 
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similar morphologies and polymer characteristics like hydrophilicity and therefore 

similar rejection and flux. The lower flux of PVDF membranes indicates a more 

hydrophobic membrane and greater resistance to trans-membrane mass transport. This 

suggests that rejection due to morphological exclusion is more dominant in the PVDF 

membranes and therefore membranes such as PV13B13 and PV16B16 have higher 

rejection than PV10B20 due to the lower flux (more time for diffusion). This will be 

tested further in polyphenol rejection in the following section. The higher flux and 

rejection of PE10B25 compared to PE10B20 is likely due to the higher bentonite 

content and morphological difference between the two membranes as mentioned 

earlier (33TChapter 6.2.433T).  

 

6.3.5 Polyphenol Concentration 

Similar to the results on membrane rejection of instability causing components, 

polyphenol concentration results were analysed using the same membrane rejection 

equation. In all the filtered samples, the polyphenol concentration is lower than the 

unfined wine. This is evidence that the membranes are actively removing sensory 

components in addition to proteins. The rejection of polyphenols was not constant 

throughout the filtration process and the level of rejection is affected by numerous 

variables similar to protein and flux. It is quite likely that some of the phenolic 

compounds removed are those bonded to protein molecules as is suspected to be the 

case in batch-wise fining [1].  

The change in polyphenol rejection over time can be seen in Figure 6.12 and the average 

membrane rejection of phenolic compounds summarised in Table 6.4. In general, the 

membrane rejection throughout the course of an experiment appears to be relatively 

stable. This means that the rejection of polyphenols is only minimally affected by fouling 

and any pore closures that happen during membrane compaction that affected the flux 

and rejection of heat instability causing components. The high rejection at the start of 

filtration runs shown in Figure 6.12 were due to the stored water in the membranes 

being ejected, diluting the retentate and hence resulting in lower concentration 

readings. This accounts for only a very small volume in a filtration run and should be 
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considered negligible. The rejection of polyphenols is also very low compared instability 

causing components, due to phenolic compounds being smaller than protein molecules. 

This is a favourable result since it indicates that this process is not significantly 

degrading the sensory properties of the wine.  

Figure 6.12: Graph showing the average membrane rejection of polyphenols during the 

course of 120 min filtration runs on wine at 4.5 bar. PVDF and PES membranes of 

different compositions were shown with the pure membranes (PV12B0 and PE12B0) 

showing the lowest rejection.  

Other than fouling and membrane pore closing after initial compaction, the other 

factors that affect flux and membrane rejection of instability causing components apply 

here as well. Pressure is found to be a major factor affecting the rejection of polyphenols. 

All membranes tested on both 3.0 and 4.5 bar pressure show that operation at 3.0 bar is 

less detrimental to the quality of the filtered wine. Dropping the pressure to 2.0 bar 

resulted in an increase in rejection of polyphenols. This is the same trend as observed 

with the effect of pressure on flux and so the reason for this correlation should be the 

same: the balance between TMP (driving force) and mass transport resistances 

(membrane compaction, fouling and concentration polarisation).  
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Table 6.4: Table showing the average membrane rejection of polyphenols under various 

operating conditions. PVDF and PES membranes of different compositions (Table 6.3 for 

quick reference) were operated at different pressures and pump speeds.  

Membrane Pressure Pump Speed Rejection (%) 

PV10B20 2.0 20 10.4 
PV10B20 3.0 20 2.3 
PV10B20 4.5 20 9.5 
PV13B13 4.5 20 9.9 
PV16B16 4.5 20 10.9 
PV12B0 4.5 20 6.2 
PE10B20 2.0 20 13.3 
PE10B20 3.0 20 3.4 
PE10B20 4.5 20 8.3 
PE10B25 4.5 20 8.2 
PE10B25 3.0 20 3.9 
PE10B25 3.0 15 4.6 
PE10B25 3.0 10 3.2 
PE12B0 4.5 20 4.7 

 

While the difference in membrane rejection of polyphenols between different 

membrane polymers and compositions are generally small enough to be considered 

within the range of variances, several membranes stand out at having particularly low 

rejection, namely the pure membranes PV12B0, and PE12B0. These are of the lowest 

density of all the tested membranes. The higher rejection of the PVDF membrane is 

attributed to its higher hydrophobicity, increasing the adsorption of organic compounds 

on the membrane surface rather than allowing them to be passed through the 

membrane. A previous study by Arriagada-Carrazana et al (2005) [190] reported 

comparable rejection numbers (10% reduction in phenolic content) which the authors 

attributed to adsorption by the membrane. How much these few percentages of 

rejection translate to noticeable sensory effects will be discussed in 33TAppendix F 33T.  

While the flow velocity affected the flux, its effect on membrane rejection of polyphenols 

is not as apparent, and can be considered to be within the range of data variation. 
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Likewise, no noticeable correlations have been found between flux of the system and 

the rejection of polyphenols, nor between rejection of proteins and the rejection of 

polyphenols. Previous studies on wine microfiltration focused on the fouling of the 

membranes caused by the adsorption of polyphenols on the membrane material. These 

studies reported that polyphenols are significant foulants especially on more polar 

membranes [115, 190, 191]. This can be a possible explanation for the higher reduction 

of flux in PS and PES membranes than PVDF membranes (reported earlier in Table 6.1). 

However, PVDF membranes remove more polyphenols than PS or PES membranes as 

shown in Table 6.4 suggesting a different mechanism of polyphenol removal other than 

adsorption by membrane polymer or bentonite particles. A possible scenario is that the 

membrane surface (specifically the selective skin layer shown in SEM images in 33TChapter 

5.3.133T: Figure 5.15) of the PVDF membranes resists mass transport more than PS and 

PES membranes as mentioned earlier in this chapter.  

The rejection of polyphenols can only provide an indication to the amount of sensory 

compounds lost during filtration. Whether that loss can be perceived requires wine 

tasting tests which are subjective. A wine tasting test was performed on some of the 

filtered wine and the results and discussions can be found in 33TAppendix F 33T.  

 

6.4 Membrane Fouling Analysis 

One of the most important factors affecting flux and rejection is the fouling of the 

membrane which can be attributed to different mechanisms: concentration polarisation, 

cake layer formation, pore blocking, and solute adsorption [115]. This is particularly 

true with wine filtration where macromolecules such as polyphenols, polysaccharides 

and protein can adsorb onto the membrane surfaces and pore walls, and suspended and 

colloidal solids can form a cake layer and block surface pores [115]. A previous study, 

by El Rayess et al (2012) [21], on the fouling behaviour in cross-flow microfiltration of 

wines found that colloids have the largest contribution to membrane fouling via the 

formation of cake layers.  



Chapter 6 Cross-Flow Filtration with Bentonite-Embedded Mixed Matrix 
Membranes│177 

  
Fouling was analysed with a method adopted from the study by El Rayess et al (2012) 

[21]. Since the fouling mechanism for wine filtration is complex, total resistance to 

trans-membrane mass transport, 𝑅𝑅𝑡𝑡, can be used instead. This can be done using a plot 

of permeate volume against resistance, where the shape of the graph indicates the 

dominant type of resistance. In Figure 6.13, permeate volume against the inverse of 

permeance, 1
𝐾𝐾

, was plotted (the inverse of permeance is also equal to 𝜇𝜇𝑅𝑅𝑡𝑡 according to 

equation 2.7). This assumes that the viscosity of the wine is constant throughout the 

course of a filtration experiment (constant temperature).  

 
Figure 6.13: Effect of different membrane polymers and compositions filtering wine at 

4.5 bar on the total resistance of filtration assuming constant wine viscosity.  

According to theory, a curve with a decreasing slope is representative of external 

fouling (pore blocking and cake formation) being the biggest contributor to resistance 

[21, 192]. Apart for a few data points, the curves in Figure 6.13 show that trend 

especially at the early stages of filtration and resembled the results reported by El 

Rayess et al (2012) [21] when filtering wine with added tannins or pectin. The curves in 

Figure 6.13 clearly show that the PVDF membranes have higher total resistance 

compared to PS or PES membranes, which is expected due to the lower overall flux. In 

addition, the decreasing slope of the PVDF membranes imply that the filtration will 
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approach a steady state resistance while the PS and PES membranes, with more linear 

correlations, imply that other mechanisms of resistance, such as internal fouling such as 

internal pore blocking [21], may also be contributing to the total resistance.  

