
        

University of Bath

PHD

Investigating fouling and cleaning during the filtration of Gum Arabic to save water and
reduce energy

Hayward, Emily

Award date:
2016

Awarding institution:
University of Bath

Link to publication

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

Copyright of this thesis rests with the author. Access is subject to the above licence, if given. If no licence is specified above,
original content in this thesis is licensed under the terms of the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC-ND 4.0) Licence (https://creativecommons.org/licenses/by-nc-nd/4.0/). Any third-party copyright
material present remains the property of its respective owner(s) and is licensed under its existing terms.

Take down policy
If you consider content within Bath's Research Portal to be in breach of UK law, please contact: openaccess@bath.ac.uk with the details.
Your claim will be investigated and, where appropriate, the item will be removed from public view as soon as possible.

Download date: 24. May. 2023

https://researchportal.bath.ac.uk/en/studentTheses/fcaae0ed-7315-4b5b-b338-7d19855b8f71


 

 

Investigating fouling and cleaning during the 

filtration of Gum Arabic to save water and 

reduce energy 

 

Emily Ruth Hayward 

A thesis submitted for the degree Doctor of Philosophy 

University of Bath 

Department of Chemical Engineering 

September 2015 

 

Copyright 

Attention is drawn to the fact that copyright of this thesis rests with its author.  This copy of the thesis has 

been supplied on condition that anyone who consults it is understood to recognise that its copyright rests 

with the author and that no quotation from the thesis and no information derived from it may be 

published without the prior written consent of the author. 

This thesis may be made available for consultation within the University library and may be photocopied 

or lent to other libraries for the purpose of consultation 

 





Declaration of Authorship 

i 

 

I. Declaration of Authorship 

This is all my own work except where I have indicated via references or other forms of 

acknowledgement. 

Signature: 

 

 

Date:



Acknowledgements  

 

ii 

 

II. Acknowledgements 

There are many people I would like to thank for helping me through this PhD.  I would like to thank 

my supervisor Dr. Mike Bird who has provided the tools and resources to complete this work, 

contributed ideas and insight, and helped with the development of the flat sheet ceramic 

membrane rig.  I would also like to thank my co-supervisors Dr. Darrell Patterson and Professor 

Chick Wilson for their feedback, comments and insight into my findings.   

I would also like to thank Dr. Arto Pihlajamaki from Lappeenranta University of Technology, 

Finland for allowing me to carry out zeta potential measurements and for all of the help with 

setting up the equipment and insight provided about the results. 

I would like to thank Dr. Chris Wright from Swansea University for allowing me access to AFM for 

adhesion measurements, and to Yuan He for the help and insight provided while making 

measurements and analysing the data. 

I would like to thank David Carr at Kerry Ingredients for providing spray dried Gum Arabic powder, 

and for bringing invaluable commercial relevance to this project.  Gratitude is also given to David 

Carr and Andy Rice for running GPC samples for me at Kerry Ingredients. 

I would like to thank Paul Frith for his help in designing and producing the flat sheet membrane 

rig. Without this, the experiments I could carry out would have been very limited. 

I would also like to thank my fellow students and the technical team at the University of Bath who 

have allowed collaboration, insight and have helped to keep me sane throughout the project, and 

of course fix things when they went wrong.  

I would like to thank the DTC in sustainable chemical technologies and EPSRC for funding, for 

enabling me to develop new skills throughout this project, and the opportunities I have had to 

travel to Lappeenranta and attend conferences.  Additionally thanks to my cohort from the DTC 

for all the fun we’ve had as well as insightful conversations related to the PhD and developing 

ideas. 

Finally I would like to thank my Husband Tim, and the rest of my family, for their support and care 

while I have carried out this project.  Without your constant encouragement I would not have 

managed it. 

 



Abstract 

iii 

 

III. Abstract 

Gum Arabic is an exudate from Acacia trees and grows mainly in the sub Saharan region with 

Sudan being one of the world’s largest producers.  Gum is imported as kibbled amber aggregates 

which undergo dissolution, filtration and pasteurisation to remove any contaminants before being 

spray dried to produce a fine white powder suitable for use.  Gum Arabic is widely used 

industrially, particularly in the food industry as it is a very effective emulsification agent.  During 

the industrial processing of Gum Arabic, large quantities of both water and energy are used.  

Water and energy consumption are particularly high during the dissolution and spray drying 

processes.  Approximately 14000 tons of wastewater are produced each year from Kerry 

Ingredients  processing plant in Cam, UK containing ca. 2.0 wt. % Gum Arabic.1  This requires 

expensive disposal methods.  

The application of membrane technology can reduce the volume of water required during 

processing allowing the potential for recycling rather than requiring fresh water supplies.  In 

addition, the method of microfiltration can separate Gum Arabic from the waste stream.  This 

reduces the waste created during processing, resulting in a more sustainable process.  The 

filtration of complex food products inevitably leads to fouling – the build-up of unwanted deposits 

on the membrane surface and in the membrane pores.  This project investigates the chemistry 

and engineering of the Gum adhesion and removal process.  This work is a study of what is 

occurring during fouling, methods to reduce it, and cleaning strategies to help restore the 

membrane following fouling.  A proof of principle has been established, highlighting the potential 

for separating Gum Arabic from waste streams. 

Presented here are the findings from the filtration of Gum Arabic through commercially available 

MembraloxTM alumina microfiltration tubular ceramic membranes.  In addition, the use of flat 

sheet alumina ceramic membranes has been studied to gain an insight into the mechanisms of 

fouling and removal.   

During microfiltration, the use of high crossflow velocities (2.3 m s-1), low transmembrane 

pressure (1.5 bar), and operation under dynamic conditions was found to minimise fouling.  

Fouling is predominantly in the form of a cake or gel layer on the membrane surface.  Applying an 

increased crossflow velocity therefore helps to sweep foulants from the membrane surface and 

reduce the thickness of the foulant layer.  The application of a low transmembrane pressure is 

expected to lead to a less compact foulant layer leading to a reduced resistance to permeate flow.  

Membranes with pores in the range of 0.2 – 2.0 µm were investigated, with little change in the 
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steady state filtration flux.  This suggests that the system is not limited by the pore size but rather 

the foulant limits mass transfer.  

Analysis carried out on the foulant layer, using a variety of analytical techniques, confirmed that 

most of the fouling was on the surface and was caused by a mixture of organic components and 

calcium.   

This work also investigated cleaning of the membranes following fouling.  Use of sodium 

hydroxide, citric acid and Ultrasil 11 gave different flux recoveries and properties following 

cleaning.  The surfaces of the membranes have been studied to gain an insight into the 

mechanisms of removal during cleaning.  The most effective cleaning method during the first cycle 

is to clean with 0.5 wt. % sodium hydroxide followed by 0.1 wt. % citric acid.  This lead to a flux 

recovery of 86 ± 5 %.  It has been hypothesised in this study that the sodium hydroxide leads to 

swelling of the foulant layer leading to a more open structure which increases the effectiveness 

of cleaning with citric acid.  Citric acid allows chelation of calcium present in the foulant as well, 

as sodium remaining on the surface following cleaning with sodium hydroxide.  The addition of 

sodium hypochlorite to the sodium hydroxide solution aids in improving the flux recovery with an 

increase ca. 5 wt. % observed.  The use of Ultrasil 11 contains sodium hydroxide, surfactants and 

EDTA.  This was therefore investigated as a one-step cleaning agent, allowing swelling and 

chelation to occur simultaneously.  The flux recovery of 50 ± 6 % was lower than that for the two 

stage cleaning process.  This suggests that dissolution of Gum in citric acid as well as chelation 

improves removal. 

Multiple fouling and cleaning studies were carried out to investigate the long term impact of 

cleaning with sodium hydroxide/sodium hypochlorite alone and a two stage clean with sodium 

hydroxide/sodium hypochlorite followed by citric acid.  The two stage clean outperformed that of 

the alkali clean alone in terms of selectivity and permeate flux.  While the flux recovery was greater 

for the two stage clean after cycle 1, little difference was observed after multiple cycles.   

Pre-treating membranes allows a method to control the surface properties with the 

hydrophobicity, zeta potential and adhesion strength showing marked changes following simple 

pre-treatments with sodium hydroxide or citric acid.  The effect of pre-treatment on the selectivity 

and throughput has been reported in this study.  While pre-treatment was not shown to reduce 

the fouling propensity, pre-treatment with citric acid resulted in an increase in rejection of Gum 

Arabic from 60 % to 85 % for the first cycle using a 0.5 µm flat sheet membrane. 
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1. Introduction 

1.1 Gum Arabic 

Gum Arabic is widely used industrially, particularly in the food industry, and is often known as 

E414.2  It has excellent emulsification properties leading to its use in the production of soft drinks 

for the encapsulation and dispersion of flavour oils.  Gum Arabic originates as an exudate from 

Acacia trees found mainly in sub Saharan Africa.3, 4  Gum is obtained through a tapping process 

whereby the trees exude Gum Arabic as a defence mechanism.  More than 90 % of commercial 

Gum Arabic is obtained from wild trees.5  Worldwide the industry was valued at $578.7 million in 

2014, and this is expected to increase to $800.3 million by 2019.6   

Gum is tapped from the trees and golden aggregates are collected by hand.  These aggregates are 

then sorted and selected based on quality and sent to market.3  Companies such as Kerry 

Ingredients take the Gum, and process it into a spray dried powder suitable for industrial 

applications.7  During this processing the Gum is dissolved in large quantities of water before going 

through coarse filters allowing the removal of bark, sand and other contaminants.  The Gum is 

also heated to allow pasteurisation.8  Finally, the Gum is spray dried before being packaged.  

During the spray drying process water is removed from the system.  This water contains ca. 2.0 

wt. % Gum Arabic.  The disposal of this water is an expensive process with land injection required 

due to the high BOD and COD associated with Gum waste.   

Gum Arabic is composed mainly of high molecular weight polysaccharides and their calcium, 

magnesium and potassium salts.9  The main sugars in Gum Arabic are arabinose, galactose, 

rhamnose and glucuronic acid.  The discoveries of both galactose and arabinose were made from 

Gum Arabic, this leads to their naming after Gum Arabic.10  The functional component of Gum 

Arabic is an arabinogalactan-protein complex which leads to its excellent emulsification 

properties.  

1.2  Food process engineering and membranes 

There is currently the need and drive to make processes in all industries more sustainable.  The 

provision of food, water and energy in a sustainable and affordable manner are some of the key 

issues facing 21st Century society.  Food process engineering plays an important part in each of 

these areas.11  In 2013 the IChemE produced a roadmap detailing key resources which should be 

focused on, and reduced, with both water and energy being considered as key resources which 
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need to be protected.12  Water use has been growing at twice the rate as the population within 

the last century, and while there is not yet a global water scarcity issue as such, this is likely to 

happen over the next few decades.13  It is therefore important to consider the ways in which water 

can be recycled with a low energy penalty.  One promising solution which allows for the recovery 

of both water and products is membrane filtration.   

As with most industries, the food industry requires continual update, refinement and process 

optimisation.  With this there is the requirement for innovation.  In terms of production, 

biotechnology and advanced farming techniques allow crop intensification.  Food scientists and 

engineers generally have responsibility for processes, combining ingredients, ensuring hygienic 

production and food safety. While these are of great importance, scientists and engineers should 

also be responsible for making controlled physiochemical and biochemical changes to food 

products.  Yanniotis et al. reported that there are four cornerstones which could help promote 

innovation and improvements to the food process engineering sector, in which research should 

be carried out:11 

i) Process efficiency improvement – saving water and energy while minimising pollution 

and waste.  This allows a reduction in the cost and environmental impact without 

reducing quality 

ii) Development of adjusted food processes and products – this allows a better 

understanding of the microstructure and chemical interactions leading to improved 

products 

iii) Food safety assurance – hygienic design of equipment and packaging allowing 

improved food safety 

iv) Product quality improvement by intelligent design – this allows automation and 

improvement in process control.  This can result in improved management of 

production lines creating better flexibility. 

This project aims to consider the first of these cornerstones by conducting research into improving 

the efficiency during the production of Gum Arabic, allowing a reduction in waste and saving 

water. 

One industry where much research has previously been carried out in the area of filtration is the 

dairy industry.  This demonstrates advancements in processing.  Milk is received and must be 

cooled, stored and tested.  Following this pasteurisation, homogenisation and standardisation are 

carried out, and only after this can the milk be bottled and sent to market, or for further processing 
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to make products such as yoghurt and cheese.  Each operation involves individual pieces of 

equipment which require continual development, refinement and require energy for use and 

cleaning.  An innovation occurred in this industry through the development of the simultaneous 

emulsification and mixing nozzle allowing a reduction in energy consumption by up to 90 %.14  The 

requirement for capital expenditure was also reduced as the homogenisation and mixing 

processes can be combined.  

The dairy industry also provides a good case study for the use of membrane technologies.  Many 

advancements in microfiltration and ultrafiltration for the food industry have arisen from dairy 

applications.15  Membrane technologies have been used to reduce the water use for cheese 

making, allow cold pasteurisation, and they can also be used to separate streams for added 

value.16-19  Membranes can be operated under ambient conditions, allowing a low energy 

requirement, and they can be easily scaled up. 

The application of membranes to the processing of Gum Arabic has previously been studied by 

Decloux et al.20 and  Bechervaise and Bird,21 with the earliest studies carried out in 1996.  This 

highlights the novelty of this project.  No previous work has currently been carried out on water 

recovery, or the reuse of Gum Arabic from waste streams.  This forms the basis of this project.  

The use of membranes offer a low energy method of separation compared to other methods such 

as distillation, for this reason they have been chosen for use in the project. 

There are limitations to the application of membrane processes to the food industry, with 

membrane fouling being the most severe.  Fouling is the deposition of unwanted materials limiting 

the flow rate and reducing throughput.  Membrane fouling is complex and crosses a wide range 

of scientific disciplines leading to interplaying phenomena.  Fouling is described in more detail in 

Section 2.3.  Understanding why fouling occurs and how it limits the membrane performance 

allows chemical engineers to make rational decisions in improving the process.  This thesis focuses 

on membrane fouling and subsequent cleaning to gain an insight as to how microfiltration can be 

effectively applied to improve the process efficiency of Gum Arabic.  Figure 1.1 illustrates the 

current process, indicating the plant which should remain (in black) and the plant which should be 

removed to reduce the waste production (in red).  It is proposed that replacing the red plant with 

the microfiltration system (in green) will allow recycling of the water and recovery of Gum Arabic. 
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Figure 1.1: Scrubber system current (black/red) and proposed (black/green). 

 

1.3  Thesis outline 

This thesis has been divided into nine chapters, five of which are the results and discussion of 

experimental work carried out to meet the aims and objectives set out in Section 1.4.  Each results 

chapter contributes towards the general scope of the thesis.  The overall aim was to gain an 

understanding into the fouling and cleaning during the microfiltration of Gum Arabic.  This aim 

was in part to lead to an improvement in the process efficiency for the industrial processing of 

Gum Arabic. 

Chapter 2 presents a review of current literature and scientific theory around the areas of 

membrane filtration and Gum Arabic.  This allows the research to be contextualised. 

Chapter 3 details the materials used, and the methods by which experimental work was carried 

out. 

Chapter 4 reports and analyses the properties of Gum Arabic and membranes as well as showing 

that microfiltration offers a promising solution in waste management. 

Chapter 5 investigates and reports the optimum conditions required to minimise fouling, while 

also gaining an understanding of why fouling is occurring. 
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Chapter 6 discusses the requirement for cleaning following membrane fouling.  It details the 

effectiveness of different cleaning agents leading to an insight about the mechanisms of removal 

of the foulant layer. 

Chapter 7 demonstrates the impact of the aging process on membranes over multiple foul and 

clean cycles.  This offers a perspective on the synergy between fouling and cleaning. 

Chapter 8 describes the influence of pre-treatment of the membranes with two cleaning agents, 

and discusses the impact this has on separation as well as the fouling propensity. 

Chapter 9 concludes the results presented in Chapters four to eight.  It also presents ideas for 

further study surrounding the area of membrane filtration of Gum Arabic. 

 

1.4  Aims and objectives 

This thesis focuses on membrane fouling and subsequent cleaning to gain an insight as to how 

microfiltration can be effectively applied to improve the process efficiency of Gum Arabic 

processing.   In order to achieve this aim, the research objectives were: 

 Evaluate the feasibility of microfiltration technology to remove Gum Arabic from model 

waste streams 

 Investigate the properties of alumina membranes and a model waste solution 

 Study factors influencing the selectivity and permeate flux including process parameters, 

membrane material properties and solution properties 

 Characterise changes made relating to the surface science of the membrane and foulant 

 Develop an effective cleaning strategy allowing the membranes to be reused following 

fouling, and to gain an understanding of the interactions between the membrane, foulant, 

and cleaning agent 

 Consider the aging of membranes and how this is influenced over multiple cycles with 

different cleaning agents 

 Explore the application of pre-treatment on membrane selectivity and fouling propensity 
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1.5 Outputs and awards 

Oral presentations at national and international conferences 

‘Product and water recovery from Gum Arabic waste streams’ presented at 7th IWA Specialised 

Conference and Exhibition on Membrane Technology in Water and Wastewater Treatment, 

Toronto, Canada. 25th – 29th August 2013 

‘Product and water recovery from Gum Arabic waste streams using membranes’ presented at 

CSCT summer showcase, Bath, UK. 16th – 18th September 2013 

‘Understanding Fouling and Cleaning of ceramic membranes during the separation of Gum Arabic 

from water during processing’ presented at Fouling and Cleaning in Food Processing, Cambridge, 

UK. 31st March – 2nd April 2014 

‘Surface interactions occurring during the microfiltration of Gum Arabic feeds using ceramic 

membranes’ presented on my behalf by Dr. Darrell Patterson at International Congress on 

Membrane and Membrane Processes, Suzhou, China. 20th – 25th July 2015 

Poster presentations at national and international conferences 

‘Investigating fouling and cleaning during the filtration of Gum Arabic’ presented at Gums and 

Stabilisers for the Food Industry, Wrexham, UK. 5th – 9th May 2013 

‘Fouling and cleaning phenomena during the recovery of Gum Arabic from aqueous streams by 

filtration’ presented at CSCT summer showcase, Bath, UK. 7th – 9th July 2014 

‘Developing an understanding of the fouling and cleaning phenomena during the recovery of Gum 

Arabic from aqueous streams using microfiltration’ presented at CSCT summer showcase, Bath, 

UK. 6th – 8th July 2015 

Awards 

Royal society of Chemistry (RSC) travel grant 

Institution of Engineering and Technology (IET) travel award 

Energy YES winner 2014 

Runner up for University of Bath 2nd year Chemical Engineering departmental presentation  
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Publications 

Conference paper: ‘Fouling and cleaning of ceramic membranes during the dewatering of Gum 

Arabic waste streams’ in Fouling and cleaning in food processing: Green cleaning 2014, P 257-264. 

University of Cambridge, 2014. 
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2. Literature review 

This chapter gives an overview of research which has been carried out on Gum Arabic as well as 

the classical theory of membrane technology.  It aims to include an overview of up to date 

literature surrounding membrane technologies for the food industry, and how this can be applied 

to improve the efficiency and sustainability of Gum Arabic processing.  

 

2.1 What is Gum Arabic?  

2.1.1 Introduction 

Gum Arabic is an exudate from the branches and stems of the acacia tree.2  It is the oldest and 

most widely used of all tree exudates and is produced as part a natural defence mechanism.3, 22  It 

has been used as an article of commerce for over 5000 years, having started out as an adhesive in 

mineral pigments and for the flaxen wrappings used in embalming mummies.3  Despite there being 

over 1000 different species of the acacia tree, Acacia senegal (hashab) and Acacia seyal (talha) are 

most widely used commercially due to the superior properties they possess.   

 

2.1.1.1 Background and origin 

Gum Arabic is named after its place of origin / port of export.  It can be grown in the semi-arid 

areas of Australia, India and America, but is mainly found in the wide belt of semi-arid land 

stretching across sub-Saharan Africa known as the ‘Gum belt’.3, 4, 23  The Gum belt extends over 

Benin, Burkina Faso, Chad, Eritrea, Ethiopia, Mali, Mauritania, Kenya, Niger, Nigeria, Senegal, 

Somalia, Sudan and Uganda.4  Sudan is the world’s largest producer and exporter of Gum Arabic, 

with 80 – 90 % of the world market.4, 6  The best quality Gum is also traditionally associated with 

Sudan.3  The biggest importer is Europe, with France and the U.K. having the largest markets for 

Gum Arabic.  The highest quality Gum is found in the Sudanese Kordofan region, and this is used 

as the benchmark when determining the quality obtained from other areas.4 

Gum Arabic formation (gummosis) is promoted when the tree is subject to stress conditions such 

as drought, heat, and attack by insects or systematic wounding (tapping).3, 23  Virtually all Gum 

harvested comes from the tapping of trees.  At the beginning of the dry season (end of October/ 

beginning of November) incisions are made in the branches and bands of bark are stripped off.  
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After 5 weeks the Gum has hardened and can be picked off and collected for cleaning and grading.  

This process may be repeated for 5 or 6 collections depending on the weather conditions and 

health of the tree.4 

The FAO and EU have defined Gum Arabic as “a dried exudation obtained from the stems and 

branches of Accacia Senegal or closely related species of Acacia.  It consists mainly of high 

molecular mass polysaccharides and their calcium, magnesium and potassium salts, which on 

hydrolysis yield arabinose, rhamnose and glucuronic acid.”  The EU specification also adds that the 

molecular mass should be ~350000 g mol-1.  However there is little scientific justification for this.3 

 

2.1.1.2 Uses 

Gum has a wide range of uses across many industries.  It is one of the most widely used 

biopolymers on an industrial scale.24  Gum has a large number of food applications (E-number 

414)2 due to the wide range of properties it possesses.  Gum is completely soluble in water and 

shows excellent emulsification properties, attributed to the arabinogalactan-protein fraction.25, 26  

It has a hydrophobic polypeptide backbone and hydrophilic carbohydrate units which stabilise the 

emulsion at the oil-water interface.  Jayme et al. reported that the steric contribution is dominant 

in stabilising emulsions with Gum Arabic, however the electrostatic contribution is also 

important.24  Table 2.1 illustrates some of the wide range of industries and uses of Gum Arabic.   
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Table 2.1: Uses for Gum Arabic2, 4 

Industry Function 

Confectionary Provides clarity (e.g. wine gums) 

Prevents sucrose crystallisation 

Provides a controlled flavour release 

Texture modification (provides fibrous fruit 

like texture) 

Coating agent (e.g. chewing gum) 

Pigment stabiliser 

Aerated confectionary (e.g. marshmallows 

and meringues) 

Whipping agent 

Stabilising agent9 

Soft drinks Emulsifier9, 27, 28 

Beer Foaming agent 

Pharmaceuticals Suspending agent 

Emulsifier 

Adhesive 

Binder for tablets27 

Cosmetics Stabiliser (in creams and lotions) 

Viscosity increaser (lotions) 

Adhesive agent (blusher) 

Foam stabiliser (liquid soap) 

Lithography Preparation of etching and plating solutions 

Paints Dispersant27 

Textiles Thickening agent for printing pastes 

Ink and pigments Dispersant 

Ceramics Dispersant 

Polishes Dispersant 

Other Stabilisation of metal nanoparticles and 

nanotubes25 

 

Over the years, there have been investigations to find alternatives to Gum Arabic which are more 

cost effective and offer security of supply.  However the alternatives have proved to be poor 

substitutes particularly for emulsification applications.  Gum Arabic has the ability to form stable 

emulsions over a wide pH range and in the presence of electrolytes.  Finding an alternative which 

is stable over such a broad range is a huge challenge.24  Gum Arabic possesses a unique 

combination of functionalities which have not been found in any alternative product therefore 

complete substitution is impossible. 
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2.1.2 Composition 

2.1.2.1 Structure 

Gum Arabic is complex and much work has been carried out to try and identify its structure.  Gum 

can exist in a number of forms4 making the understanding of its structure more of a challenge.  

Research on Gum Arabic has been on-going for around 70 years,29 yet the structure is still not 

completely agreed on.  Gum is a branched chain complex polysaccharide,2 which may be neutral 

or slightly acidic.  It can be split into three main fractions; arabinogalactan, arabinogalactan-

protein complex and glycoprotein.  These components can be separated through fractionation.30, 

31  Due to the presence of protein and polysaccharide, Gum Arabic possesses amphiphilic 

character.  The exact composition and molar mass of Gum depends on its source, and is affected 

by factors such as the age of the tree, climatic conditions and soil environment.3  Gum formed by 

Acacia Senegal has a molar mass ca. 380,000 g mol-1 and a typical composition of:9 

- 39 -  44 % galactose 

- 24 - 27 % arabinose 

- 12 – 16 % rhamnose 

- 14 – 16 % glucuronic acid 

- 1.5 – 2.6 % protein 

- 0.22 – 0.39 % nitrogen 

- 12.5 – 16.0 % moisture  

Gum typically exists as a mixed magnesium, calcium and potassium salt, with the composition 

dependent on where the Gum is grown, and the minerals present in the soil.4 

Around 93 % of the structure of Gum Arabic is associated with the core carbohydrate – 

arabinogalactan (AG).32  Two main hypotheses have been formed about the structure of Gum.  Qi 

et al.29 suggested a ‘twisted hairy rope’ structure, whereas many others have suggested a wattle 

blossom structure. 2, 23, 24, 33-38  The wattle blossom structure is more commonly accepted as the 

proposed structure and is illustrated in Figure 2.1.  There are a limited number of high resolution 

techniques which can be used to effectively identify the structure of Gum Arabic due to its 

complex nature and ability to change both chemically and structurally.27  A number of processes 

have been investigated recently which provide further evidence for the wattle blossom structure.  

Al-Assaf et al. looked at enzyme digestion along with gel permeation chromatography (GPC).  They 

showed a high molecular weight peak (AGP) can be broken down into a single peak with a similar 
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molecular weight to the AG fraction.9  This provides further evidence for the wattle blossom 

structure as it suggests AG units are attached to a polypeptide chain via hydroproline.  

 

Figure 2.1: Wattle blossom structure model of Gum Arabic, reproduced from Jayme et al., arabinogalactan 

blocks are shown linked to a polypeptide chain.24 

 

Recently Nie et al. used GC-MS and NMR to determine more about the structure of Gum Arabic.32  

Their results are in agreement with the highly branched wattle blossom model, confirming the 

structure is a highly branched polysaccharide with a backbone composed of 1,3-linked 

galactopyransyl residues substituted at O-2, O-4 or O-6 positions.  The proposed structure is 

shown in Figure 2.2 below. 

 

Figure 2.2: Proposed structure of Gum Arabic, reproduced from Nie et al. R is one of the following 

residues: T-Rhap1, T-L-Araf1, T-L-Arap 1, T-UA1, T-L-Araf1, 3-L-Araf1, T-UA1, 4-UA1.  All of the galactose and 

uronic acid are in β-D form, and all of the arabinose and rhamnose are in the α-L form.32  
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2.1.2.2 Arabinogalactan 

Arabinogalactan (AG) is the main component, and accounts for ca. 90 % of the Gum.39  It has a 

molecular weight of 2.8 x 105 g mol-1 (observed from dynamic light scattering) and contains only 

about 0.35 % protein.9, 39  Much research has been carried out to find out the structure of the AG 

component, with Sanchez et al. proposing that it has a thin disc (elliptical) morphology with a 

thickness below 2 nm.  This has since been confirmed by a number of other research groups 

including Nie et al. who studied the structure in great detail using a combination of GC-MS and 

NMR.22, 23, 32, 40 

The core carbohydrate structure of the AG component is composed mainly of arabinose (35.5 %), 

galactose (27.3 %) and galacturonic acid (13.7 %) with small amounts of rhamnose (1.8 %) and 

glucoronic acid (0.6 %).41  The backbone of the AG component is made up of 1,3-linked 

galactopyranosyl residues which are substituted in the O-2, O-4 and O-6 positions.  The AG fraction 

of Gum Arabic is very stable, and is not effected by enzyme hydrolysis.22  This suggests that the 

peptide backbone is inaccessible to the enzymes, and this occurs in both acidic and alkaline 

conditions.32  

 

2.1.2.3 Arabinogalactan-protein complex 

The arabinogalactan-protein complex (AGP) is responsible for the emulsification and adhesion 

properties of Gum.9  It makes up ca. 10 % of the total Gum and has a much larger molecular mass 

than the AG fraction, ca. 1 – 2 x 106 g mol-1.23, 39  Around 10 % of the AGP component is protein, 

accounting for approximately 50 % of the total protein in the Gum.  AGP consists of a polypeptide 

chain, possibly containing 250 amino acids, with short arabinose side chains, and much larger 

blocks of carbohydrate with a molar mass of 4.0 - 4.5 x 104 g mol-1.23, 32  The carbohydrate has a highly 

branched structure, and this is consistent with the wattle blossom structure (Figure 2.1).  The 

polysaccharide moieties (carbohydrate) are linked through amino acid residues, primarily O-serine 

and O-hydroxyproline, to the protein backbone.42  The AGP complex adopts a compact 

conformation of ca. 36 nm.23, 40  The AGP component of Gum Arabic can adopt one of two distinct 

conformations depending on the molecular weight.22  The use of SANS measurements has shown 

the conformation exists as a tri-axial ellipsoid or an elliptical cylinder.22 

The AGP fraction of Gum Arabic can be broken down into smaller units which are very similar in 

size to the AG fraction.  A number of different authors have investigated the hydrolysis of AGP as 
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they try to fully understand the Gum structure.   It has been reported that hydrolysis of the AGP 

unit leads to very similar units to the AG fraction of Gum, this can be done either enzymatically 

(e.g. using prolytic enzyme)22 or chemically (e.g. sodium borohydride/ sodium hydroxide).23  Al-

Assaf et al. reported that filtration using small pore sizes could be an alternative method to 

dissociate the AGP fraction.9  Filtration leads to the dissociation of AGP into smaller AG and GP 

units with the breaking of some covalent bonds.  The different methods of degradation of the AGP 

unit lead to the formation of different units.  Renard et al. investigated the use of proteases to 

determine the method of assembly of the AGP units, and concluded that  covalent linkages seems 

a more likely hypothesis than hydrophobic interactions or hydrogen bonding due to the action of 

the proteases.22   

 

2.1.2.4 Glycoprotein 

The final and smallest component of Gum is glycoprotein (GP).  This is only ca. 1 % of the total 

Gum and has a molecular mass ca. 2 x 105 g mol-1.23  The glycoprotein has the largest amount of 

protein of any of the Gum components.8, 39, 43  The GP fraction contains different amino acid 

compositions from both the AG and AGP fractions, and is rich in hydroxyl, proline and serine.9  It 

has also been observed that this fraction contains significantly less sugar than either the AG or 

AGP fractions.  Motlagh et al. reported that the protein contains a number of disulphide linkages.27  

The GP structure seems to be the most stable.  Mahendran et al. reported that this component is 

not degraded by the prolytic enzyme.23  As there are no glycoprotein standards it can be a great 

challenge to quantify the GP fraction of any particular Gum sample.27 

Both of the AGP and GP components have polyproline II, β-sheet and random coil secondary 

structures, but no secondary structures have been reported for the AG component.23 

 

2.1.3 Nutrition 

Gum Arabic has been studied for its benefits to health, due to the wide use in the food industry.  