 
Figure 6.14: Cake filtration model applied to filtration flux data for different membrane 

polymers and compositions filtering wine at 4.5 bar.  

To examine the resistance further, the data was fitted to the cake filtration model where 

a plot of permeate volume against inverse volumetric flowrate (t/V) should yield a 

linear correlation [192]. This is shown in Figure 6.14 where none of the membranes 

show the linear correlation expected in the cake filtration model under constant TMP. 

Despite the inaccuracy of the cake filtration model, trend lines can be drawn on the 

more linear regions of the curves to compare the cake resistance and membrane 

resistance (derived from gradient and y-intercept, respectively). The linear regression 

shows that PVDF membranes (gradient and y-intercept of 0.0021 and 0.94 for PV10B20, 

and 0.0027 and 0.42 for PV12B0) have greater cake resistance and membrane 

resistance than PS (0.0007 and 0.38 for PS10B20) or PES membranes (0.0007 and 0.36 

for PE10B20, 0.0009 and 0.32 for PE10B25, and 0.0009 and 0.22 for PE12B0). These 

results imply that the pure membranes have lower membrane resistance but similar 

cake resistance when compared to MMM. This can be attributed to the pure membranes 
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having a higher level of porosity as mentioned in previous sections, but these pores are 

small enough such that colloidal solids in wine are excluded, forming the cake layer 

which is not significantly affected by the presence of bentonite particles embedded 

inside the membrane. This could explain the difference in rejection observed in Chapter 

6.3.4 where the higher rejection by PVDF membranes was the result of higher 

membrane resistance (pore size and hydrophobicity), which is undesirable for the 

application of wine fining. Membrane PE10B25, which was capable of high rejection 

with low membrane resistance, would have a high level of bentonite adsorption 

occurring during filtration, which is the desired result.  

 

6.5 Implications of the Cross-Flow Filtration Results 

and Conclusions 

The flux of filtration is affected by many factors: volume filtered, pressure, flow velocity, 

materials used to fabricate the membranes, and the composition. The flux against time 

profiles are typical cross-flow filtration flux profiles with a rapid initial drop due to 

compaction then a gradual decline due to pore closing and fouling. Variances in 

membrane flux performance are reduced the longer the membranes were used, 

converging towards a steady state flux.  

The increase in pressure forms a parabolic correlation with flux where an optimal 

pressure can be found to maximise flux. Depending on composition of the membrane, 

the peak of this parabolic correlation is different. With membranes of lower bentonite 

loading, a higher pressure is required to produce the same level of flux, with the 

disadvantage of membrane wear that was much less apparent at lower pressure ranges 

(33TChapter 5.2.2.233T). Reducing the flow velocity while keeping the pressure constant 

resulted in a reduction of flux as expected.  

The materials used in membrane fabrication also affected flux where a higher swelling 

bentonite (Bentonite A) resulted in lower flux. PS and PES membranes performed 

similarly as predicted from membrane structure characterisation analysis with PVDF 



180│Chapter 6 Cross-Flow Filtration with Bentonite-Embedded Mixed Matrix 
Membranes 
 
membranes producing overall lower flux due to higher hydrophobicity. PVDF 

membranes also have lower flux declines after the initial membrane compaction phase. 

The bentonite loading of the membranes appears to be the most important factor in flux 

for MMM. A low bentonite loading (50.0% as in PV13B13 and PV16B16) flux was 

considerably smaller than when the bentonite loading was increased to 66.7% 

(PV10B20), but the reduction of loading to 0% (pure membranes) increased the flux 

likely due to the lack of swelling from bentonite particles to close pores.  

The removal or membrane rejection of heat instability causing components can be 

correlated to multiple factors as well. The variance on rejection, just like flux, seems 

converged towards a terminal value. The rejection with MMM follows the same trend as 

flux where rejection declined gradually either through concentration polarisation, or 

from loss of adsorption capacity of the bentonite particles. The rejection with pure 

membranes showed opposite behaviour, more typical of rejection profiles affected 

mainly by fouling. This effect is reflected in the correlation between flux and rejection 

within the same membrane where they are directly correlated (linear) for MMM and 

reversely correlated (linear) for pure membranes.  

Increasing filtration pressure increased the rejection of PVDF membranes but made 

very little difference to PES membranes. This is suspected to be caused by PVDF 

polymer matrix surrounding the bentonite particles more tightly than PS or PES 

polymer matrix. Except for a few cases, membrane compositions that produced low flux 

also resulted in high membrane rejection of instability causing components. The 

noticeable exception to this is membrane PE10B25 which has a different internal 

structure compared to PE10B20 (presence of larger planar cavaties). Pure membrane 

provided some degree of rejection but was significantly lower than the MMM. As a 

result, only the membranes with 50.0% bentonite loading and membrane PE10B25 

managed to produce permeate that is considered protein stable.  

All membranes were actively removing phenolic compounds. Membrane rejection of 

phenolic compounds was relatively stable throughout a 120 min filtration run 

suggesting that it is not noticeably affected by fouling or concentration polarisation. The 

major contributors to rejection are TMP, membrane polymer material, and membrane 

composition. Like flux, there is an optimal pressure where rejection of phenolic 
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compounds is lowest. This is found to be 3.0 bar for membranes PV10B20, PE10B20 

and PE10B25. PVDF membranes generally gave higher rejection than PES membranes. 

Pure membranes gave low rejection as well.  

These results point towards several variables that can be adjusted for optimal operation 

wine fining using MMM. System pressure is optimal at 3.0 bar, where the flux was 

highest for the high bentonite loading membranes without causing significant 

degradation to the membranes. It is also the pressure where the rejection of phenolic 

compounds was lowest hinting at the best preservation of wine sensory qualities.  

PVDF membranes are considered undesirable due to the lower flux and lower quality of 

the filtered wine. The rejection of heat instability causing components with PVDF 

membranes was also not any better than equivalent PS or PES membranes.  

Since bentonite particles are embedded into membranes to improve selectivity, it is 

understandable that a higher bentonite loading increased the performance of the 

membranes. The structural alterations caused by the increase in bentonite loading 

increased the flux (less prone to membrane compaction due to more bentonite particles 

and less tubular pores and cavities), rejection of stability causing components (more 

sponge-like structure for more contact between wine and bentonite particles), and 

reduced the removal of phenolic compounds. With all the tested membranes, PE10B25 

(10 wt% polymer, 25 wt% bentonite particles and 65 wt% solvent) proved to be the 

optimal membrane composition to use of all the tested compositions, ensuring protein 

stable wine within a single filtration pass and having rejection of phenolic compounds 

lower than 5% (high selectivity). Flavour and aroma test agree with the assessment that 

the quality of the filtered wine using this membrane was at least equal to membranes 

that produce similar flux and better than other membranes that can produce protein 

stable wine (33TAppendices F 33T and 33TG33T).  

The lower flux of PVDF membranes was likely caused by the higher membrane 

resistance (lower porosity and higher hydrophobicity) compared to PS or PES 

membranes. This implies that morphological exclusion of protein instability 

components contributed to a larger fraction of total components removed. In contrast, 

the high flux and selectivity of membrane PE10B25 is likely the result of low membrane 
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resistance but higher contribution of rejection due to bentonite adsorption, which is the 

more desired outcome.  

The use of these parameters in the consideration of a design of a filtration operation 

that can be integrated in the wine production environment will be discussed in the next 

Chapter.  

 

 

  



 
 

 

Chapter 7 Scale-Up Considerations 

7.1 Filtration System Optimisation with Backflush 

Unfined wine is a complex mixture of many different components, some components 

are dissolved and some are in suspension. The purpose of stabilising and clarifying wine 

is to reduce or eliminate problematic dissolved (for example proteins that can 

precipitate) and suspended solids (precipitated proteins). This may take multiple 

operations depending on the wine. For white wines, centrifugation and filtration may be 

performed multiple times to remove solid precipitates. These can cause a lot of fouling 

in filters reducing efficiency. With white wines, where 0.45 µm filters are commonly 

used, even cross-flow systems will encounter considerable degrees of fouling. To 

improve efficiency, backflush cycles are usually used.  