Ali et al. carried out a review of many studies to determine the biological effect of Gum Arabic.2  

It was found that Gum Arabic is completely safe for ingestion, with no change observed to rats 

when Gum Arabic was added as a dietary component.  Gum Arabic has very little calorific value in 

humans.5 
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There is some dispute about the antioxidant properties of Gum Arabic.  Al-Majed et al. suggested 

that when Gum Arabic was administered to rats an antioxidant mechanism occurred leading to a 

cardio-palliative effect,44, 45 however Ali found that there was no change in the level or free 

radicals, ascorbic acid or lipid peroxidation after 8 days.46  Based on the studies carried out and 

information available it cannot be claimed that Gum Arabic has antioxidant effects. 

The influence of Gum Arabic on intestinal adsorption has been widely studied.  It has been shown 

in rats that the addition of Gum Arabic to the diet increases the adsorption and can reverse 

diarrhoea.47-49   

 

2.1.4 Rheology 

The rheology of Gum Arabic has been studied by a number of research groups.50-53  There is some 

discrepancy between the characteristics.  Gum Arabic is generally considered to behave as a 

Newtonian fluid due to the highly branched structure of the arabinogalactan component.54  Some 

authors have reported Gum to be shear thinning at low shear rates (<10 s-1).  Newtonian behaviour 

is agreed on for high shear rates (>100 s-1).51  Recently Li et al. looked at the molecular associations 

in Gum and have suggested that the shear thinning behaviour observed at low shear rates is due 

to the elastic contribution to the stress.50  The apparent stress is elastic like and this leads to a 

larger number of molecular associations in the Gum leading to a deviation from Newtonian 

behaviour.  At large shear stresses, only the viscous contribution is dominant and complete 

breakdown of molecular association occurs.  Under these conditions the Gum Arabic solution 

shows Newtonian behaviour.  The low viscosity has been attributed to the highly branched 

structure introducing a relatively compact shape.25, 51 

Other reports suggest that the concentration of Gum Arabic is the major factor in the rheology.  

Panda et al. reported that at concentrations below 40 wt. % the Gum exhibits Newtonian 

behaviour and above 40 wt. % the Gum shows pseudo plastic characteristics.  Gum has also been 

shown to swell leading to the formation of a non-sticky gel.5  At the concentrations and conditions 

used in this study Gum Arabic exhibits Newtonian behaviour. 
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2.1.5 Charge 

Gum Arabic is a charged molecule, largely due to the amino acid groups and uronic acid.  In 

solution/suspension Gum Arabic has a pH of approximately 4.5, however this varies from sample 

to sample due to natural variation in the Gum.   

Dror et al. suggested that the zeta potential of Gum Arabic has a relatively low value (-20 mV) and 

an isoelectric point of pH 1.8.  Based on these relatively low values they suggested charged 

electrostatic repulsion does not play a dominant role in the stabilisation of emulsions, but rather 

the stabilisation mechanism is controlled by steric repulsion.25   

 

2.1.6 Other 

The structure and properties of Gum Arabic are not only influenced by the origin of the Gum, they 

can also be affected by changes in pressure, temperature or pH.  When Gum Arabic is exposed to 

high temperatures the protein structure has been shown to be denatured resulting in a larger 

droplet size in an oil and water emulsion.55  As well as heat treatment, high pressures can also 

result in denaturation of the protein leading to changes in the functional properties of 

biopolymers.  High pressures (100 MPa to 1GPa) can influence the hydrogen bonding and 

electrostatic interactions in proteins, however the primary structure of Gum Arabic seems not to 

be affected.  A high hydrostatic pressure can denature and aggregate proteins, and also cause 

protein gelation due to an effect on the disulphide bonds.  Gel forming properties of Gum Arabic 

have been shown to be affected by high pressures (800 MPa).26  As well as structure, Ma et al. 

showed that applying a high pressure could influence the emulsification properties.  It was 

suggested this is as a result of reducing the hydrodynamic volume through interlinking of the sugar 

chains. 26  Gum Arabic can by hydrolysed with a strong base.27 

The main component of Gum is polysaccharide based.  Therefore, it is important to consider some 

properties and tendencies of polysaccharides when considering Gum Arabic. Polysaccharides have 

a tendency to associate in aqueous solutions, which influences the molecular associations and can 

have a profound effect in the performance of a given application (e.g. emulsification) due to 

influences in the molecular weight, size and shape.9  Hydrogen bonding, hydrophobic association, 

ion mediated association, electrostatic interactions, concentration dependence and presence of 

proteins can all effect the behaviour of Gum Arabic.9 
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2.1.7 Production process 

In order for Gum Arabic to be used as a food additive it needs to undergo processing to remove 

any bark, bacteria and contaminants.  Due to the nature and collecting method of the Gum, there 

may be a lot of impurities which need to be removed and there are a number of different 

processing steps required.  Firstly the raw Gum undergoes mechanical grinding, in a process called 

kibbling, which breaks down the Gum into particles of specific sizes.3  The Gum is then dissolved 

in large quantities of water to allow filtration to remove impurities.  In the aqueous state, Gum is 

pasteurised to kill any bacteria and then can undergo spray drying or roller drying.3  Spray drying 

is a technique commonly used with polysaccharides and involves the elimination of water from 

solutions through spraying the solution in a current of hot air.9 

During the processing the Gum is subject to a number of temperatures; the Gum may be heated 

to 70 – 80 °C during the pasteurisation step.  This and the mechanical grinding can lead to a change 

in the composition of Gum Arabic.3  During the spray drying process aggregation of the Gum can 

occur through hydrophobic associations leading to changes in the surface properties of the 

peptide moieties, as the protein begins to unfold, making them more hydrophilic.9  It has been 

noticed that a strong aggregate peak is formed in spray dried samples when compared to raw 

Gum due to these harsh processing conditions.9 

The spray drying process involves the elimination of water from the Gum, however this process is 

only around 90 % efficient meaning that ca. 10 % of Gum Arabic is lost into the water stream which 

comes off the spray driers.  This results in very large quantities of water containing a concentration 

of ca. 2.0 wt. % Gum Arabic which is a challenge to dispose of and can be a pollutant due to the 

high biological and chemical oxygen demand of this stream.1 

 

2.1.8 Issues with Gum Arabic waste 

The behaviour of Gum Arabic in solution has been investigated but it is still not very well 

understood.  As it is a polysaccharide it has the tendency to associate in aqueous solutions.9  

Molecular associations can profoundly affect the performance for of a given application due to 

influences in molecular weight, shape and size.   

During processing large quantities of water are required for the dissolution of Gum.  Following 

spray drying ca. 10 % of the product may be lost in the waste stream.  This has negative effects 

both on production efficiency and water reuse.  Currently water has to be tankered away due to 
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the high chemical and biological oxygen demand associated with waste Gum Arabic solutions.7  

This is wasteful, therefore determining a method of separation to allow reuse of both water and 

Gum Arabic is required to improve the sustainability and efficiency of the process.   

 

2.1.8.1 Temperature at which structure change occurs 

Heating Gum Arabic at 110 °C leads to a maturing process which changes the properties.  These 

changes can occur from 50 °C depending on the conditions.  During the maturing process the 

molecular weight and viscosity of the Gum initially decrease.  This is due to the dissociation of the 

protein component, and possibly also due to the elimination of intermolecular hydrogen bonds.  

After heating for around 2 hours the molecular weight increases and the GP fraction completely 

disappears.9  Filtration of Gum Arabic has been shown to reverse this process with around 100 % 

recovery being reported by Al-Assaf et al. following filtration.9  This indicates the role of 

hydrophobic interactions.  

 

2.1.8.2 Potential use of size exclusion as a separation process 

The particle size of Gum Arabic has been well studied in identifying the structure.  Of the three 

components the AGP is the largest and most functional component; therefore ensuring it can be 

recovered is of great value.  Renard et al. studied the shape and size of the isolated AGP 

component from Gum Arabic using small-angle neutron scattering (SANS), transmission electron 

microscopy (TEM) and hydrophobic interaction chromatography (HPSEC-MALLS).56  The molecular 

weight was observed to be 1.86 x 106 g mol-1 which is in good agreement with that measured by 

Mahendran et al. previously.23  The SANS results were fitted using a model based on the thin 

elliptical cylinder and oblate ellipsoid shapes previously determined by Sanchez.40  Based on these 

results the length of the AGP particles are 58 nm for the elliptical cylinder and 75.4 nm for the 

oblate ellipsoid models.  The use of TEM agreed with these size measurements with the presence 

of two general particle sizes and shapes.  There was an elongated shape with a length 80 – 100 

nm and width 20 – 30 nm, and an anisotropic spherical shape with a diameter between 50 and 70 

nm.  It was also noticed that larger aggregates were present, however it was unknown if these 

were due to the sample preparation or the nature of the Gum.  The presence of aggregates has 

also been reported by Dror et al. in low concentration aqueous Gum solutions suggesting that it 

is likely to be due to the nature of the Gum.25  Recently Lopez-Torez et al. carried out work into 
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the structure of Gum Arabic in solution, and found that Gum macromolecules adopt an ellipsoid 

structure which has an average radius of 30 nm.57  

The size of Gum Arabic particles is much larger than the size of water molecules, this means that 

size exclusion can be used as a possible method to separate Gum from aqueous solutions.    

 

2.1.8.3 Use of membrane separation 

One method to separate out components through size exclusion is membrane technologies.  One 

great advantage of the application of membranes as a separation process is that they can be 

operated at ambient temperatures.  This allows a reduction in both costs and the environmental 

impact.58  The use of membranes does not require additives and low temperature operation 

means there is less energy consumption compared with other separation processes.59  They may 

however be required to operate at higher temperatures to minimise microbial growth, lower 

viscosity or the retentate (thus lowering pumping cost) and to improve the mass transfer and 

flux.60  

The unique properties of membranes allow up scaling and downscaling, and they can easily be 

integrated into other processes.58  This suggests they are a suitable process to investigate for 

improving the efficiency and sustainability of Gum Arabic processing to allow recycling of water 

and Gum Arabic.  
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2.2 Membranes 

2.2.1 Membrane separation  

Filtration is traditionally the separation of particulate material from a fluid mixture by passing the 

fluid through a porous material (the filter) which retains the solids on or within itself.  A membrane 

is an interface which divides two bulk phases.  Separation processes using membranes effectively 

began over 50 years ago with simple organic molecules.  For example cellulose was used for the 

desalination of water.61  Over the last three decades membranes have attracted the attention of 

chemists, chemical engineers and bioprocess engineers due to their unique separation principle – 

efficient separation and selective transport when compared to other unit operations.58 

Membrane filtration as a mechanism for separation, is defined by ‘the pressure driven separation 

of components of a fluid mixture by selective permeation through the membrane separating the 

concentrate (or retentate) stream from the permeate stream’.62  The phase flowing into the 

membrane is classified as the feed stream, and the phase which is transmitted through the 

membrane is classified as the permeate stream.  In crossflow filtration there is a third stream 

present, the proportion of the feed which is not transmitted.  This stream is transported away 

from the membrane and is often referred to as the concentrate, or retentate. 

A membrane has the ability to transport one or more components more readily than the others 

due to differences in the chemical and/or physical properties between the membrane and 

permeating components.  A driving force is applied to the feed to allow separation; this may be in 

the form of a pressure, concentration, electrical potential or temperature difference.62  In this 

thesis pressure difference is used as the driving force as it is most appropriate for the feed 

concerned and is commonly used in industrial processes. 

 

2.2.2 Membrane classification 

Membranes are classified by their pore size or molecular weight cut off (MWCO), and can be 

separated into four distinct categories.  The largest of these is microfiltration (MF) which is 

generally considered to have pore sizes between 0.1 and 5 µm.  The next classification is 

ultrafiltration (UF).  For ultrafiltration the pore sizes are usually in the range of 10 – 100 nm, 

however they are generally classified by the molecular weight cut off of 2000 – 200 000 Da.  The 

MWCO is the size of molecule where 90 % will be rejected; however this varies for different 
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manufacturers.63  The next smallest technology is nanofiltration, with pore sizes generally around 

1000 Da (1 nm).  The last category generally considered along with MF, UF and NF is reverse 

osmosis (RO).  In reverse osmosis the principle of filtration is fundamentally different.  MF, UF and 

NF are pressure driven filtration processes, where the separation mechanism is size exclusion, 

whereas in RO the driving force is chemical with the principle of osmosis being used.  Figure 2.3 

illustrates the pore sizes and pressures associated with MF, UN, NF and RO. 

 

 

Figure 2.3: Comparison of process classification, membrane pore size, transmembrane pressure range and 

examples of the species typically separated in each process.  Diagram used with permission from Iain 

Argyle and adapted from Mulder.64, 65  

 

The uses of membrane separation is very varied, ranging from MF for the removal of bacteria and 

solids from food streams, or product clarification, to UF for solvent separations and dewatering, 

to desalination of seawater by RO to provide drinking water.  Membranes provide an absolute 

barrier to particles which are larger than their pore size.66  

Information presented in this section is, for the most part, representative of MF and UF processes 

as these sizes are most appropriate for the removal of Gum Arabic from a model wastewater feed. 

Transmembrane

Pressure [bar]
Pore Size [μm]

MF

UF

NF

RO

<1

1 – 10

20 – 40 

30 – 60  

10-1 - 101

10-2 – 10-1

10-3 – 10-2

10-4 – 10-3

Water

Minerals/Small Organics

Carbohydrates/Macromolecules

Proteins

Bacteria/Fats



Chapter 2: Literature review  

22 

 

2.2.2.1 Microfiltration 

In microfiltration, permeable membranes are used to separate particles in the micrometer size 

range.  MF membranes were first commercialised in the 1920s and were commonly used for 

analysing bacteria in water.  In the 1960s the number of successful MF applications grew rapidly 

and now they are currently used in fields such as the food, biotechnological, automobile and 

electronics industries.67, 68  MF is commonly used for the separation of colloid suspensions, 

bacteria, fat droplets and yeast cells.60  It is usually operated at relatively low transmembrane 

pressures (0.1 – 3.0 bar) and with high permeate fluxes (up to 100 000 L m-2 hr-1 bar-1 for un-fouled 

membranes).69  Often MF membranes suffer from intra-pore fouling. 

 

2.2.2.2 Ultrafiltration 

Due to the smaller pore sizes of ultrafiltration compared with microfiltration, a higher pressure is 

generally required for separation.  The solutes retained by UF are generally those with molecular 

weights greater than 1000 atomic units, however this is dependent on the nature of the 

membrane selected for use.  This means salts, sugars, organic acids and smaller peptides are 

transmitted while polysaccharides, proteins and fats are rejected.  UF membranes are often 

anisotropic, meaning they have a finely porous surface layer supported on a much more open 

microporous substrate.  The microporous substrate allows the membrane to have mechanical 

strength while the finely porous layer performs the separation.68  Over the past couple of decades 

the use of UF for clarification and decolourisation has increased, particularly in the food industry 

due to the simple operation and low power consumption.70 

 

2.2.3 Membrane performance 

The performance or efficiency of a membrane can be determined by the selectivity or the flow 

through the membrane.  The flow through the membrane is defined as the flux, and is a 

measurement of the volume of permeate per unit area over a defined time and is commonly 

expressed as litres per meter squared per hour (L m-2 h-1 or LMH).  The separation can be measured 

by the retention (r) or the separation factor (α).  r can be determined using Equation 2.1 where Cf 

is the concentration of solute in the feed and Cp is the concentration of solute in the permeate.  

When r = 1, complete retention has been achieved, and when r = 0 the solute and solvent are 

allowed to pass freely through the membrane.65 
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𝑟 =  
𝐶𝑓− 𝐶𝑝

𝐶𝑓
= 1 − 

𝐶𝑝

𝐶𝑓
    Equation 2.1 

The separation factor is measured using Equation 2.2, where YA and YA are the concentration of A 

and B in the permeate respectively, and XA and XB are the concentration of components in the 

feed solution.65   

𝛼𝐴/𝐵 =  
𝑌𝐴

𝑌𝐵
⁄

𝑋𝐴
𝑋𝐵

⁄
      Equation 2.2 

The separation factor is usually used in gaseous systems therefore this thesis reports separation 

in terms of retention. 

 

2.2.4 Membrane material 

There are a large number of materials which can be used for membrane production depending on 

the required properties of the membrane.  They can be classified into three groups; synthetic 

polymers, modified natural products and miscellaneous.  Synthetic polymers may include 

polyamides, polysulphones and silicone rubbers.  Modified natural products are often cellulose 

based, such as cellulose acetate, and miscellaneous includes ceramics, inorganics, metals and 

liquid membranes.    

Polymeric membranes are much cheaper to produce than ceramic membranes, however generally 

ceramic membranes have higher chemical, mechanical and thermal stability.71, 72  The choice of 

membrane depends on the operating conditions, with ceramics being used where aggressive 

cleaning, and longer lifetimes are required.  There are a wide variety of techniques used in the 

production of membranes, and these include sintering, stretching, track etching, phase 

separation, sol-gel processing, vapour deposition and solution coating.73  The preparation method 

has a large influence on the membrane properties such as surface roughness and pore size. 

A comparison between polymeric and ceramic membranes has been carried out by a number of 

authors in order to compare their filtration performance, with ceramic membranes generally 

outperforming polymeric ones.  Hofs et al. reported that the removal of organic matter was higher 

when using ceramic membranes compared to polymeric ones, with the ceramic membranes 

generally showing a reduction in irreversible fouling.74  Lee and Cho showed that ceramic 

membranes showed improved permeability when compared to equivalent polymeric membranes 

for the removal of natural organic matter.  Ceramic membranes were also more effective in the 
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removal of disinfection by-product precursors.75  Lee and Kim showed that physical and chemical 

cleaning are 45 % more effective with ceramic membranes than polymeric ones following fouling 

with natural organic matter;76 and Majewska-Nowak showed excellent long term stability and 

performance with ceramic membranes compared to polymeric ones for the filtration of dye 

particles.77  

Ceramic membranes have been chosen for use in this study as they have a high mechanical 

resistance allowing the use of high crossflow velocities.  They have a wide range of pH and 

temperature tolerances being able to withstand pH values between 0.5 and 13.5, and 

temperatures over 100 ⁰C.  Ceramic membranes also allow aggressive cleaning regimes with the 

use of NaOH up to 3 wt. %, nitric acid up to 2 wt. %, and sodium hypochlorite can be used as an 

oxidising/sanitation agent.78  Ceramic membranes are also known to have a longer lifespan, which 

has improved further over the past decade.79 

Membranes are often categorised by their wettability: how hydrophilic or hydrophobic they are.  

The wettability influences the separation in a number of ways.  The interactions between the feed 

and the membrane are dependent on how hydrophobic the membrane is and how easily water is 

transported through the membrane.  In addition, different foulants are known to adsorb better to 

different membranes depending on the surface interactions, for example hydrophobic 

membranes adsorb more proteins than hydrophilic membranes.80  This leads to the choice of a 

hydrophilic membrane when using a feed containing protein as the fouling is reduced.  Generally 

hydrophilic membranes have superior properties with regards to fouling, however for some 

applications hydrophobic membranes perform better.   

Another structural factor to consider when working with membranes is whether the membrane is 

symmetric or asymmetric.  Symmetric membranes have a uniform pore size distribution 

throughout the whole membrane, whereas asymmetric membranes have a very dense top layer 

(< 0.5 µm) which is known as the ‘active layer’.  The active layer is supported on a much thicker 

porous sub-layer.  The active layer allows separation, with the sub-layer acting only as a support 

for the active layer.  The development of asymmetric membranes led to a breakthrough in 

industrial applications as the permeation rate is inversely proportional to the thickness of the 

active layer.65  Ideally membranes have a high porosity to allow high fluxes and a narrow pore size 

distribution to ensure uniform selectivity. 

The surface charge of the membrane is important in determining the fouling properties.  If both 

the membrane surface and foulant have the same charge, adhesion of material to the membrane 
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is reduced.  This helps to prevent membrane fouling.  If the charge of the membrane and foulant 

are opposing then the fouling is increased.  Gum Arabic is known to have a slight negative charge 

due to the acidic groups.  This means reduced fouling would be expected for a negatively charged 

membrane. 

A wide variety of these membranes are available commercially.  In the food and beverage industry 

the most commonly used MF and UF membranes are organic polymers or ceramics. 

 

2.2.5 Filtration modes 

There are two operational modes which are commonly used in membrane separation processes, 

dead end filtration and crossflow filtration. 

 

2.2.5.1 Dead end filtration 

Dead end filtration is the traditional and simplest operational mode for membrane separation 

processes.  The feed flows perpendicular to the membrane leading to a pressure gradient across 

the membrane.  Some material is transmitted through the membrane, and the retained particles 

accumulate at the surface in the form of a cake layer.  The build-up of a cake layer over time leads 

to a reduction in the flux, and a reduction in the flux quality through the increase in concentration 

of rejected components in the feed.  This method is analogous to a simple sieve and is not 

commonly used in industry due to the instantaneous flux decline.  The use of dead end filtration 

is generally only used when the feed stream has a very low solids content, for example 

pharmaceutical sterilisation cartridges and in small scale laboratory or pilot studies.60, 81  When 

low total suspended solid feeds are used with dead end filtration it may be required to operate 

with cycles of backwash, where some of the permeate is forced back through the membrane to 

produce a flow in the opposite direction.  This opposing flow allows the removal of some of the 

cake layer which may build up on the surface.66   

Dead end filtration is often used with a stirrer, this produces a pseudo crossflow and can be useful 

for laboratory applications.  With stirred dead end filtration cells the filtration is usually small, for 

this reason they are unsuitable for industrial food production. 
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2.2.5.2 Crossflow filtration 

Crossflow filtration is more commonly used in industry as it possesses a number of advantages 

over dead end filtration.  It was initially developed to reduce the impact of membrane fouling, 

however it has become very popular due to a lower energy requirement.61  The flow of feed is 

swept across the membrane tangentially rather than perpendicularly as illustrated in Figure 2.4.  

This leads to a shear force over the membrane surface.65  Crossflow filtration has the advantage 

that any material deposited on the membrane surface in the form or a cake layer, or which has 

been concentrated, can be disrupted and carried away in the feed flow.  This reduces the flux 

decline.  As the feed flows through the module, the composition changes as a function of distance 

as it is separated into a retentate and permeate stream.  The retentate recirculates through the 

system allowing concentration of the retentate.65  For efficient separation, high mass transfer is 

required from the feed to the permeate.  The mass transfer is dependent on the shear rate, and 

can be achieved by creating high tangential velocities or turbulence as close to the membrane 

surface as possible.60  The turbulence can be quantified by calculating the Reynolds number for 

the feed passing over the membrane.  Crossflow filtration is used in virtually all commercial large 

scale pressure driven membrane processes.69  For this reason crossflow filtration has been studied 

in this thesis. 

 

Figure 2.4: Principle of crossflow filtration 

 

2.2.6 Membrane configuration 

Membranes are housed in a module which offers physical separation of the retentate and 

permeate streams, mechanical support for the membrane (if required), high membrane packing 

densities, easy access for cleaning and replacement, and good mass transfer characteristics.  Over 

the past few decades a lot of research has been carried out to develop new membrane modules 

and meet the requirements for efficient separation.58  There are four common types of modules 

which are used in crossflow filtration, namely flat sheet, spiral wound, hollow fibre and tubular.65, 

73  Each has its own advantages and disadvantages.   
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2.2.6.1 Plate and frame module 

The simplest module configuration is the plate and frame (flat sheet) module.  This consists of flat 

sheets of membrane separated using spacers to allow permeate to flow out.  The membranes are 

sandwiched in a rig with the feed flowing one side of the membrane and the permeate the other 

side.  The disadvantages of the plate and frame module is the high capital cost along with average 

running costs and difficulties in cleaning, although the membranes can be easily replaced.   

 

2.2.6.2 Spiral wound module 

Spiral wound modules have several flat sheet membranes separated by mesh spacers and rolled 

around almost like a ‘Swiss roll’.  The feed flows into the module through a feed spacer, and the 

permeate can be collected in the middle of the module through the permeate spacer (commonly 

a perforated central tube).  Spiral wound modules usually have a diameter around 0.1 m and a 

length of 0.9 m.  Spiral wound modules have a number of advantages – they are the cheapest to 

operate and install, and they are very compact.  This leads to them commonly being used in 

industry.  The main disadvantage of this configuration is that it is prone to fouling due to low 

retentate flows, and the design makes mechanical cleaning almost impossible.65  Spiral wound 

membranes can be cleaned using chemical cleaning agents, however as polymeric membranes are 

often used, this limits the temperature and concentration of cleaning agents which can be used. 

 

2.2.6.3 Hollow fibre module 

Hollow fibre modules have bundles of fine fibres (0.1 – 2.0 mm diameter) of filter materials 

bundled together inside a tubular housing unit.  They were pioneered by DuPont for the 

desalination of seawater.  Hollow fibre systems can handle high throughputs of feed, however 

they are unsuitable when a high solid content is present.  This system requires the largest capital 

investment and the membranes are difficult to clean.  However the fouling tendency and 

therefore requirement to clean is low (although they can be backflushed to allow cleaning).  In 

addition the packing density of this module is very high allowing a large surface area. 
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2.2.6.4 Tubular membrane module 

Tubular membranes are usually ceramic.  With the tubular module the membrane is cast inside a 

porous support tube providing a large surface area.  The membrane is housed inside a perforated 

stainless steel pipe with feed flowing through the central channels, and permeate flowing to the 

outside of the tube.  Tubular membranes are commonly used where a turbulent flow is required, 

such as the presence of a high solids concentration in the feed.  The tubular module requires high 

plant investment and high running costs, however it is easily scalable and membranes are easily 

replaced.  The membranes used are very brittle and often expensive, however they are highly 

resistant to both chemical cleaning and heat treatment, and can even be autoclaved to remove 

bacteria.  This often results in a much greater lifetime than flat sheet membranes. 

Much research is ongoing to develop new membrane modules with improved mass transfer 

characteristics for both MF and UF operations.58  Recent developments include rotating disk 

filters,82, 83 conically shaped rotors,84 cylindrical Taylor vortex devices85 and helical coiled Dean 

vortex systems.86, 87 

In this study both tubular ceramics and the plate and frame module have been investigated.  This 

is detailed further in Chapter 3. 

 

2.2.7 Membrane flux 

Membrane flux (J) is the term used to measure the flow rate of permeate through a membrane.  

It can be defined as the volume per unit area per unit time.  The flux is used as the basis for 

calculating the membrane performance and allows a quantitative comparison between 

membranes.  Equation 2.3 allows the flux to be calculated where J is the membrane flux, ∆V is the 

volume change over time ∆t, and Am is the membrane area. 

𝐽 =  
∆𝑉

𝐴𝑚∆𝑡
     Equation 2.3 

When pure water is transported through a membrane the flux remains constant (if all other 

parameters remain constant).  This can be defined as the ‘pure water flux’ (PWF) and is used as a 

benchmark for all other filtrations with that membrane.  When other solutions or materials flow 

through the membrane there may be a decrease in the permeate flux.  The flow through a 

membrane is defined by Darcy’s law which states that the flux is proportional to the driving force, 

and inversely proportional to the membrane resistance (Equation 2.4). 
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𝐹𝑙𝑢𝑥 =  
𝐷𝑟𝑖𝑣𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒

𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒
                      Equation 2.4 

For a solution where the solvent is freely transferable the convective flux through the membrane 

can be described using Equation 2.5 where ΔP is the hydrostatic or transmembrane pressure, Δπ 

is the osmotic pressure, µ is the viscosity of the feed solution, RT is the total hydraulic resistance 

(composed of the membrane resistance, Rm and any additional resistances caused by the 

interaction of the feed with the membrane).  The osmotic pressure is affected by the temperature 

and concentration, and is generally considered negligible when working with MF and UF. 