The effect of backflush with the proposed MMM is explored here. Based on the findings 

from the previous Chapter, the focus of this test is on membrane PE10B25 due to its 

high flux, ability to fully heat stabilise wine, and good preservation of sensory 

properties. A 30 min backflush cycle was employed here although in industrial 

situations, the cycle may be as short as 5 min. The effect of backflush on flux using 

nitrogen gas is illustrated in Figure 7.1. The membranes were tested with wine, which 

showed that the flux profile can be almost fully reversed with 30s of nitrogen backflush. 

Based on the discussions from the previous Chapter, the flux loss is caused by 

membrane compaction and the resulting mechanical closing of pores, and fouling (filter 

cake and pore blocking). Some of the flux lost was recoverable with membrane 

decompression (33TChapter 6.2.133T), but the backflush was able to reverse most of the lost 
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flux which the simple decompression was incapable of. Unfortunately, characterisation 

using SEM and EDS was unable to find evidence of the fouling layer even without 

backflushing.   

Figure 7.1: Graph showing average change in normalised flux across time with 

membrane PE10B25 at 3.0 bar pressure on real wine. Steps at 30 min and 60 min 

represent backflush using nitrogen gas at 1.0 bar.  

The results from Figure 7.1 can be extrapolated to predict the effect on the rate of 

filtration with different cycle durations, summarised in Table 7.1. As with all filtration 

systems using backflush, the shorter the cycle duration, the higher the filtration rate, 

but the larger the volume of backflush fluid required due to the increased number of 

cycles. The improvements to filtration rate will also be more noticeable with longer 

operations. Since the largest drop in flux occurs within the first 10 min of an operation 

cycle, keeping the cycle duration under 10 min will be preferable.  
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Table 7.1: Table showing volume of wine processed by filtration with backflush cycles of 

different durations. Total time of active filtration is 120 min.  

Cycle duration 
(min) 

Backflush 
duration (min) 

Number of cycles 
in 120 minP

1 

Volume 
filtered 
(mL) 

Averaged 
FluxP

2
P (L/mP

2
Ph) 

30 0.5 4 206 72.4 
20 P

3 0.5 6 216 75.3 
10 P

3 0.5 12 234 79.6 

P

1
P 120 min of filtration time not including backflush duration 

P

2
P Averaged flux derived from total volume filtered in the time taken to do the full 

number of cycles including backflush duration 

P

3
P Total volume filtered for 10 min and 20 min backflush cycle durations extrapolated 

from 30 min cycle duration data.  

 

The effect of backflush on the membrane performance in regards to wine stability and 

wine quality is summarised in Table 7.2. In short, the backflush did not noticeably alter 

the stability of the filtered wine. The membrane (PE10B25) was capable of producing 

heat stable wine at the specified filtration conditions regardless of whether backflush 

was used. The polyphenol concentration (GAE) the filtered wine was also largely 

unaffected by backflush. The increase in GAE in the product wine in later cycles is more 

likely due to the increase in phenolic concentration in the feed tank. Likewise, the effect 

of backflush on wine colour was low, indistinguishable without equipment like UV-Vis 

spectroscopy (Figure 7.2). There was a detectable increase in colour intensity via UV-Vis 

spectroscopy and this is attributed to wine oxidation in the filtration feed tank. Sealed 

tanks with carbon dioxide blanket as used in wine clarification systems will alleviate 

this problem.   

Membrane thickness measurements before and after filtration with backflush also 

showed no detrimental reduction of thickness after six 30 min cycles. All these provide 

evidence that the performance of MMM (PE10B25 in particular) can properly function 

with backflush to gain the advantage of improved overall rate of filtration.  
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Table 7.2: Two filtration run results of membrane PE10B25 on wine with a backflush 

cycle of 30 min.  

Backflush 
Cycle 

Total Permeate 
Volume (mL) 

StabilityP

1 
Polyphenol 
rejection (%) 

Colour 
Intensity 

Colour 
Hue 

1-1 56 0.004 3.8 0.08 8.0 
1-2 110 0.004 4.3 0.11 6.2 
1-3 167 0.006 -0.3 0.12 5.9 
1-4 220 0.004 4.5 0.08 5.2 
1-5 271 -0.003 5.0 0.11 4.2 
1-6 320 -0.003 -4.4 0.10 5.2 
1-7 368 0.013 -5.3 0.11 5.3 
1-8 415 0.054 6.0 0.15 4.0 
2-1 65 0.011 5.4 0.10 4.8 
2-2 131 0.004 6.1 0.14 3.6 
2-3 196 0.013 15.6 0.11 5.4 
2-4 257 0.016 3.3 0.20 2.8 
2-5 317 0.004 5.1 0.20 3.0 
2-6 376 0.014 2.7 0.20 2.7 
2-7 434 0.038 1.5 0.18 3.6 

P

1
P Stability results from heat test (90 °C for 1 hr) using UV-Vis spectroscopy to measure 

turbidity.  
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Figure 7.2: Photo comparing the visual difference of wines after heat test (90 °C for 1 

hr). Left: unfined wine; Middle: filtered wine (backflush cycle number 2); Right: filtered 

wine (backflush cycle number 8).  

 

7.2 Estimation of Membrane Capacity 

From the mass of dried membranes, the mass of bentonite particles per cmP

2
P of 

membrane can be calculated and hence the protein adsorption capacity. The actual 

functional capacity of the membrane, however, cannot be estimated from the mass of 

bentonite particles embedded. This is made clear from pure membrane filtration trials 

where the morphology of the membrane itself is capable of removing a high amount of 

proteins, and from CLSM imaging discussed in 33TChapter 5.533T. Based on these findings, it 

can be said that the protein removal from wines of this type of MMM is achieved partly 

by membrane morphology and partly by bentonite adsorption. Protein molecules in the 

feed stream are rejected by the membrane surface (dense skin layer) where the main 

mechanism of separation is likely size exclusion. Any protein molecules not rejected by 

the membrane surface are trapped inside the membrane (depth filtration) or adsorbed 

by the bentonite particles. It is of interest to known how much bentonite adsorption 

contributes to the removal of proteins. The estimation can be described as follows:   
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• Based on membrane density measurements reported in 33TChapter 5.2.3: Table 5.233T, 

membrane PE10B25 contains, on average, 6.7 mg of Bentonite A for every cmP

2
P of 

membrane surface area (active surface area in one filtration cell). Therefore, each 

membrane (surface area of 14 cmP

2
P) contains 93.8 mg of Bentonite A.  

• Based on the batch-wise fining results in 33TChapter 4.433T, each gram of Bentonite A has 

the capacity of removing 0.67 g of thaumatin. Therefore, 93.8 mg of Bentonite A has 

the capacity of removing 62 mg of thaumatin, which equates to about 120 mL of 0.5 

g/L thaumatin-based model wine solution.  

A simple dead-end filtration experiment (eliminates dead volume in cross-flow filtration 

for more accurate estimations) with thaumatin-based model wine solution was then 

performed to gather data for mass balance calculations. A known volume of model wine 

solution was filtered by a dead-end filtration cell with the same active surface area as 

the cross-flow filtration cell. The protein concentration of the filtrate and left-over 

retentate was measured using the Bradford assay. This allows mass balance calculations 

to reveal the amount of protein rejected by membrane morphology and this was then 

checked using cross-flow filtration on real wine.  

• According to mass balance calculations from dead-end filtration runs processing 0.5 

g/L thaumatin-based model wine solution, the membrane PE10B25 was capable of 

processing an average of about 250 mL before losing rejection. This means that 

protein rejection due to membrane morphology, for this particular membrane 

composition, accounted for approximately 50% of the total proteins removed.  