𝐽 =  
∆𝑃− ∆𝜋

𝜇(𝑅𝑇)
       Equation 2.5 

A reduction in the permeate flux is caused by an increase in resistance; this is usually caused by a 

phenomenon called fouling.  Over time the resistance will increase towards a maximum.66 

 

2.3 Fouling 

Membrane fouling is anything which leads to a reduction in flux which cannot be reversed through 

a change in operating conditions.88  It is often characterised as a reduction in permeate flux 

through a membrane as a result of increased resistance due to concentration polarisation, pore 

blocking and cake formation.89  This is due to the formation of unwanted deposits (or growth) of 

dissolved, suspended or chemically generated species from the feed onto the membrane.  The 

immediate effect of fouling is to cause a reduction in permeate flux.  The long term effect may be 

irreversible fouling which can lead to a reduction in the membrane lifetime.  Fouling leads to a 

reduction in the membrane performance,90 and can impair the separation properties of the 

membrane.67, 91-95  Fouling is the main problem in the widespread use of membrane technologies.96  

It leads to an increase in production cost.  This increase in production cost is associated with an 

increased energy requirement, chemical cleaning, reduction in membrane life expectancy, 

downtime of processing to allow for cleaning, and additional labour associated with 

maintenance.71, 97 

Membrane fouling is an inevitable phenomena and is one of the greatest hurdles which needs to 

be overcome to treat wastewater.71, 72  Fouling is an extremely complex process and has not been 

precisely defined.97  However, generally it occurs when rejected particles are not transported from 

the surface of the membrane back into the bulk stream.  
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2.3.1 Fouling mechanisms 

A number of different forms of fouling are known, each leading to an increase in the total 

resistance of the membrane.  The main types are concentration polarisation, complete pore 

blocking, standard blocking, intermediate blocking, and cake formation.  Other forms such as gel 

layer formation98 and biofouling89 may also be present.  During the filtration of complex feeds, 

such as Gum Arabic, multiple fouling mechanisms can occur either simultaneously or 

independently.99   

 

2.3.1.1 Concentration polarisation (CP) 

Concentration polarisation is fouling caused by the convection of solutes being larger than their 

diffusion.   For separation to occur the concentration in the feed must be higher than the 

concentration in the permeate.  As separation occurs the concentration of solute on the feed side 

of the membrane will increase, and will form a concentration gradient in the feed solution.  There 

is a convective force taking the feed to the membrane surface, and the concentrated solute will 

have a diffusive force due to the mass transfer over the concentration gradient as it diffuses back 

into the feed/ retentate (Fick’s first law).  Under steady state conditions the convective and 

diffusive forces will be in equilibrium.  CP occurs as the diffusive backflow leads to a reduction in 

the permeate flux, and it can also lead to a build-up of high solute concentration on the membrane 

surface.65  This is illustrated in Figure 2.5. 

 

Figure 2.5: Representation of concentration polarisation, showing the convective and diffusive solute mass 

transfer over the concentration polarisation boundary layer. δ is the boundary layer thickness, χ is the 

distance from the membrane surface, Cb is the bulk concentration, Cm is the concentration at the 

membrane surface and Cp is the concentration of solute in the permeate. Adapted from Mulder.65 
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The concentration polarisation reduces the concentration difference of the permeating 

components across the membrane, thus reducing both flux and membrane selectivity.68  Generally 

high flux membranes suffer from higher concentration polarisation than lower flux membranes. 

 

2.3.1.2 Complete pore blocking 

Complete pore blocking (also called pore plugging) occurs when a particle completely blocks a 

pore and prevents anything else being able to permeate through that pore.  This occurs when a 

particle has a larger diameter than the pore diameter as illustrated in Figure 2.6. 

 

2.3.1.3 Standard blocking 

Standard blocking (also called pore constriction) occurs when particles are deposited on the 

membrane surface, and in the membrane pores.  The build-up occurs with particles which are 

smaller than the pores, causing constriction of them and eventually leads to complete blocking of 

the pores.  This is illustrated in Figure 2.6.  

 

2.3.1.4 Intermediate blocking 

Intermediate blocking occurs when a particle is deposited on an existing particle on the membrane 

surface, or blocks the membrane surface.  This again is illustrated in Figure 2.6, and represents a 

build-up of particles. 

 

2.3.1.5 Cake formation 

The final and possibly most common form of fouling is cake formation.  This occurs when particles 

deposit onto particles which are already on the membrane surface and leads to the building of a 

new layer on top of the active layer of the membrane.  If the channels between the adsorbed 

particles on the membrane surface are narrower than the membrane pore diameter, the cake 

layer will act as the active layer on the membrane.  This prevents transportation of smaller 

particles through to the permeate.61  The formation of a cake layer is represented in Figure 2.6. 
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Figure 2.6: Schematic of pore blocking mechanisms from Bowen et al.100 where (1) complete pore 

blocking, (2) standard blocking, (3) intermediate blocking and (4) cake filtration. 

Modelling what will happen in membrane separation is difficult as filtration is a very complex 

process.  There are a large number of factors which need to be considered to allow an effective 

model to be used.63  However in 1982 Hermia101 developed a set of pore blocking laws which allow 

the determination of the fouling mechanism for non-Newtonian fluids in dead-end filtration.  If 

the permeate flux vs. permeate volume is linear, complete pore blocking occurs.  If the natural log 

of filtration time vs. permeate volume is linear, intermediate pore blocking is dominant.  If 

time/volume vs. time is linear standard pore blocking is prevalent and if time/volume vs. permeate 

volume is linear, a cake layer is being formed on the membrane surface.91, 102, 103     

These models were originally developed for polymeric membranes, however Lee et al. reported 

that the same laws can be applied to ceramic membranes.72  More recently Field et al.93 extended 

these laws to describe crossflow filtration by the inclusion of a back diffusion term shown in 

Equation 2.6. 

−
𝑑𝐽

𝑑𝑡
= 𝐾(𝐽 − 𝐽∗) 𝐽(2−𝑛)     Equation 2.6 

Where t, K and n are constants depending on the blocking mechanism involved.  K is a system 

specific decay constant, and n is a mechanism specific index.  J denotes the flux, whereas J* 

denotes the flux at steady state.  Fitting of an experimental curve to Equation 2.6 allows an 

indication of the fouling mechanism which is occurring. 

The mechanisms of fouling are all related and may all occur at the same time during filtration.  

However it is likely that one mechanism will dominate, which may change throughout the 

filtration.  In microfiltration the process is generally membrane limited at the start (due to inherent 

membrane resistance).  Usually, initial fouling is mostly due to complete pore blocking, but as the 
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filtration progresses cake formation becomes the dominant fouling mechanism and shows 

greatest resistance.72, 89, 97 

There are also two distinct types of fouling phenomena, 1) macro-solute or particle adhesion, this 

is the result of intermolecular interactions which occur between the particles and the membrane 

even in the absence of filtration, and 2) filtration induced deposition, which is over and above that 

observed in the static system.96 

 

2.3.2 Types of foulant 

In addition to the possible fouling mechanisms, the type of foulant also plays an important role in 

understanding what is happening on the membrane surface.  The type of foulant is particularly 

important when it comes to considering cleaning to restore the PWF.  Different cleaning agents 

work better for the removal of the various forms of foulant.  The types of foulant can be separated 

into chemical and/or structural similarity and are usually grouped as inorganic, organic, microbial 

and particulate.91  The combination of foulants present will depend on the nature and composition 

of the feed solution.67   

 

2.3.2.1 Inorganic fouling  

Inorganic fouling is scale formation resulting from an increase in the concentration of one or more 

species beyond their solubility limit.97  This leads to their precipitation on the membrane surface.  

Inorganic fouling is usually due to minerals and other inorganic materials.  The fundamental 

mechanisms and processes involved in inorganic fouling are not fully understood,  as they are 

dependent on many factors including the membrane characteristics, module geometry, feed 

solution characteristics and operating conditions.71  Al-Amiudi and Lovitt suggested the high 

concentration of rejection ions on the membrane surface could lead to the aggregation of 

dissolved matter into colloidal sized particles.97  This results in an increase in fouling as these 

particles cause pore blocking.  Inorganic fouling is known to shorten the membrane lifetime.71   

One example of an inorganic foulant is calcium.  This has been shown to increase fouling in dairy 

streams through the formation of a salt bridge between the membrane and protein.60  A similar 

phenomenon was reported by Li and Elimelech when considering fouling with humic acid.104  

During the study of adhesion forces through AFM, much greater adhesion was observed in the 
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presence of calcium.  This increased adhesion has been attributed to the ability of Ca2+ ions to 

complex between carboxylate groups on the humic acid.  This resulted in a denser fouling layer 

and therefore an increased hydraulic resistance.  Calcium can also have a neutralising effect on 

negatively charged foulants, this reduces the repulsive electrostatic forces and results in increased 

fouling.  Recently Mahlangu et al. studied the influence of the calcium concentration on the 

formation of foulant layers.105  They reported that at low concentrations calcium leads to an 

increase in flux decline for the reasons detailed above, however at high concentrations foulant 

flocs can form, this results in a decrease in the cake resistance.  

Gum Arabic is a salt containing calcium, magnesium and potassium4 therefore inorganic fouling is 

likely to occur during the membrane filtration of wastewater streams containing Gum. 

 

2.3.2.2 Organic fouling 

Organic fouling is caused by the deposition of organic constituents on the membrane surface.  A 

wide range of organic molecules have a strong affinity to stick to the membrane surface through 

an adsorptive mechanism.91  Organic fouling is an issue for many industrial processes, and 

especially for wastewater treatment which contains natural organic matter (NOM).  Organic 

fouling may be reversible or irreversible.97  As Gum Arabic is composed mainly of polysaccharides, 

it would be expected that organic fouling would be dominant.  It has been reported previously by 

Ye et al. that polysaccharides can form sticky deposits and hydrogels on a membrane surface.106  

Fouling behaviour can be different for different feeds, and can be dependent on the 

polysaccharide present.102  Fouling with Gum Arabic may be severe due to the presence of both 

proteins and polysaccharides in the feed.  Susanto et al. reported that crosslinking occurs when 

both polysaccharides and proteins are present in the feed.107  This leads to an increase in the 

hydraulic resistance of cake fouling compared to feeds which contain either protein or 

polysaccharide alone. 

A wide range of factors can affect organic fouling; these include the surface structure and chemical 

properties of the membrane, ionic strength and pH of the feed solution, concentration of 

monovalent and divalent ions, and operating conditions.  The surface structure and chemical 

properties of the membrane are of particular importance as molecules such as proteins have a 

higher affinity for hydrophobic than hydrophilic membranes. 
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2.3.2.3 Microbial 

Microbial fouling, also called biofouling, can occur when microorganisms such as bacteria or yeast 

are present in the feed solution, or have contaminated it.  Often a few bacteria become embedded 

in the membrane surface, or in the pores, and begin to multiply.89  This leads to the formation of 

a biofilm on the membrane surface reducing the permeate flux.  Often organic matter is formed 

as a by-product of the biofilm formation and can form a hydrated gel known as extracellular 

polymeric substances (EPS).108  The EPS can act as a protective barrier for the bacteria and means 

that cleaning by hydraulic and some chemical mechanisms has no effect.65  Biofouling is known to 

destroy the structural integrity of the membrane, and can lead to system failure.89   

 

2.3.2.4 Particulate 

Particulate fouling is caused by particles which are of a similar size to the pores, or larger.  This 

results in the pores getting blocked.  It is usually caused by biologically inert or inorganic particles 

and is not associated with adsorptive mechanisms like the other fouling types.  Hydraulic cleaning 

is sufficient to remove these foulants as they have no interaction with the membrane.109, 110   

 

2.3.3 Flux decline due to fouling 

During MF and UF the flux decline due to fouling can be very severe, this can lead to a change in 

membrane properties.  As detailed above there are a wide range of foulants, and fouling 

mechanisms, each of these has an impact on the flux decline.  Some fouling is reversible, some 

irreversible and some permanent.  The use of the pure water flux allows a measurement of the 

membrane behaviour under constant conditions.  Figure 2.7 illustrates an example filtration graph 

detailing what happens to the flux during a typical fouling and cleaning experiment. 
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Figure 2.7: Schematic illustration of the filtration procedure after Jones.111 

The flux decline observed due to fouling can be caused by any of the fouling mechanisms detailed 

in Section 2.3.1.  Chemical cleaning is often used to restore the PWF and is discussed in Section 

2.4.2. 

 

2.3.4 Factors influencing fouling 

In order to minimise fouling of membranes a great deal of research has been carried out.  Research 

has tried to identify factors which influence fouling, and develop mitigation strategies.72  Some of 

the key factors which affect membrane fouling include membrane type, properties of the 

membrane materials, process configuration, operating conditions, water quality parameters (e.g. 

dissolved oxygen concentration)90 and cleaning strategies.72, 97  The particle size is also known to 

influence the fouling rate, in general smaller particles create more fouling, with a greater cleaning 

resistance than larger particles.89  The mechanism for the growth of fouling from small particles 

has been hypothesised by a number of research groups.  Gilron and Hasson suggested that flux 

decline is due to blockage formed by lateral growth of deposits on the membrane,112 whereas 

Pervov reported that it is crystal formation on the bulk followed by deposition on the membrane 

surface.113  In reality it is likely to be a combination of these two extremes.97   
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2.3.5 Methods to reduce fouling 

A number of methods have been investigated to reduce fouling.  Some of those shown to be 

effective include:110  

- Addition of coagulants to cause molecules to form larger particles which can easily be 

swept off the membrane surface 

- Use of a dispersed phase to disrupt concentration polarisation 

- Introduction of flow instability by low frequency axial pressure and velocity pulsing or 

injecting air into the feed stream 

- Cross flushing by periodically stopping the permeate flow 

- Backwashing using either fluid or gas 

- Forward and backward pressure pulsing to remove the cake layer 

- Pulsed electric field to remove particulate foulants when both the particles and 

membrane are charged 

- Use of curved channels to create vortices 

- Rapid back pulsing 

- Altering the surface of the membrane 

These methods have all been shown to reduce fouling, but their relative effectiveness depends on 

the particular system, due to the complex nature of fouling.  Some more detailed examples of 

factors affecting fouling are given below. 

 

2.3.5.1 Temperature 

Temperature has an effect on the viscosity and the mass transfer coefficient of the solution.  As 

the temperature is increased so is the permeate flux, due to a decrease in the viscosity and an 

increase in the diffusivity of the feed.114  However, the maximum usable temperature may be 

limited by the membrane configuration, and other components in the system.  When working with 

proteinacious feeds the temperature needs to be carefully considered to prevent denaturing of 

the proteins which will have a dramatic effect on the filtration and fouling properties.  In addition, 

the energy consumption in pre-heating feed solutions needs to be considered when deciding what 

the optimum temperature conditions are. 
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2.3.5.2 Crossflow velocity 

In crossflow filtration the crossflow velocity can be altered to affect the type of flow – laminar or 

turbulent.  Industrially, turbulent conditions are normally used, this allows the removal of 

accumulated substances at the membrane surface.115  The use of a high crossflow velocity, and 

thus shear rate can reduce concentration polarisation by increasing the mass transfer away from 

the membrane surface.69, 116, 117  Increasing the crossflow velocity increases the energy 

consumption and may require several pumps to achieve turbulent flow – this needs to be 

considered when looking at the process efficiency. 

 

2.3.5.3 Transmembrane pressure 

The transmembrane pressure (TMP) has a large influence on both separation efficiency and 

permeate flow.  Field et al. proposed the critical flux theory where “on start up there exists a flux 

below which a decline in flux with time does not occur; above it fouling is observed.  This flux is 

the critical flux and its value depends on the hydrodynamics and other variables”.93  If the critical 

flux is exceeded then reducing the TMP does not restore the original membrane flux, resulting in 

hysteresis of the flux. 

The TMP plays a large part in the operating conditions and can control whether the flux is below 

the critical flux.  Below the critical flux fouling is not observed.  The TMP can also be used to control 

filtration either in the pressure dependent region or pressure independent region.  In the pressure 

dependent region as the TMP increases so does the permeate flux, and in the pressure 

independent region the flux becomes constant, and no longer increases with increasing TMP.  In 

the pressure dependent region the TMP and flux have a linear relationship.  A number of 

researchers have found that as the TMP increases so does the retention of solids using both MF 

and UF.79, 99   

The pressure independent region is often referred to as the limiting flux and is mass-transfer 

controlled.  This occurs when the concentration of foulants on the membrane surface is such that 

they form a gel layer.  In this region the flux may decline with increasing TMP due to the 

compaction of the cake or gel layer on the membrane surface.118-120  Previous work carried out by 

Decloux et al. showed that during the filtration of high concentrations of Gum Arabic the filtration 

was governed by mass transfer.20  This was concluded as the limiting flux region was obtained for 

TMP as low as 0.3 bar. 
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2.3.5.4 Backpulsing/ backwashing 

Backpulsing and backwashing have been shown to be effective in reducing the fouling by a number 

of authors including Head and Bird,121 and Ma et al.110  However, Ma et al.96 also reported that the 

flux recovery after a long period of use was less when the membrane had been treated with 

backpulsing and Bechervaise21 showed that backwashing was ineffective for a membrane fouled 

with 15 – 20 wt. % Gum Arabic. 

 

2.3.5.5 Membrane surface characteristics 

Many studies have been carried out to try to determine the influence of the membrane surface 

on fouling.63, 67, 92, 96, 110  The membrane properties can influence the structure of the initial fouling 

layer, and membrane chemistry can affect the adsorption rate of the first few layers of deposited 

material.122  Surface characteristics such as the membrane material, zeta potential, surface charge 

density and hydrophobicity can all play a role.  The feed solution is important when considering 

changing the membrane surface to reduce fouling.  Ma et al. showed that for carboxylate modified 

latex (CML) particles, the surface chemistry had little impact on fouling,96 but several other 

researchers have reported a reduction in the irreversible fouling of a protein (BSA) by surface 

modification of the membrane.110  If the foulants are charged they will interact more with a 

membrane of opposite charge and be repelled by a membrane of like charge.  This is exploited 

with many thin film composite membranes when the feed solution is charged.63   

Charging the membrane can be achieved in a number of ways, photografting techniques110, 

electron radiation, UV radiation, plasma treatment.  A coating can be used or chemical 

modification can be achieved.  A number of chemicals which are commonly used as cleaning 

agents are known to modify the membrane surface, and this may influence the fouling of the 

membrane following cleaning cycles.  Cleaning with sodium hydroxide (caustic soda) or acid can 

result in a noticeable change in the hydrophobicity of a membrane due to interactions between 

the cleaning agent and membrane surface.92  Both sulphonic and sulphuric acid groups can interact 

with the membrane surface.  These surface groups are deprotonated at a neutral pH.63  SDS is a 

weaker cleaning agent, however prolonged exposure of a membrane surface to SDS results in a 

slight negative charge on the membrane.92  In this study α-alumina membranes are used; the 

surface of these is easily charged using cleaning agents due to the presence of hydroxyl groups on 

the membrane surface. 
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It is likely that when the foulant is present in low concentrations in the feed, membrane properties 

are important, however when the foulant is present in high concentrations the physical deposition 

of the foulant will dominate.110  The physical deposition of foulant results in foulant – foulant 

interactions between those on the membrane surface and those in solution. 

In certain membrane systems selective absorbance of key foulants onto the membrane surface 

leads to the generation of a beneficial fouling layer.  A beneficial fouling layer can lead to 

improvements in the permeability or selectivity of the system.115, 123 

 

2.3.6 Rejection of solutes 

Another important factor in membrane applications is the ability of the membrane to reject 

solutes from passing through the membrane to the permeate.  The most important properties are 

the membrane material and pore size, however other factors also influence the solute 

transmission.91  For the membrane the porosity (number of pores in the upper layer), MWCO, pore 

size, surface charge, hydrophobicity and surface morphology all have an impact on the ability to 

reject solutes.63  Kosutic and Kunst reported that a membrane with the smallest pore size does 

not always have the highest solute rejection.124  This is especially true when working with low MW, 

non-charged organic molecules.63 

The composition of the feed should also be considered with the molecular weight, molecular size 

(width and length), acid dissociation constant (pKa), hydrophobicity and diffusion coefficient all 

having an influence on solute transmission.63  All of the factors which need to be considered make 

modelling and gaining a full understanding of the process a huge challenge which has not yet been 

achieved.   

 

2.4 Cleaning 

Due to the reduction in permeate flux associated with fouling, it is important both scientifically 

and economically to have a method to remove the foulants, and an understanding of how they 

are effectively removed.91  Cleaning is one of the most important steps in maintaining membrane 

performance.80  Cleaning is also a very important stage in the food industry where cleaning is 

generally carried out at least once a day.  In order for a membrane process to be cost effective the 

foulants must be removed quickly and efficiently.  Process conditions should be optimised to 
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reduce the fouling process, but eventually cleaning will be inevitable.  The length of time for a 

cleaning cycle should be minimised as this is effectively downtime for the process.  In addition the 

cleaning, and impact it has on the membrane, must be considered as the cleaning should not 

impact negatively on the membrane lifetime, and should not cause any damage to the membrane 

surface, particularly the active layer.   

Cleaning can either be done in-situ or ex-situ.89  There are usually four types of cleaning which can 

be implemented; physical, chemical, biological and enzymatic.  Cleaning methods are often 

developed through trial and error,91 however optimisation is required.  It is possible that a higher 

flux than the initial PWF is obtained following cleaning, this may be due to damage to the 

membrane.91, 97  This should be avoided otherwise the selectivity may be impaired and the 

membrane lifetime reduced. 

 

2.4.1 Physical cleaning 

There are a number of physical methods used to remove a foulant from the membrane surface.  

Generally these are most effective when the foulant is non-adhesive.110  Physical cleaning methods 

may be hydraulic, mechanical or electrical.  Hydraulic cleaning methods are most common and 

include backwashing (flow reversal), backpulsing (backpressure applied in rapid pulses), cross 

flushing (flowing with no permeation), and sonication.66, 89, 96, 110  It has been found that 

backwashing is effective for non-adhesive fouling and there are many reports of it being used in 

the literature.  It can be an energy intensive process but avoids the need to drain the system which 

is a requirement for chemical cleaning methods.  Sonication has also been shown to be effective, 

however it has been shown to remove cake formation far more effectively than pore blocking.89  

Hydraulic cleaning techniques are rarely found to restore the maximum membrane flux.125   

Mechanical cleaning is rarely done, and involves scouring fouled surfaces with an abrasive 

material.  It has great limitations due to the mechanical strength and accessibility of the 

membrane surface, therefore its use is limited to tubular systems.  In these systems oversized 

sponge balls can be used at high velocity.65  

Electric cleaning is being investigated more recently with the development of ‘smart membranes’ 

where the material properties can be controlled using an electric field.  This allows the charge on 

the membrane to be altered by the electric field.  This results in a change in the membrane 
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properties.  This change may result in reduced adhesion between the foulant and membrane 

resulting in removal of the foulant.126-128 

 

2.4.2 Chemical cleaning 

Chemical cleaning is the most common cleaning technique industrially.  It is often used to remove 

adhesive foulants from the membrane.  Cleaning agents can affect the foulant in a number of 

different ways; the morphology may be changed through swelling or compaction, the surface 

chemistry may be changed, or the cohesive forces between the foulant and the membrane can be 

weakened.91  To ensure effective cleaning without damaging the membrane, and minimise 

material costs, the optimal use of chemicals needs to be defined.  Conditions such as the 

concentration, exposure time, temperature, pH, flow rate and pressure must all be investigated.63, 

92  Chemical cleaning can be performed in a number of different ways:65  

1) Cleaning in place (CIP): this is defined as “the cleaning of complete items of plant or 

pipeline circuits without dismantling or opening of the equipment and with little or no 

manual involvement on the part of the operator”.129  This is the easiest method and most 

common industrially. 

2) Cleaning out of place (COP): the membrane is removed from its module and placed in a 

separate tank, usually with a higher concentration of chemical cleaning agents. 

3) Chemical wash: chemicals are added directly to the feed stream. 

4) Chemical enhanced backwash: chemical cleaning combined with physical cleaning.130  

Common cleaning agents include acids (hydrochloric, sulphuric, nitric and citric), bases (NaOH), 

metal chelating agents (EDTA), surfactants (SDS), oxidising agents (sodium hypochlorite), enzymes 

and a combination of these.91, 97  When selecting a cleaning agent the chemical reaction between 

the cleaning agent and the foulant, and the mass transfer of the cleaning agent should be 

considered.  Reactions between the cleaning agent and foulant include hydrolysis, peptization, 

saponication, solubilisation, dispersion and chelation.91  Cleaning agents should also prevent 

further fouling from occurring, have good chemical stability and low cost. 

Acids are used as a cleaning agent when minerals or metal films are to be dissolved.  The acid 

allows the minerals which have precipitated on the membrane surface to be dissolved and 

removed from the membrane surface.131  In general hydrochloric acid is more effective than nitric 

acid or sulphuric acid at removing minerals.91  In these studies of Gum Arabic, any acids used had 
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to be compliant with food industry standards and therefore citric acid was used.  Citric acid can 

chelate metal cations.  Additionally Gum Arabic is soluble in citric acid.5 

Alkali cleaning is used to solubilise carbonates, bind ion salts, regulate pH, emulsify fat and peptise 

proteins.  Cleaning with sodium hydroxide (caustic) has been shown to be very effective for the 

removal or organic and proteinacious foulants.131  The presence of hydroxyl ions in the caustic 

solution disrupts the foulant layer by increasing the ionic strength, increasing the solubility of the 

organic foulants and increasing the pH.91     

Oxidising agents such as sodium hypochlorite have a number of uses in cleaning.  Firstly they allow 

foulants to be oxidised which can assist with their removal from the membrane surface.131  

Secondly they act as a disinfectant.21  Oxidising agents are particularly useful where biofouling is 

present as they can break down the protective film formed during bacteria growth.89 

Surfactants are both hydrophobic and hydrophilic, and can be used to reduce the surface tension 

of adjacent molecules which can lead to the removal of foulants.89  For surfactants to be effective 

their concentration must be above the critical micelle concentration.  Surfactants can improve the 

wettability and rinsability of membrane surfaces allowing better contact with cleaning agents.  

Membrane manufacturers generally specify the maximum limits for the use of chlorine, acid and 

caustic, but do not specify the use of surfactants and chelating agents despite their widespread 

use commercially. 

Chelating agents such as EDTA allow the removal of metal cations through complexation.  EDTA 

works best at high pHs as all four carboxylate groups are deprotonated, as opposed to only two at 

neutral or low pH.  Li and Elimelech showed that EDTA was useful at breaking down a cross-linked 

gel layer of organic deposits which had been stabilised by Ca2+ ions.104 

Often combination cleaning is used as it allows multiple foulants with different properties to be 

removed.63, 91, 92, 131, 132  Cleaning can also lead to surface modification of the membrane and can 

change the isoelectric point.67, 132 

 

2.4.2.1 Cleaning efficiency 

The cleaning efficiency can be a function of a number of parameters including the hydrodynamic 

conditions, temperature and concentration of the cleaning solution.133  The cleaning efficiency at 

each stage of the cleaning cycle can be evaluated by the ratio of the PWF after cleaning (Jc) to the 
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PWF measured before fouling (Jw).  The percentage flux recovery (%Jr) can be calculated using 

Equation 2.7. 

%𝐽𝑟 = (
𝐽𝑐

𝐽𝑤
) × 100    Equation 2.7 

 

2.4.2.2 Fouling and cleaning synergy  

While the flux recovery is widely used as an indicator to establish the effectiveness of cleaning 

agents at restoring the PWF, it gives little information about changes to the surface chemistry and 

behaviour.  It is therefore important to investigate multiple fouling and cleaning cycles as the 

membrane is rarely restored to its pristine state.  Blanpain-Avet et al. suggest that achieving a 

stable steady state where no further flux decline is observed is more important than recovering 

the membrane to its pristine condition.134  It is generally accepted that the performance of a 

system should be judged on membrane performance after fouling and cleaning, e.g. how quickly 

re-fouling occurs rather than comparing to the pristine membrane.81, 116, 125, 135  The use of 

membrane characterisation detailed in Section 2.5 can be used to identify changes in the 

membrane surface following fouling and cleaning.  

 

2.5 Membrane characterisation 

There are a wide range of techniques available for the characterisation of membranes.  The 

technique used depends on the information which is required.  While determining the flux 

recovery, as detailed in Section 2.4.2.1, gives some information about the effectiveness of cleaning 

agents, it does not provide a full understanding about changes which may be occurring to the 

membrane surface.  Often a membrane autopsy is useful to gain conclusive information and a 

better understanding of the types and extent of membrane fouling.  It can also be used to 

determine the effectiveness of cleaning agents and identify any damage caused to the membrane.  

This section details a number of methods commonly used by membrane scientists to gain 

information about the surface condition. 
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2.5.1 Contact angle 

The wettability or hydrophobicity of a membrane is a measure of how readily a liquid contacts a 

solid surface.  The hydrophobicity of a membrane is widely associated as a gauge for the fouling 

potential.  It is generally accepted that more hydrophobic surfaces show a greater affinity to 

adsorb materials, and thus have a greater fouling tendency.63, 99, 136-138  While not fully understood 

it is assumed that the increased fouling potential is due to hydrophobic interactions.139  

Hydrophobic attraction occurs from van der Waals forces between molecules.  These hydrophobic 

interactions occur as there is a natural tendency for the attraction between solutes and 

membranes of similar chemical structures.  Additionally feed streams often contain hydrophobic 

organic matter, this has a greater affinity for hydrophobic surfaces and can result in increased 

fouling with hydrophobic membranes in aqueous systems.60 

The contact angle can be used as a measure to determine the hydrophobicity of a membrane.  

Changes in the hydrophobicity help allude to the characteristics of the foulant species, and can be 

used to identify the surface condition following cleaning and surface treatments.140  If a membrane 

is hydrophilic the contact angle will be less than 90⁰, and for hydrophobic membranes the contact 

angle will be greater than 90⁰. 

The principle behind contact angle measurements can be considered in terms of thermodynamics 

through the Young’s equation (Equation 2.8).  This analysis allows the interfacial free energies 

between a solid, liquid and vapour phase to be determined.   

𝛾𝐿𝑉  cos 𝜃 =  𝛾𝑆𝑉 − 𝛾𝑆𝐿    Equation 2.9 

Where 𝛾 is the interfacial energy between the phases, and subscripts s, v and L stand for solid, 

vapour and liquid respectively.  𝜃 is the contact angle for the system. 

The contact angle can be affected by many factors including the material manufacturing process, 

the roughness of the surface and the purity of water used to measure the contact angle.  