• This is equivalent to removing 125 mg of thaumatin with 93.8 mg of Bentonite A, or 

1.33 g of thaumatin per 1.0 g of Bentonite A, double the bentonite adsorption 

capacity when used in batch-wise fining, even though the embedded bentonite did 

not technically gain any adsorption capacity.  

Table 7.2 shows the result of cross-flow filtration on wine with backflush cycles of 30 

min to confirm the estimation on bentonite adsorption capacity. The membrane lost 

rejection at around 400 mL filtrate processed. This means that the membrane was 

capable of processing about 400 mL of unfined Sauvignon Blanc wine before it could not 

produce fully heat stable wine in a single filtration pass. The batch of unfined wine used 

was measured to contain about 0.3 g/L of proteins (thaumatin-equivalent using 
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Prostab®), meaning 14 cmP

2
P the membrane PE10B25 contains an adsorption capacity to 

process around 200 mL of 0.3 g/L thaumatin-based model wine solution. This results in 

double the volume of wine filtered when compared to protein adsorption capacity 

estimation, the same percentage difference when processing thaumatin-based model 

wine solution using dead-end filtration mentioned above.  

 

7.3 Estimations on Filtration System Scale-Up 

The cross-flow filtration setup used in this study was of laboratory scale. Several 

assumptions are made in order to estimate the scaling-up of the proposed system.  

The support layers of the membrane are very porous but contain the majority of the 

embedded bentonite. In contrast, the dense top layer (specifically the skin layer) is very 

thin. Therefore, it is assumed small changes to the membrane thickness (around 20 µm) 

are within the natural variation of the membrane thickness as a result from the casting 

process and that these do not contribute noticeably to the rejection of proteins due to 

membrane structure (pore flow and solution diffusion). In extension to this, any small 

increases in membrane thickness is assumed to increases protein removal primarily 

due to increased bentonite content.  

The filtration cells used in this study make use of flat sheet membranes. It is assumed 

that the performance of the membranes in terms of rejection and selectivity will not 

change if cast into other popularly used geometries like hollow fibres. In such 

geometries, it is assumed the membranes are robust enough to withstand pressures up 

to 4.5 bar and backflush without support plates. The selective layer and overall 

membrane thicknesses are also assumed to be constant. It is also assumed that in the 

hollow fibre geometry, the flow velocity across the membrane surface is adjusted to be 

the same as the flow velocity used in this study (this is pump controlled).  

Since the flow streams are pump-driven, it is assumed that there is negligible pressure 

drop in the feed streams.  
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The temperature of wine is typically controlled at low temperatures to reduce 

temperature-accelerated processes such as oxidation. It is thus assumed that the 

filtration modules operate at isothermal conditions.  

It is assumed that in scale-up estimations, membrane surface area and adsorption 

capacity of proteins follows a linear correlation.  

The most commonly used filtration module configuration is the hollow fibre membrane 

with capillary flow. In such configurations, the selective skin layer of the membrane is 

inner surface. A quick look at cross-flow filtration systems currently in use for wine 

clarification provides a rough baseline for membrane dimensions: the internal 

diameters of the hollow fibres can be between 1 – 3 mm; total surface area per module 

varies depending on the size of the module cartridge and can be as high as 20 mP

2
P. The 

baseline dimensions chosen for this scale-up estimation are an internal diameter of 1.5 

mm, a total surface area of 10 mP

2
P, and a fibre length of 1.5 m. Industrial cross-flow 

filtration systems can have multiple modules installed for increased filtration rate and, 

in this case, increased protein adsorption capacity.  

Table 7.3: Scale-up estimation of filtration rate and total wine volume that can be 

processed before membrane saturation per module cartridge. Membrane thickness is 

200 µm for all cases.  

Internal 

Diameter (mm) 

Total Surface 

Area (mP

2
P) 

Number of 

Fibres 

Rate of 

Filtration 

(L/h) 

Volume to 

Saturation (L) 

1.5 10 1415 790 3700 

1.2 10 1768 790 3800 

1.2 8 1415 630 3100 

1.8 12 1415 950 4400 

1.8 10 1179 790 3700 

 

By adjusting pump and valve settings, the feed stream velocity and pressure can be kept 

constant despite changes in fibre diameter. Hence, these are assumed to be kept 

constant for all cases listed in Table 7.3. The rate of filtration is directly correlated to the 
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total surface area such that a smaller fibre internal diameter results in lower filtration 

rate unless the number of fibres per module is increased. The amount of wine that can 

be processed before the membrane fibres are saturated with proteins is directly 

correlated to the volume of the membranes, and so a smaller fibre internal diameter 

results in an increase in volume of wine that can be filtered before saturation if the total 

surface area remains constant. Increasing the fibre diameters while keeping the number 

of fibres constant results in increased rate of filtration, volume-to-saturation, and the 

physical volume of the module.  

Both an increase in fibre diameter and the number of fibres per module will result in an 

increase in cost of manufacture. Looking at material cost using laboratory grade 

materials from suppliers such as Sigma Aldrich, it can be safely assumed that the cost of 

material for the membrane modules make up only a small portion of the total cost of 

manufacture. A module with 1.5 mm internal diameter fibres with 10 mP

2
P of total surface 

area would have a material cost of less than $350NZD and much less if materials were 

purchased in bulk. This means that it will likely be more economical to make larger 

diameter fibres since the reduction of membrane volume is low compared to the 

increase in fibre count to make up for a loss of total surface area with smaller diameter 

fibres.  

 

7.4 Cost and Benefit Analysis 

A cost analysis was performed on to qualitatively and quantitatively analyse the 

benefits of the proposed system: using bentonite embedded MMM to perform wine 

fining instead of the batch-wise fining process. A rough economic analysis on the capital 

and running cost of both the batch fining process and the proposed process was 

performed and shown in Table 7.4. Due to the unavailability of certain cost and process 

information, several assumptions had to be made:  

Cost of wine to the winery is confidential information and was not available. This is 

essential information on estimating the cost of wine lost from either process: batch 
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fining generates lees, and cross-flow filtration has dead volume. The cost of wine was 

thus taken from retail price of $10 /L, which skews the results in favour of filtration.  

Table 7.4: Economic analysis comparing the costs of using the batch-wise bentonite 

fining process with filtration using bentonite-embedded MMM.  

Batch-Wise Bentonite Fining 

  Est 5% wine loss   
Wine loss ($/L) 0.50   
Disposal ($/L) 0.01   
Labour ($/L) 0.0042   
Bentonite ($/L) 0.01   
Sum ($/L) 0.52   
Bentonite (kg) 50   
Wine loss (kg) 2500   
Time required (hr) 168   

Filtration with MMM 

  No regeneration 1x regeneration 3x regeneration 

Wine loss ($/L) 0.05 0.05 0.05 
Modules ($/L) 1.62 0.81 0.41 
Labour ($/L) 0.000633 0.000633 0.000633 
Sum ($/L) 1.67 0.86 0.46 
Modules 13.51 6.76 3.38 
Time required (hr) 2.11 2.11 2.11 

 

The cost was compared between the two processes on processing a 500,000 L batch of 

Sauvignon Blanc wine which is assumed to require a bentonite dose of 1 g/L of 

Bentonite C to stabilise in the batch fining process.  

The batch fining process was assumed to use the commercially available Bentonite C, of 

which the wholesale price was available online ($5.3 /kg). The process was assumed to 

generate a low lees volume of 5%. The lees would be discarded via landfill and the cost 

of landfill retrieved from local city council rates ($150 /ton).  
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The capital cost of purchasing or hiring the cross-flow filtration system was assumed to 

be zero considering the proposed process is planned to be integrated into the current 

filtration system rigs, assumed to be an installation with 6 membrane modules 

operating in parallel. The capital cost of filter modules, however, is required but 

unknown. While the cost of material for making a filtration module can be calculated, 

the cost of the manufacturing process is an unknown variable. This cost is extrapolated 

from the cost of filter modules currently in use in wineries (prices range from $5000 to 

$9000 /module depending on manufacturer) and is assumed to cost $6000 /module.  