Additionally for membranes as the surface is rough and porous there are additional factors which 

need to be considered when measuring the contact angle.  For rough or porous surfaces the water 

droplet can bridge over air pockets leading to alterations in the contact angle.  Additionally the 

pores can be wetted leading to alterations in the measured contact angle.  For this reason in 

membrane science the contact angle is often measured as the effective contact angle, which can 

be used as a comparison between samples rather than as an absolute measurement. 
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There are a number of methods which allow the contact angle to be determined, these include 

the sessile drop, captive bubble and Whilhelmy plate methods.  The sessile drop method involves 

measuring the contact angle of a drop of water on the surface.  The captive bubble method allows 

the profile of an air bubble to be measured which is in contact with a membrane immersed in 

liquid.  The Whilhelmy plate method involves the immersion and withdrawal of a sample in and 

out of a liquid while measuring the advancing and receding contact angles.  The captive bubble 

method has the advantage that the membrane can remain immersed in solution preventing any 

changes to the membrane which may occur on drying. 

 

2.5.2 Zeta potential 

The surface charge on a membrane can have a significant influence on its fouling tendencies.  The 

interaction between molecules in solution and the surface of a membrane results in adsorption.  

This can be minimised when the surface and solute have the same charge.  If a surface and 

molecules in the solution have a high charge density they usually repel each other resulting in a 

reduction in fouling and often an increase in selectivity.  Zeta potential (ZP) is useful to identify 

any particle-particle and surface-particle interactions.  Often this is influenced by the pH, and gives 

a good indication of how foulants change with pH.67  The surface charge on a membrane is related 

to the zeta potential.  For macroscopic surfaces, such as MF membranes, the ZP can be measured 

through streaming potential measurements.   

When a membrane surface is brought into contact with an aqueous electrolyte solution they 

acquire an electric surface charge.  This may occur through several mechanisms and is referred to 

as the electrical double layer.  The surface groups can become ionised, or adsorption of ions or 

macromolecules may occur.  When ions are present in a system which contains an interface, there 

will be variation in the ion density near the surface.  This variation in ion density can be 

represented in a profile such as that in Figure 2.8. 



Chapter 2: Literature review 

47 

 

 

Figure 2.8: A model of the electrical double layer in aqueous solution after Hunter.141  IHP is the inner 

Helmholtz plane, and OHP is the outer Helmholtz plane.  Ψ0
  is the potential at the surface of the 

membrane, Ψd is the potential at the surface of the diffuse layer, Ψi is the potential at the IHP.  σ0, σi and 

σd are the change densities at the membrane surface, IHP and at the surface of the diffuse layer 

respectively.  χ is the distance from the solid surface inside the double layer. 

In solution the presence of a surface charge results in the attraction of counter ions to the surface.  

This results in a charge density in the surface plane, with the concentration decreasing as distance 

from the surface increases.    The counter ions on the surface balance the membrane charge 

resulting in neutrality being maintained, and results in variation in the electrical potential between 

the solid surface and the bulk solution/ material in suspension.141  The counter ions adsorbed to 

the membrane surface is the stern layer, and the rest of the counter ions are dispersed in the 

diffuse layer.  The variation of potential with distance from the surface is illustrated in Figure 2.8.  

The potential of the surface with respect to the bulk sirface is represented by Ψ0 and is called the 

surface potential.  This can become zero at a certain concentration of ions in solution, and is called 

the point of zero charge.  The pH at which this occurs is often referred to as the isoelectric point 

(IEP).   

The diffuse double layer theory assumes that there exists a stationary plane inside the double 

layer.  The solvent molecules near to the surface remain stationary due to the electric field of the 

surface, whereas the rest of the diffuse double layer moves along with the flow.142  This plane is 

referred to as the surface of shear, with the potential at the plane being the zeta potential.  The 

zeta potential can be measured either by streaming potential or electro-osmosis.  
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Nystrom et al. reported that the streaming potential is the best way to characterise the zeta 

potential of different membranes.143  The use of streaming potential allows variability in the 

charge density of the membrane to be detected.  When an electrolyte solution is forced through 

a membrane, through hydraulic pressure, a streaming potential is generated.  The liquid flowing 

through the membrane pores carried a net charge and the flow gives rise to a streaming current.  

The streaming current and potential can be measured by electrodes at either side of the 

membrane.  Using the streaming potential measurements the zeta potential can be calculated 

using the Helmholtz-Smoluchowski equation (Equation 2.10). 

𝜁 =
∆𝐸

∆𝑃

𝜇ϗ

𝜀0𝜀𝑟
      Equation 2.10 

Where ζ is the zeta potential, ΔE is the streaming potential, ΔP is the transmembrane pressure 

drop, µ is the viscosity of solution, ϗ is the conductivity of electrolyte in the pores (approximated 

as bulk conductivity), ε0 is permittivity of a vacuum, and εr is the relative dielectric constant of the 

electrolyte.   

Chan and Chen reported that most streaming potential systems measure the sign (+/-) and change 

in a system rather than the absolute value.144  This means the quantity should be used for a 

comparison between samples rather than as an absolute numerical value. 

Zeta potential has been widely used for the analysis of membrane fouling.  Measurement of a 

virgin membrane allows an indication as to the species which are likely to attract to the membrane 

surface.  Comparing the zeta potential of a virgin membrane, and following cleaning of a fouled 

membrane allows the charge regeneration to be determined.  Nabe et al. reported that for 

membranes with only a charge difference at selected pHs, protein adsorption varied.145  Fouling 

was greatest when the membrane and protein were oppositely charged.  Weis et al. reported that 

following fouling with spent sulphite liquor, surfactant based cleaning agents were ineffective at 

restoring the initial membrane charge, with the surfactant molecule attaching to the membrane 

or foulant layer following cleaning.146  They also showed that sodium hydroxide was more effective 

at restoring the membrane charge.  This sort of information in invaluable in understanding the 

long term performance of a membrane system. 

Klein et al. studied the zeta potential of Gum Arabic when investigating the interactions between 

Gum Arabic and whey protein.  They found the Gum had a negative zeta potential ranging from -

7 to -30 mV.147  The presence of uronic acid (sugar acid) groups within the Gum Arabic structure 

are responsible for the negative charge above the IEP. 
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2.5.3 Porosimetry 

The porosity, mean pore size and pore size distribution of a membrane will significantly affect the 

membrane properties in terms of selectivity and flux.  Highly porous membranes tend to have a 

greater throughput than membranes with a few pores.  Additionally the porosity can be used to 

give a comparison between virgin and fouled membranes giving an indication of the type and 

extend of fouling which has occurred.   

Manufacturers typically quote a nominal pore size of a membrane, however this gives little 

information about the pore size distribution or porosity of a membrane.  It is therefore important 

to characterise the membranes to establish these properties.  There are a wide range of 

techniques available which give different information about the pore size and distribution.  

Broadly these can be separated into visual, gel or liquid permeation, and solute permeate 

methods. 

Visual techniques include scanning electron microscopy (SEM) and atomic force microscopy 

(AFM).  These can be used to image the membrane and allow physical measurement.  This allows 

direct observation, however it gives little detail about the porosity and can be prone to artefacts 

which can alter the results.  Additionally following conditioning, fouling or cleaning, care must be 

taken when drying the membranes to ensure the pores do not collapse.  Cross-sectioning may also 

be difficult without damaging the membrane structure.148  

Solute permeation is used for membranes in the UF range or below, and allows classification in 

terms of molecular weight cut off (MWCO).  The MWCO is usually defined as the maximum 

molecular weight for which 90 % of that particle is rejected by the membrane.  Generally 

polyethylene glycols are used for these measurements.63   

Permeation of gas or a liquid through the membrane is the most common method to measure the 

porosity and pore size distribution.  Methods such as bubble point, gas adsorption, 

thermoporometry and mercury porosimetry are commonly used.63  This thesis uses mercury 

porosimetry to measure the pore size and porosity.  This is an accurate method for porous solids 

and measures the porosity through the penetration of mercury into a known mass of sample.  The 

penetration of mercury at a known pressure allows the pore size and volume to be determined.   
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2.5.4 FTIR 

Fourier transform infrared spectroscopy (FTIR) is a useful technique to understand the nature of 

deposits adhered to a membrane surface.  It is often used within membrane science to confirm 

the nature of chemical species or functional groups adsorbed onto the membrane surface.  IR 

radiation, typically in the range of 400 to 4000 cm-1 is aimed at the surface and the reflection 

detected.  Depending on the chemical bond present, absorption of the radiation will occur leading 

to a peak in the FTIR trace.  Bonds with ionic character have strong absorption in the IR range 

leading to strong FTIR signals. 

FTIR can be operated in two modes.  The most common is attenuated total reflection (ATR) mode.  

In this method the sample is pressed against a diamond tip.  Light passes through the ATR crystal 

in such a way that it is reflected several times, traveling through the crystal as a standing wave.  

Some of the light is adsorbed at certain frequencies and the intensity of the spectrum is 

proportional to the number of reflections detected by a detector.144, 149   

The second mode of operation, which has been used in this thesis is diffuse reflectance infrared 

transform spectroscopy (DRIFTS).  This is ideal where the membrane has a high absorbance e.g. 

alumina.  DRIFTS detects only the functional groups on the surface.  In DRIFTS mode the radiation 

is scattered on the surface and radiation collected in a curved mirror and focused on a detector. 

FTIR can be used to detect foulants, as well as determine the effectiveness of cleaning.99, 140  FTIR 

is a non-destrictive technique, however analysing the data can be difficult as some bonds and 

functional groups absorb at the same frequency.  Nystrom et al. reported difficulties at identifying 

the foulants when filtering lactoferrin and BSA through regenerated cellulose.143  The issues arrose 

from the OH groups in the membrane overlapping with the protein foulants. 

 

2.5.5 SEM 

Scanning electron microscopy (SEM) is commonly used within membrane science to image the 

surface or cross section of a membrane.  Images allow the membrane surface to be analysed and  

give a clear indication of fouling and cleaning.89, 91  This allows a good comparison of the surface 

of a fouled/ cleaned membrane with a virgin membrane.  SEM works by scanning the surface with 

a focused beam of electrons under high vacuum.  The atoms are excited by the electron beam and 

secondary electrons are produced based on the angle at which the beam meets, these are 

detected on a detector and an image produced.   
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An SEM can be fitted with an energy dispersive X-ray (SEM-EDX) which allows elemental analysis 

of the surface.  SEM-EDX uses X-rays to excite electrons, for which each element has a unique 

atomic structure and therefore excitation energy.  The number and energy of X-rays emitted from 

the sample can be measured using an energy dispersive spectrometer and the element 

determined based on the energy difference between atomic shells in the atom structure. 

 

2.5.6 AFM 

Atomic force microscopy (AFM) is useful in determining the topography of the membrane.  A three 

dimentional image of the surface can be created as well as the roughness determined.  It has been 

well reported that rougher surfaces have a greater fouling tendancy as foulants can get trapped 

in troughs on the surface.60, 150  Additionally Riedl et al. reported that a rougher surface can result 

in a more open fouling layer.151  AFM can be operated with the sample either in air or in liquid.  

This means the topography and roughness of membranes can be measured without changes to 

the structure.152 

An AFM works through a probe with a nanoscopic tip which is attached to a cantilever and it allows 

sub micron features to be determined.  A laser bead is focused on the back of the cantilever, and 

deflected to a dual element photodiode.  As the tip moves up and down with the surface the 

topography can be determined through plotting the laser reflection against the tip height.153  A 

schematic of AFM is shown in Figure 2.9.  The mean roughness (Sa) can be determined from 

average deviation in the Z plane with reference to the x-y plane.   

AFM can be operated in contact tapping or non-contact mode.  In non-contact mode the 

intermolecular interactions can be determined between the sample and probe.  This is useful 

when working with soft or elastic materials.  In contact mode the  tip is in direct contact with the 

surface as the cantilever moves across the surface.  This allows high resolution images to be 

obtained rapidly, however it is not ideal for sticky or rough surfaces.  Tapping mode is similar to 

non-contact mode in that the cantilever osscilates at a set frequency, however in tapping mode 

the probe contacts the surface with a specified force allowing deveations in the height to be 

determined.  Tapping mode is the standard mode of operation used as it gives high lateral 

resolution and lower contact forces which leads to less indentation on soft surfaces.154  AFM has 

the great advantage that it can be carried out in an aqueous medium meaning that membranes 

don’t need to be dried out before measurements are made, preventing any changes to the 

topography.155 
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Figure 2.9: Schematic illustrating AFM characterisation after Chan and Chen. 144 

AFM has been used by a large number of authors to study membranes, and particularly the 

changes following fouling.156-160 

As well as being a useful tool to determine the topography of a surface, AFM can be used to 

measure the intermolecular interactions between a probe and the surface.  This technique was 

developed by Ducker et al. who used a silica sphere (colloidal probe) to measure the interactions 

between the sphere and a flat mica (silica) surface.161  The results obtained agreed with double 

layer theory with slight discrepencies very close to the surface which were attributed to hydration 

forces.   

The colloidal probe method works by bringing a colloidal probe (typically silica) to the surface at a 

controlled rate, and then retracting again at a controlled rate.  Any alterations in the force either 

attraction or adhesive can be measured.  Measurements are possible in the piconewton range 

making this a very sensitive technique.144, 155 

This technique has previously been used within the membrane science field as it allows 

characterisation of the interactions between the probe and virgin, fouled and cleaned surfaces.  

These interactions can be quantified and help to build up a picture of the surface interactions 

occuring during the fouling or cleaning processes.  Previous work carried out by both Bowen et al. 

and Chan and Chen showed weaker interactions between a BSA doped probe and a membrane 

fouled with BSA compared to the doped probe and a virgin membrane.144, 162  This highlights for 

BSA the interaction is greater with a virgin membrane, silica or PES, than with the foulant layer. 
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2.5.7 FDG 

Fluid dynamic gauging (FDG) is a relatively new technique which is normally used to measure the 

thickness and deformation behaviour of soft fouling deposits.  Tuladhar et al. developed the 

system163 with the inspiration coming from pneumatic gauging.164  Fluid dynamic gauging 

overcomes some of the issues with pneumatic gauging as it can be used with soft deposits and in 

a liquid environment.163 

Fluid dynamic gauging measurements can be made in real time and in situ.  The gauge features a 

nozzle which is held at a height ‘h’ from the surface, liquid from the surrounding reservoir can be 

drawn into the nozzle with suction caused by a syringe pump.  There is a pressure difference 

between the liquid near the surface and the discharge end of the gauge resulting in fluid flow into 

the nozzle.  The suction pressure, mass flow rate and height of the nozzle are all related allowing 

the height to be calculated from the flow rate at a fixed suction pressure.  Generally FDG is used 

to measure the deposit thickness.  The use of FDG to measure the thickness of a foulant layer on 

a porous surface has previously been carried out by Chew and coworkers.165-169 

In addition to using the FDG system to measure the deposit thickness it can also be used to apply 

a suction pressure by fixing the height and flow rate of the gauge.  This allows the shear stress 

applied to the foulant layer to be controlled.169   

 

2.5.8 Summary 

While each of the techniques above give valuable information about the surface condition of the 

membrane, a single method does not always give sufficient information to develop a complete 

description of what is occurring during fouling and cleaning.  It has been reported by a number of 

authors that combining a number of techniques can be used to obtain a clear representation of 

the mechanisms occuring during filtration and cleaning.99, 140, 170   

 

2.6 Membranes and wastewater 

Membranes are becoming increasingly attractive in their use for water treatment.63, 96  They have 

the ability to remove hardness, colour, biogenetics, disinfection by-products, and can recover 

valuable products for other applications.71  They are particularly useful where a high quality 
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product is important63 as they continuously produce a high quality effluent independent of the 

feed water quality.66  The use of membranes for separation does not require the use of additives 

meaning that product recovery can be achieved without altering the structure and properties of 

the substance being recovered.  This has advantages in the separation of Gum Arabic from the 

waste stream formed during Gum processing.  Gum can be recovered without changing its 

properties leading to a greater process efficiency.   