The regeneration of the membranes is an untested variable. Therefore, the cost analysis 

estimates the cost of operating the filtration process based on the number of times the 

filter modules can be fully regenerated. A filter module that can be fully regenerated 

once can process double the volume of wine. The module capacity of 3700 L without 

regeneration, filtering wine at a rate of 790 L/hr is derived from Table 7.3.  

The filtration process was assumed to generate a wine loss of 0.5%.  

Both processes require equipment (tanks, pumps, and refrigeration) that needs to be 

operated, and maintained. The cost of equipment operation and maintenance is 

assumed to be similar for both processes. The cost of labour was estimated from current 

hourly rates ($15 /hr) and both processes requiring a single labourer working on the 

equipment 2 hrs a day.  

The major cost of implementing the filtration process is the capital cost of the filtration 

modules. Assuming integration into the current wine filtration systems, the cost of 

filtration rig (pump, piping and fittings) and the utilities (cleaning equipment) can be 

eliminated, but the cost of making a filtration modules will still be significantly higher 

than bentonite. The current filtration modules are usually purchased and are expected 

to operate for thousands of hours (differs depending on manufacturer and model).  

An important variable not analysed in this study is the regeneration of the membranes 

(due to time constraints). But based on a previous work on bentonite regeneration, 

bentonite can retain about 70% of its adsorption capacity with a regeneration cycle 

using hypochlorite and alkali wash [88]. This means that filtration modules with 

bentonite embedded MMM will be more akin to a consumable due to the regeneration 

of embedded bentonite particles. Therefore, the economic viability of the proposed 
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process will be dependant entirely on how easily the modules can be regenerated. 

Calculations in Table 7.4 reveal that if a module of the listed specification ($6000 

/module, 3700 L capacity, and 790 L/hr flux) can be regenerated to process 4 times the 

volume of the specified capacity, the filtration process will be more economical to 

operate than the batch-wise bentonite fining process.  

Another factor which can affect the economic viability of the proposed process is the 

cost of the wine. Calculations in Table 7.4 assume a wine cost of $10 /L. Since one of the 

major costs of batch-wise bentonite fining is the cost of wine lost via bentonite lees, a 

less expensive wine will favour the batch-wise bentonite fining process economically.  

The major benefits of implementing the proposed process are the processing time and 

wine loss. For batch-wise bentonite fining, the processing time does not change much 

regardless of the batch size of the wine. For the proposed process, a larger batch of wine 

will require a longer processing time but will still be much shorter than batch-wise 

bentonite fining (hours compared to days or weeks). This processing time benefit is 

more noticeable for smaller batches of wine (few thousand litres). The value of the time 

saved is an unknown variable and can vary depending on season. The proposed process 

has the benefit of lower wine losses due to the elimination of bentonite lees (up to 10% 

of the wine according to Tattersall et al (2001) [89]). While there will still be wine 

losses from the filtration process (dead volume being one), this volume is considered to 

be small when compared to bentonite lees. By combining both fining and filtration into 

one process, the amount of processing time and wine loss is reduced even further.  

While both processes incur operating costs (pump energy, waste disposal and cleaning), 

this is believed to be in favour of the proposed process. In batch-wise fining, energy is 

required to separate the wine from the bentonite lees, which can involve centrifugation 

and filtration [3]. This operating cost is not encountered in the proposed process due to 

the elimination of bentonite lees.  

Overall, there are many benefits to the proposed process. Several of the unknown 

variables mentioned earlier (manufacturing and material costs of filtration modules and 

wine loss in a scaled-up operation) will require further research, ideally in a pilot study 

where the operating conditions will be closer to an industrial environment.  

 



 
 

 

Chapter 8 Conclusions and Future Work 

8.1 Overall Conclusions 

This thesis investigated the feasibility of the proposed process of using bentonite-

embedded MMM in a cross-flow filtration configuration for the protein stabilisation of 

white wines as a replacement for the batch-wise bentonite fining process. Membranes 

of different materials, PS, PES and PVDF, bentonite types (laboratory grade and 

commercial grade), and compositions were successfully fabricated for this purpose. 

These were characterised by various imaging techniques then successfully used in the 

filtration of unfined Sauvignon Blanc wine. The performance of the membranes, quality 

of the filtered wine and operating conditions of the cross-flow filtration system were 

analysed in order to identify preferred membrane characteristics and operating 

variables for performance optimisation. The main findings are summarised below.  

• Batch-wise bentonite fining tests were performed on both real wine and model wine 

solutions and it was found that neither BSA-based model solutions nor thaumatin-

based model solutions can fully replicate the behaviour of real wine. While both 

proteins were successfully removed during bentonite fining, thaumatin was found to 

be a viable representative protein to use in model wine solutions especially 

considering the similar molecular weight between thaumatin and thaumatin-like 

proteins in wines.  

• Laboratory grade and commercial grade bentonites were characterised by means of 

particle size analysis and their bentonite adsorption capacity in order to select the 

most effective bentonite to use in MMM. Laboratory grade bentonite (found to have 
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an average d(0.5) of 4.49 µm) was found to have double the adsorption capacity of 

two different commercial bentonites (found to have an average d(0.5) of 8.63 µm 

and 8.17 µm after crushing and sieving with a 63 µm sieve) but swells to about triple 

the volume after hydration. The laboratory grade bentonite, due to the smaller 

particle size, was found to be easier to use in preparing a homogeneously dispersed 

casting solution. SEM images in BSE mode confirmed the much larger sizes of the 

commercial grade bentonite particles. All membranes were found to have evenly 

dispersed bentonite particles regardless of the bentonite type.  

• The choice of bentonite in MMM was found to be a factor affecting flux, where the 

laboratory grade bentonite produced the lowest flux (66 L/mP

2
Ph compared to 69 and 

80 L/mP

2
Ph of the commercial bentonites) at 10.0 bar operating pressure which can be 

attributed to the larger degree of swelling closing pores in membranes. Since the 

level of flux lost going from the commercial grade bentonites to the laboratory grade 

bentonite was much smaller than the differences in level of swelling and protein 

adsorption capacity, laboratory grade bentonite (high swelling, high capacity, and 

small particle size) is considered a more efficient material to use.  

• Bentonite-embedded MMM were successfully cast using the wet phase inversion 

technique using NMP as the solvent and deionised water as the non-solvent for all 

three polymer materials (PS, PES and PVDF). The membrane morphology, 

characterised using SEM in SE mode, is characteristic of phase inversion membranes 

with selective skin layer and porous sublayers. As expected from literature, the 

membrane polymer, type of bentonite used, and composition of the casting solution 

all affected the membrane morphology.  

• Structurally, PS and PES membranes were nearly identical while PVDF membranes 

can be distinguished by the characteristic bonded-nodule structure at the bottom 

layer. The skin layer for PVDF membranes were found to be thinner but denser, and 

the bentonite particles were found to be tightly surrounded by the polymer matrix 

compared to the more exposed structure of PS and PES matrix. PVDF MMM of all 

compositions were found to be more hydrophobic than PS or PES membranes of 

equivalent composition by contact angle analysis. The casting solution with PS and 

PES were also noticeably easier to prepare than PVDF. As a result, PVDF membranes 

were found to have very similar rejection of protein instability causing components 

in real wines to PS or PES membranes of the same composition but with a much 
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lower flux. For example with membrane composition of 10 wt% polymer, 20 wt% 

bentonite and 70 wt% solvent, PVDF membrane produced 91% rejection at flux of 

41.5 L/mP

2
Ph, while PES membrane of same composition produced 91% rejection at 

flux of 74.6 L/mP

2
Ph at 30 min under 4.5 bar pressure. In addition, the top surfaces of 

PVDF membranes were noticeably altered after filtration indicating membrane wear 

and/or deformation (visible without microscope assistance). Therefore, it can be 

concluded that PS and PES are better polymers to use for wine filtration.  

• The composition of the casting solution is found to affect the casting process and the 

structure of the membrane. A low solid loading (polymer plus bentonite) resulted in 

a lower viscosity casting solution that is easier to prepare but resulted in lower 

density membranes. Morphologically, the lower density membranes retained the 

same general structure but with larger cavities that are structurally weak and 

therefore undesirable. As with previous studies, a higher bentonite loading 

(bentonite wt% in the final membrane) promoted the formation of the sponge-like 

structure and reduced the formation of large cavities, which are the preferred 

outcome. Both low density membranes and very high bentonite loading membranes 

were found to be more fragile during handling but were able to handle 4.5 bar 

pressure during filtration provided a support plate was used.  

• The compositions of the membranes, and by extension, the morphology of the 

membranes, were found to have significant effects on both the flux and rejection. 

The ideal structure for high selectivity and flux is a membrane with a low density 

selective skin layer (low mass transport resistance) with a support layer primarily 

made up of sponge-like structure (better contact between wine and bentonite 

particles and compaction resistance) without any large cavities. The bentonite 

particles should not be tightly surrounded by the matrix. The closest achieved in this 

study is a membrane composition of 10 wt% PES, 25 wt% bentonite, 65 wt% 

solvent, which produced high flux (87.1 L/mP

2
Ph at 30 min) with high selectivity (96% 

removal of protein at 30 min and less than 5% rejection of polyphenols).  

• Operation parameters of the cross-flow filtration system were tested. Pressure was 

found to be an important parameter affecting both flux and rejection. The pressure 

versus flux profile followed a parabolic correlation where 3.0 bar was found to be 

the optimal pressure for high bentonite loading (66.7% and 71.4%) membranes. 

These effects were attributed to the reduction of concentration polarisation layer 
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and membrane compaction according to literature. A high operating pressure (4.5 

bar or higher) was found to cause membrane wear, and this was particularly 

noticeable with lower density membranes or PVDF membranes. With rejection, 

PVDF membranes were found to be negatively affected by reducing pressure, 

attributed to the increase in flux and reduction in TMP which resulted in less 

diffusion of protein molecules to the tightly surrounded bentonite particles for 

adsorption. This effect was not observed with PES membranes. Membrane 

compaction for all polymers was visible in SEM cross-section images after filtration. 

• The flow velocity, adjusted via pump speed (volumetric flowrate) settings, was 

found to have a minor effect on flux, an expected result since the tangential flow 

washes the membrane surface to reduce filter cake build-up. Reducing the pump 

speed by 50% resulted in a flux reduction of 26% (71.4% bentonite loading PES 

membrane, 3.0 bar pressure).  

• The protein rejection of MMM was found to be directly correlated to flux, the exact 

opposite of pure membranes. With pure membranes, proteins are removed by 

fouling layer, filter cake build-up and membrane morphology (sieving), therefore, 

the increase in fouling during the course of a filtration run reduced the flux but 

increased rejection. The presence of bentonite particles added an additional layer of 

selectivity, electrostatic adsorption, where a lower flux is preferred to provide time 

for bentonite to adsorb protein molecules.  

• Pure membranes were capable of removing a portion of the proteins from wine via 

membrane morphology. CLSM of the MMM confirmed that proteins are adsorbed on 

the membrane surface to a smaller extent, and that the bentonite particles were 

actively adsorbing proteins. For the PES membrane (71.4% bentonite loading 

specifically), it was found that membrane morphology accounted for around 50% of 

the protein rejection.  

• The impact of the process on the product wine was analysed via protein stability 

test, gallic acid equivalent (GAE) for polyphenol concentration, colour analysis, and 

taste and aroma test. Only two tested membrane compositions were capable of 

producing protein stable wine with a single filtration pass, namely PVDF membrane 

with 50.0% bentonite loading and the 71.4% bentonite loading PES membrane 

mentioned earlier.  
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• PVDF membranes were found to have higher rejection of polyphenols than PES 

membranes. This is attributed to the denser skin layer of PVDF membranes. Similar 

to flux results, a pressure of 3.0 bar was found to be the optimal pressure for lowest 

rejection of polyphenols (better preservation of wine quality).  

• PS and PES membranes were found to have lower membrane resistances than PVDF 

membranes, further providing evidence that morphological exclusion was more 

predominant in PVDF membrane rejection rather than bentonite adsorption.  

• The filtered wine was found to have reduced colour intensity but increased hue 

when compared to unfiltered wine.  

• Backflushing was found to be able to reliably reverse most of the flux lost during the 

course of a filtration run while having no noticeable effect on the membrane 

rejection of proteins, polyphenols and colour components. However, there was no 

evidence that backflushing affected the adsorption capacity of the embedded 

bentonite particles.  

• Scale-up estimations was performed to investigate the industrial feasibility of the 

proposed process. A filtration module was estimated to be able to process wine at a 

rate of 79 L/mP

2
Ph and process up to 3700 L of wine using the highest performing 

parameters found in this study (71.4% bentonite loading PES membrane, 3.0 bar 

pressure, 4.5 mL/s pure water flowrate). This is comparable to some industrial wine 

cross-flow filtration modules and provides further evidence supporting the 

feasibility of this process.  

• Overall, the proposed process was found to be capable of protein stabilising wine 

with low impact to polyphenol content, and has the potential of combining both 

bentonite fining and filtration into one process. The reduction of processing time 

and the elimination of bentonite lees when compared to the batch-wise bentonite 

fining process are the major benefits, although the cost of manufacturing filtration 

cartridges and product loss during filtration require further research.  
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8.2 Recommendations for Future Work 

While the proposed process is shown to be capable of removing protein from white 

wine without significant detrimental effects to product quality, several questions will 

require further research to address.  

• While an effective membrane composition was found in this study, there are still 

room for improvement. Different membrane fabrication variables can be 

investigated to further reduce the formation of large cavities and finger-like pores, 

and increase the formation of the sponge-like structure for better flux and 

selectivity.  

• The most commonly used membrane configuration in wine filtration is the hollow 

fibre membrane module with capillary flow (feed stream inside hollow fibre) due to 

the high flow velocity that can be achieved to reduce surface fouling. More research 

is needed on making bentonite-embedded MMM in this configuration and analysing 

the performance.  

• Sauvignon Blanc was the only wine tested in this study. It would be of interest to the 

wine industry to investigate the viability of the proposed process on filtering other 

wines.  

• Membrane regeneration has not been investigated in this study. This is an important 

variable in determining the reusability and service life of the membranes.  

• The exact pathway and mechanisms of protein removal with MMM was not 

thoroughly explored. Further research on this is required for better technical 

understanding on the proposed separation process in the presence of other wine 

components.  

• Although an estimation on scale-up had been performed in this study, more research 

in this area followed by the commissioning of pilot trials will be necessary to fully 

understand some variables that will impact the integration of the proposed process 

into the current wine making industry.  

 



 
 

 

Appendices 

Appendix A: Calibration Plots 

Calibration curves for quantifying various measurements are presented here. The plots 

for protein concentration determination via the Bradford assay and the Prostab® 

analysis kit can be found in 33TChapter 4.233T: Figure 4.1.  

 
Figure A-1: Calibration plot for polyphenol concentration determination via GAE 

analysis.  
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Figure A-2: Cross-flow system pump calibration plot for pure water flowrate.  
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Appendix B: Contact Angle Analysis on Parafilm M® 

Contact angle analysis was performed on Parafilm M® films as a control experiment 

since Parafilm M® has an inert, non-porous hydrophobic surface.  

 
Figure B-1: Graph of dynamic contact angle of pure water and buffered solutions of 

various pH on Parafilm M®.  

 
Figure B-2: Graph of dynamic normalised contact diameter of pure water and buffered 

solutions of various pH on Parafilm M®.  
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Appendix C: Supplementary Confocal Scanning Laser 

Microscopy Images 

PS and PES membrane top surfaces were found to fluoresce after binding to CBB R250 

dye even without the presence of adsorbed proteins. This resulted in high background 

noise as shown in Figure C-1a below. The images shown below are top and bottom 

surfaces of PS membranes before and after filtration.  

  

  
Figure C-1: CLSM images showing PS membranes (a) top surface before filtration, (b) 

top surface after filtration, (c) bottom surface before filtration, (d) bottom surface after 

filtration.  
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Appendix D: Bentonite Particle Size Distribution 

 
Figure D-1: Particle size distribution of fully hydrated bentonite particles.  

Table D-1: Particle size distribution results for fully hydrated bentonite particles. 

Results in table show averaged size in µm.  

Bentonite Bentonite A Bentonite B Bentonite C 

D (0.1) 1.38 2.23 2.25 
D (0.5) 4.49 8.63 8.17 
D (0.9) 20.4 54.0 48.7 
Mode 4.37 5.75 5.01 
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Appendix E: Protein Stability Analysis Technique 

Test Results 

Table E-1: Fining test results on thaumatin-based model wine solutions at various pH.  

Bentonite Dose (g/L) 
Model solution – Thaumatin 

pH 3.5 pH 4.0 pH 4.3 

0.0 Bentonite A 0.103 ± 0.001 0.110 ± 0.010 0.108 ± 0.007 

0.1 Bentonite A 0.104 ± 0.006 0.110 ± 0.006 0.095 ± 0.011 

0.2 Bentonite A 0.052 ± 0.003 0.020 ± 0.022 0.033 ± 0.013 

0.3 Bentonite A -0.002 ± 0.001 0.004 ± 0.006 0.001 ± 0.009 

0.0 Bentonite B 0.103 ± 0.001 0.110 ± 0.010 0.108 ± 0.007 

0.4 Bentonite B 0.087 ± 0.000 0.051 ± 0.014 0.046 ± 0.032 

0.6 Bentonite B 0.039 ± 0.001 -0.003 ± 0.001 0.007 ± 0.019 

0.8 Bentonite B -0.004 ± 0.000 -0.003 ± 0.001 0.001 ± 0.009 

0.0 Bentonite C 0.103 ± 0.001 0.110 ± 0.010 0.108 ± 0.007 

0.4 Bentonite C 0.094 ± 0.000 0.068 ± 0.012 0.046 ± 0.002 

0.6 Bentonite C 0.052 ± 0.002 0.004 ± 0.009 -0.000 ± 0.006 

0.8 Bentonite C -0.001 ± 0.003 -0.003 ± 0.002 0.001 ± 0.007 

 Model solution - BSA 

0.0 Bentonite A 0.109 ± 0.000 0.104 ± 0.008 0.109 ± 0.001 

0.1 Bentonite A 0.096 ± 0.009 0.090 ± 0.007 0.093 ± 0.001 

0.2 Bentonite A 0.081 ± 0.008 0.047 ± 0.002 0.092 ± 0.003 

0.3 Bentonite A 0.037 ± 0.015 0.007 ± 0.005 0.095 ± 0.003 

0.0 Bentonite B 0.109 ± 0.000 0.104 ± 0.008 0.109 ± 0.001 

0.4 Bentonite B 0.093 ± 0.002 0.079 ± 0.006 0.093 ± 0.001 

0.6 Bentonite B 0.078 ± 0.005 0.054 ± 0.008 0.092 ± 0.001 

0.8 Bentonite B 0.044 ± 0.013 0.038 ± 0.011 0.091 ± 0.002 

0.0 Bentonite C 0.109 ± 0.000 0.104 ± 0.008 0.109 ± 0.001 

0.4 Bentonite C 0.096 ± 0.003 0.082 ± 0.006 0.093 ± 0.001 

0.6 Bentonite C 0.082 ± 0.002 0.055 ± 0.007 0.092 ± 0.001 

0.8 Bentonite C 0.057 ± 0.010 0.036 ± 0.010 0.090 ± 0.001 
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Table E-2: Fining test results on wine using Bentonite A at various pH conditions using 

both Bradford and Prostab® analysis techniques.  

Bentonite Dose (g/L) 
Wine pH 

pH 3.5 pH 4.0 pH 4.3 

Bradford Results    

0.0 0.026 ± 0.008 0.027 ± 0.006 0.031 ± 0.003 

0.1 0.017 ± 0.005 0.023 ± 0.005 0.028 ± 0.004 

0.2 0.012 ± 0.002 0.017 ± 0.004 0.024 ± 0.003 

0.3 0.010 ± 0.002 0.014 ± 0.002 0.020 ± 0.003 

Prostab® Results    

0.0 0.113 ± 0.005 0.116 ± 0.004 0.114 ± 0.006 

0.1 0.071 ± 0.003 0.071 ± 0.006 0.076 ± 0.004 

0.2 0.038 ± 0.005 0.046 ± 0.004 0.056 ± 0.004 

0.3 0.014 ± 0.003 0.023 ± 0.003 0.039 ± 0.005 
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Appendix F: Flavour and Aroma Analysis 

The purpose of wine tasting is to test the flavour and aroma quality of a wine sample. 

Aroma and flavour are often subjective qualities but a trained wine taster can pick out 

characteristics that are specific to certain wines. A simple wine tasting was performed 

on the wine process by cross-flow filtration, on certain experiments that produced 

sufficient quantities for tasting. This is conducted by a wine taster familiar with 

Sauvignon Blanc wine in a blind experiment. The results from aroma and flavour tests 

should reflect those of GAE tests due to polyphenols having significant effects on these 

qualities. The results are summarised in Table F-1.  

All processed wine, whether by batch fining or cross-flow filtration, were deemed 

characteristically Sauvignon Blanc in both aroma and flavour, indicating that the 

processes did not dramatically alter the characteristics of the wine. There were also no 

faults or oxidation detected both of which can happen in wineries that did not take the 

necessary precautions to prevent their happening.  

In general, all the processed wine displayed weaker aroma and flavour compared to 

unfined wine. Of all the tests, cross-flow filtration with membrane PE10B25 at 3.0 bar 

and PE10B20 at 3.0 bar appear to be the most effective at preserving the aroma and 

flavour characteristics. This matches with the GAE results where the rejection of 

polyphenols was lowest for this particular setting. Comparing membranes PE10B20 and 

PE12B0, the lower flux of membrane PE10B20 compared to PE12B0 did not result in a 

higher degree of separation of sensory components as predicted by GAE results. 

Filtration with PV16B16 appears to be the worst, being the only test result with the 

flavour description of watery and dilute, and losing the tropical fruit aroma. Compared 

to filtration with membrane PV12B0, the lower quality results of membrane PV16B16 

were good matches with GAE results as well. The pure membranes, PE12B0 and 

PV12B0, both lost some aroma characteristics though not as severe as membrane 

PV16B16. These results further confirm that bentonite embedded PE membranes are 

superior to PVDF membranes in terms of preserving the sensory qualities of wine 

during processing.  
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Table F-1: Table summarising aroma and flavour test results of wine processed by 

membrane filtration with pure membranes, PVDF and PES MMM compared against 

unfined wine and batch-wise fining as controls.  

Process Aroma Flavour 

Unfined (Control) Grapefruit and guava 
Herbaceous 
Tropical sweetness 
Sweet bell pepper 
Intense 

Good acidity 
Fruity (tropical) palate 
Intense 

Cross-flow filtration with 
PE10B20 at 3.0 bar 

Herbaceous 
Sweet bell pepper 
Light tropical notes 
Reasonably pungent 

Pleasant/mild acid 
palate 
Light flavour 

Cross-flow filtration with 
PE10B25 at 3.0 bar 

Tropical 
Slightly pungent 
Light herb notes 

Mild acidic palate 
Mild flavour 

Cross-flow filtration with 
PE12B0 at 4.5 bar 

Light tropical 
Some herb notes 
Light grapefruit 

Light flavour 

Cross-flow filtration with 
PV10B20 at 2.0 bar 

Light tropical 
 

Low acidic palate 
Slightly watery 

Cross-flow filtration with 
PV16B16 at 4.5 bar 

Lower aroma 
Light herb 
No tropical fruit 
Slightly salty/sea aroma 

Watery/dilute 
Low flavour 

Cross-flow filtration with 
PV12B0 at 4.5 bar 

Light tropical 
Dusty 
Some pungent notes 

Light flavour 

Batch fining (0.5g/L) Light tropical 
Light grapefruit 
Light herb 

Light flavour 

 

 



210│Appendices 
 

The surprise was the batch-wise fining results. In theory, batch-wise fining was found to 

be detrimental to wine quality according to compositional analysis but difficult to 

distinguish from unfined wine in sensory tests [5, 80, 82]. The poor results from batch-

wise fining here may be attributed to overfining (over-processing the wine) which is 

known to reduce wine quality.  

Correlating membrane rejection of phenolic compounds to results of aroma and flavour 

analysis, it can be concluded that all the filtrations affected the sensory properties 

negatively. Any rejection above 5% appears to produce noticeable degradation of both 

aroma and flavour and rejection close to 10% result in the loss of some characteristics. 

The pure membranes and membrane PE10B25 can be considered the best at preserving 

sensory properties. All three membranes are characterised by their low resistance to 

mass transport, providing higher flux than other membrane compositions. The pure 

membranes achieved this due to low solid content resulting low membrane density and 

membrane PE10B25 due to the difference in membrane morphology (thinner micro-

tubular layer and less large angled planar cavities).  
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Appendix G: Colour Analysis 

The browning of wine indicates oxidation and is usually undesirable especially in young 

wines [3]. Since ultrafiltration is a known process for reducing hue and intensity in 

white wines, it is to be expected that filtration using MMM can also remove colour 

components [184]. Several representative filtration results are summarised in Table G-1. 

Wine colour intensity is a parameter that can be observed without instrument 

assistance, and the difference can be seen under visible light in Figure G-1. In general, all 

filtration results produced wine with lower intensity than pre-filtered wine.  

Table G-1: Table showing colour analysis results using UV-Vis spectroscopy measuring 

absorbance and the derived intensity and hue on representative samples.  

Membrane 
Pressure 
(bar) 

Feed wine Filtered wine 

  
420 
nm 

520 
nm 

Intensity Hue 
420 
nm 

520 
nm 

Intensity Hue 

PV10B20 2.0 0.18 0.04 0.24 4.3 0.12 0.02 0.15 5.1 
Repeat  0.11 0.03 0.12 4.7 0.06 0.01 0.07 9.1 
PE10B20 2.0 0.18 0.04 0.23 4.3 0.13 0.03 0.16 5.0 
Repeat  0.12 0.04 0.13 4.3 0.07 0.01 0.08 6.0 
PE10B25 3.0 0.19 0.05 0.25 4.3 0.14 0.04 0.19 4.2 
Repeat  0.12 0.03 0.16 3.8 0.08 0.01 0.08 7.9 
 

As expected of white wines, absorbance at 620 nm (red spectrum) was low for all cases 

but is still reduced in samples post-filtration. The largest changes were recorded at 420 

nm (violet spectrum) and less so for 520 nm (green spectrum) resulting in an overall 

reduction in intensity but an increase in hue. The result is a lighter but more brilliant 

yellow colour in the filtered wine as can be seen in Figure G-1 and G-2.  

Different bottles of unfined wine also appeared to have different hue and intensity, 

likely from oxidation during storage. Also, the browning of wine occurred quickly after 

the opening of a bottle to the point that an increase in intensity was detectable after 

transfer from the original bottle to a sample bottle to sit for 1 hr. This makes the colour 
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analysis much less accurate than protein stability or polyphenol concentration tests. 

Nevertheless, a trend is observable where the reduction in colour intensity is higher 

when the feed wine was of higher intensity. The increase in hue is also noticeably higher 

when the feed wine is of lower intensity since the reduction in absorbance of 420 nm 

and 520 nm are both nearly constant (0.04 to 0.06 and 0.01 to 0.02 respectively). This is 

different from both membrane rejection of instability causing components and 

polyphenols. There does not seem to be any major contribution to colour changes from 

membrane materials or composition suggesting that the removal of colour components 

is not dependent on membrane structure.  

 
Figure G-1: Photos showing the different in colour under visible light for wine at various 

stages. Left: unfined wine; Middle: slightly oxidised wine; Right: filtered wine.  

 
Figure G-2: Photos comparing the visual difference between (left) unfined wine, (middle) 

batch-wise bentonite fined wine, and (right) filtered wine.  
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Appendix H: Hazard Analysis 

Table H-1: Hazard analysis for the phase inversion fabrication process.  

Node  Potential 

Problem 

Hazard(s) Action 

Chemicals Spillage 

 

 

Inhalation 

 

Contact or 

sensitisation of 

some chemicals 

Equipment 

damage, causing 

someone to slip.  

Could be harmful 

to person.  

May cause 

sensitization, 

burns, damage to 

eyes or other areas.  

Eliminate ignition sources, absorb 

with dry cloth. Clean area with 

water and dry.  

Fresh air, rest and keep warm. If 

breathing shallow, seek medical 

attention.  

Follow MSDS, wear PPE, use 

chemicals in a fume hood 

Lab  Lab 

temperature 

beyond 15°C-

35°C range  

 

Wrong non-solvent 

bath temperature 

so final membrane 

structure could 

change.  

Monitor the temperature using 

the installed thermometer in the 

lab. 

Mechanical 

Mixer 

Speed too high 

 

 

 

High Chemical 

level 

Speed increases 

too much, the 

glassware used in 

synthesis may fall 

down or break.  

Solution spillage.  

Operate the stirrer at lower speed 

Increase/decrease speed 

gradually.  

Chemical solution level should be 

suitable to the stirring speed.  

 

Fume hood Stops working The chemical 

fumes from the 

fume hood may 

spread in the lab 

and be inhaled.  

Always to check the valve 

opening on the right side of the 

fume hood. 

Fresh air, rest and keep warm. If 

breathing shallow, seek medical 

attention. 
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Table H-2: Hazard analysis for the operation of the cross-flow filtration system.  

Potential 

Hazards 

Consequence Suggestions Action 

Diaphragm 

pump heating 

up 

Temperature 

build up in the 

supply line 

High system temperature 

at various temperature 

gauges. Heating up the 

metals in the rig (cell, 

hose etc.). 

Make sure chiller is 

operating.  

Stop the pump if 

temperature builds 

up. 

Pump Pressure 

Relief Valve 

High Pressure High pressure exceeds 

valve ejection point but 

valve jams, which may 

cause explosion or 

damage to equipment 

up/down stream. 

Visual check of 

pressure relief valve 

before use. Regular 

maintenance and 

testing of valve by 

department. 

Cross Flow 

Cells 

High pressure  Seals aged, possible 

explosion of high 

pressure hose 

connections and 

permeate line. 

Same as above. 

Harmful 

chemicals 

Unlikely with the 

experiments 

designed with this 

rig (consumer 

grade wine) 

Observer laboratory PPE 

instructions 

Refer to chemical 

MSDS 

Pressure build 

up in the 

cell/line 

exceeding 60 

bar safe 

operation limit 

May result in seal 

damage or 

damage to the 

hose or permeate 

line connection  

Ensure pressure relief 

valve is in working order 

prior to experiment via 

visual check.   

Also check for any signs 

of irregularities or 

failure.  

Regular maintenance.  

Shut down all 

equipment and 

notify lab technician 
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Pressure build 

up in the 

pump/cell’s 

pressure relief 

valve  

Possible risk of 

explosion of the 

line and damage 

to equipment 

Ensure pressure relief 

valve is in working order 

prior to experiment via 

visual check.   

Also check for any signs 

of irregularities or 

failure.  

Regular maintenance.  

Shut down all 

equipment and 

notify lab technician 

High pressure 

/flowrate 

pump 

Risk of damage to 

equipment and 

internal 

regulators. 

Possible 

disconnection of 

power supply. 

Possible risk of 

projectiles due to 

high pressure.  

Ensure the relief 

valve/dump valve is 

working before adjusting 

any connectors. 

Ensure all downstream 

pressure in the 

membrane cell is fully 

depressurised after use 

via the tank 

lid/thermocouple port 

before removing 

connectors.   

Regular maintenance.  

Shut down pump 

and notify lab 

technician 

immediately 

Pump 

overheating 

Risk of pump 

damage 

Ensure pump is working 

in order before use. 

Ensure no pipes are 

blocked.  

Regular maintenance.  

 

Shut down pump 

and notify lab 

technician 

immediately 
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