If recovery is not required, membrane technologies result in only small amounts of solids for 

disposal.59  Other advantages of membrane technologies for wastewater treatment are the small 

footprint as there is not the requirement for chemical usage (other than for cleaning), and they 

do not involve a phase change.66, 91, 171  Membranes also have the ability to comply with the most 

stringent regulations for public health, environmental protection and separation processes at 

room temperature.91 

Traditionally the use of membranes in wastewater treatment has been limited due to their high 

cost.  Recently it has been found that their cost is decreasing and they are now seen as a new, 

viable and cost effective option for water treatment.61, 66, 72, 172  Membrane separation processes 

are also known to be compact, have simple automation and control and therefore don’t have very 

high operating and maintenance requirements, these help make them a cost efficient process.59 

Despite their potential uses, membrane fouling remains an issue due to the complex nature of 

wastewater.71, 89 It has been reported that membrane replacement due to fouling is the single 

largest operating cost when they are used in wastewater treatment.110 

A case study comparing polymeric and ceramic membranes on a pilot plant has been recently 

carried out by Nanostone water (Minnesota, USA).173  Table 2.2 details the costs of setting up the 

system, membrane replacement cost and other costs such as cleaning, energy and water recovery.  

The study was carried out over 1 year and assumes that ceramic membranes have a lifetime over 

ten years, and polymeric membranes have a four year lifetime.  For the systems investigated the 

capital cost was the same, but with the ceramic membranes outperforming the polymerics in 

terms of separation, without requiring membrane replacement.  This led to an estimated saving 

of $ 1 million in operating costs, as well as a saving of over 30 % more water.173 
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Table 2.2: Estimated coasts of polymeric vs. ceramic membranes for industrial waste water reuse plant 
based on pilot study by Nanostone water.173 

 Polymeric UF system Nanostone Ceramic UF 

system 

Plant capacity 3.17 M gallon/day 3.17 M gallon/day 

Index Capex 1.0 – 1.2 M USD Total system 

(0.35 – 0.4 M USD Membrane 

included) 

1.0 – 1.2 M USD Total system 

(0.35 – 0.4 M USD Membrane 

included) 

10 year membrane  

replacement cost 

0.8 M USD 

(2 replacements) 

0.0 M USD 

(0 replacements) 

10 year operating labour cost 0.8 M USD 0.6 M USD 

10 year chemical cost 0.45 M USD 0.45M USD 

10 year power cost  

($0.09/kwh) 

0.14 M USD 0.17 M USD 

Water recovery 5 M gallon per month 

discharge 

(95 % recovery) 

3 M gallon per month 

discharge 

(97 % recovery) 

Total 10 year Opex cost 2.2 M USD 1.2 M USD 

Cost of water  

(Capex + 10 year Opex) 

0.29 USD per 1000 gallon 0.20 USD 0per 1000 gallon 

 

The waste stream produced during the processing of Gum Arabic contains ca. 2.0 wt. % Gum 

Arabic.7  As detailed in Section 2.1, Gum is a complex polysaccharide.  This thesis aims to show it 

is possible to apply membrane technologies to the recovery of Gum Arabic and water, while 

obtaining an insight into the fouling mechanisms.  This allows for optimum filtration conditions.  

Understanding fouling allows an effective cleaning procedure to be developed allowing removal 

of the foulants from the membrane surface and optimising flux recovery.  
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3. Materials and Methods 

3.1 Introduction 

This chapter presents the experimental equipment and conditions which were used for the 

microfiltration, fouling and cleaning of Gum Arabic.  It covers the experimental equipment used in 

(i) crossflow microfiltration with tubular ceramics (ii) crossflow microfiltration with flat sheet 

ceramics and (iii) analysis techniques. 

 

3.2 Materials and reagents 

3.2.1 Foulant: Gum Arabic 

Spray dried Gum Arabic was supplied by Kerry Ingredients (Cam, UK).  A model wastewater 

suspension was produced by slowly adding spray dried Gum (typically 600 g) to 10 L of water which 

had been treated by reverse osmosis filtration (RO) and heated to 40 °C.  This was created based 

on information from Kerry Ingredients due to their waste stream following spray drying containing 

ca. 2.0 wt. % Gum Arabic.  Small amounts were added over a period of 15 minutes to aid 

resolubilisation.  The Gum suspension was stirred using an overhead stirrer to allow aggregation 

and ensure full dissolution of the Gum.  After addition of the Gum the suspension was left to stir 

for 60 minutes.  The Gum suspension was then diluted to the required concentration (typically 2.0 

wt. %) with RO water at 40 °C in the feed tank to a volume of 30 litres prior to filtration.  All Gum 

suspensions were prepared freshly before use to prevent any contamination or evaporation of the 

feed. 

 

3.2.2 Water  

All water used for all experimentation (including Gum reconstitution, membrane rinsing and 

cleaning solutions, pure water flux measurement, and general laboratory usage) was filtered using 

an Intercept Ro-S osmosis system (ELGA Ltd, Marlow, UK).  The water had a conductance of ca. 15 

µS cm-1 and a consistent hardness of below 5 ⁰e (≈ 70 mg L-1 CaCO3). 
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3.2.3 Cleaning agents 

Sodium hydroxide (NaOH) of technical grade (Fisher Scientific, Loughborough, UK) was used to 

clean the rig after long periods of inactivity, before any filtration experiments, and to clean 

membranes fouled with Gum Arabic.  NaOH was chosen due to its ability to hydrolyse peptide 

bonds that link amino acids together in polypeptide chains forming proteins.  In addition NaOH 

has a relatively low cost, is common in industrial use and is compatible with the food industry.  

Following work carried out by Bird and Bartlett,174 a concentration of 0.5 wt. % was used as this 

was shown to be optimum for the removal of protein fouling in a whey protein concentrate 

foulant.  Sodium hypochlorite (NaOCl), of technical grade (Fisher Scientific, Loughborough, UK) 

was used in addition to NaOH as a cleaning agent due to its oxidising and sanitation properties.   

Citric acid (C6H8O7) (purity 99.5 %) (Fisher Scientific, Loughborough, UK) was used to clean fouled 

membranes after they had been subject to alkali cleaning in order to remove any mineral deposits 

which had built up on the membrane due to their presence in Gum Arabic.   

P3-Ultrasil 11 (Ecolab, Minnesota, USA) was also investigated as a cleaning agent.  P3-Ultrasil 11 

is a commercially available cleaning agent specifically designed for membrane cleaning.  It is 

sodium hydroxide based but also contain a number of surfactants to aid cleaning as well as 

ethylenediamineteteaacetic acid (EDTA).  P3-Ultrasil 11 has been designed specifically to remove 

foulants commonly found in the food industry such as proteins, fats and other similar foulants.  

The formulation of P3-Ultrasil 11 is shown in Table 3.1.  The presence of EDTA can be significant 

as it acts as a complexing agent with ions, limiting their presence in the cleaning solution and 

preventing the redeposition of the removed foulant.   

Table 3.1: Chemical composition of P3-Ultrasil 11 (reproduced from Ecolab data sheet). 

Ingredient Percentage (wt. %) 

Sodium Hydroxide 43.6 

EDTA >30 

Anionic surfactants <5 

Non-ionic surfactants <5 
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All cleaning solutions were prepared by slowly dissolving the cleaning agent in RO water which 

had been heated to the required temperature.  The volume of cleaning solution was typically 25 

litres. 

 

3.2.4 Membranes 

Tubular ceramic membranes were supplied by Pall (Portsmouth, UK) and belong to the 

MembraloxTM P19-40 range.  These membranes are commercially available tubular ceramic 

membranes.  Membralox membranes with pore sizes of 0.2, 0.5 and 0.8 µm were studied.  These 

membranes contain nineteen 1.02 m long channels, each with an internal diameter of 4 x 10-3 m.  

The effective filtration area of the module was 0.244 m2.  The membrane is an α-alumina ceramic 

membrane which is comprised of a double layer. 

Flat sheet ceramic membranes were supplied by Kerafol (Eschenbach, Germany).  These 

membranes were custom made using α-alumina with a size of 220 x 110 mm with a thickness of 2 

mm.  Pore sizes of 0.2, 0.5, 0.8 and 2.0 µm were studied.  The flat sheet membrane was inserted 

into a custom made rig containing inserts with eleven channels 0.22 m long and 4 x 10-3 m wide.  

The channel diameter was selected to mimic the flow in the channels of Membralox membranes.  

This allows identification and analysis of the membranes and alludes to the mechanisms of fouling 

and cleaning.   

The choice of membranes was made due to the high chemical and thermal stability of α-alumina.  

The use of flat sheet membranes allowed analysis to develop a mechanistic understanding which 

could not be obtained using the tubular ceramic membranes.  The tubular ceramic membranes 

were investigated to allow a comparison to the flat sheet membranes since these are available 

commercially, and are industrially relevant. 

 

3.3 Equipment 

3.3.1 Filtration equipment 

A semi-industrial microfiltration unit with a tubular ceramic membrane was used for crossflow 

filtration.  The rig was designed by Bechervaise,21 Head and Bird;18 and can be seen in Figure 3.1 

(photograph) and Figure 3.2 (schematic).  The apparatus contains two circulation loops: a feed 
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pump (LAWARA centrifugal pump SKM70/33 SP) circulates the feed from the tank.  The tank 

contains a heating coil attached to a heat exchanger (Conair Churchill 18 200) to allow temperature 

control.  Pumping allows the feed to be fed into the retentate circulation loop.  In the retentate 

circulation loop a triplex plunger positive displacement pump (CAT 1051, capable of generating up 

to 2.3 m3 h-1) circulates the feed.  Valves are present to allow the transmembrane pressure and 

crossflow velocity to be controlled independently of each other.  Pressure transducers (Cole 

Palmer 68075, range 0 – 250 PSIG), a thermocouple, an electromagnetic flow meter (Magflo MAG 

2560) and a balance (Ohaus, Scout Pro, SPR4001) are fitted to allow the operating conditions and 

permeate flux to be automatically logged to a computer.  A cooling system was fitted to the system 

and the heat exchanger connected to the mains water to allow temperature control, to within one 

degree Celsius, with two pumps adding heat to the system.  The pressure transducers were fitted 

at the feed inlet (P1), retentate outlet (P2) and permeate outlet (P3) to allow the transmembrane 

pressure to be calculated using Equation 3.1.  

𝑇𝑀𝑃 =  
(𝑃1+𝑃3)

2
−  𝑃2    Equation 3.1 

Lab view software was used to collect the filtration data such as run time, feed, retentate and 

permeate pressures, mass of permeate and temperature.  Data was analysed using Microsoft Excel 

software and plotted using Sigmaplot.  An example flux calculation is shown in Appendix C. 

 

Figure 3.1: Photograph of filtration system set up for tubular ceramic membranes. 
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Figure 3.2: Schematic diagram of filtration apparatus. Where FT- feed tank, H- oil circulation pump and 

heater, M- membrane module, F- flow meter, HE- heat exchanger, CP- centrifugal pump, PDP- positive 

displacement pump, T- thermocouple, S- sampling point and P- pressure transducer. Diagram adapted 

with permission from Head & Bird (2013).  

The membrane was housed in a stainless steel tubular housing supplied by Pall (Portsmouth, UK).  

In order to secure the membrane inside the housing rubber gaskets were fitted to the ends of 

each membrane.  Pictures of the tubular ceramic membrane and housing unit are shown in Figure 

3.3. 

    

Figure 3.3: Pictures showing cross section of membrane (left) and housing (right) 
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3.3.2 Modifications 

Modifications were made to the above rig to allow the filtration using flat sheet ceramic 

membranes.  A plate and frame module was designed and built by Paul Frith at the University of 

Bath.  In the module, the membrane was sandwiched between two plastic inserts containing 11 

square channels with a diameter of 4 x 10-3 m square, and a length of 0.22 m. This design was 

chosen to simulate the flow through the tubular ceramic membranes allowing a comparison under 

consistent operating conditions.   

The module was built using polyethylene to allow it to be compatible with sodium hypochlorite.  

This was encased in a piece of 0.01 m thick 316 grade stainless steel to give it strength and 

resistance to high pressures.  O-rings were used to form a seal with the membrane.  The plate and 

frame module can be seen in Figure 3.4 (photo) and Figure 3.5 (schematic). 

 

 

Figure 3.4: Photograph of plate and frame module for flat sheet membranes.  This can be attached to the 

rig described in Figure 3.1 via the inlet, outlet and permeate fittings illustrated. 

Inlet Outlet 

Permeate 
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Figure 3.5: Schematic diagram of flat sheet crossflow module adapted from Bird.175 

 

3.4 Experimental procedures 

3.4.1 Pure water flux measurement 

Prior to fouling, a pure water flux (PWF) measurement was taken to allow quantification of the 

initial membrane flux.  After each fouling and cleaning cycle, the PWF was again measured.  

Quantifying any changes in PWF observed between fouling and cleaning cycles allow the fouling/ 

cleaning to be quantified.  This allows the flux recovery following cleaning to be identified.  

The PWF was measured over a twenty minute period by filtration of 30 L pure water at 40 °C with 

a crossflow velocity of 2.3 m s-1 (Re = 13982) and with the TMP ranging from 1.0 to 3.0 bar (typically 
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1.5 bar).  The conditions used for PWF measurements were kept constant to allow the membrane 

performance to be evaluated at each stage of the experiment.  Calculating the PWF also allows 

calculation of the membrane resistance using Darcy’s law. 

 

3.4.2 Fouling experiments using Gum Arabic 

Model waste suspensions were created as detailed in Section 3.2.1 by reconstituting spray dried 

Gum Arabic in water.  The operating conditions were altered by a single parameter which could 

include temperature, crossflow velocity, or transmembrane pressure to observe the impact this 

had on permeation, flux and membrane resistance.  Both the retentate and permeate were 

recycled to the feed tank, with the exception of small samples taken for analysis (with the 

exception of the feed and bleed experiments where only the retentate was recycled).  This allowed 

a constant feed concentration minimising any concentration effects during filtration.   All fluxes 

were recorded at five second intervals and samples were taken at various points during the 

filtration.  Pseudo steady state can be approximated by the use of Equation 3.2 which represents 

a point where flux decline (J) over time (Δt) is at a rate of less than 5 % variation,100 i.e. the flux 

difference between Jf at time t and Δt e.g. 30 seconds is less than 5 % of Jf(t).  This was observed 

for each of the experiments and is discussed in the results section.  

𝐽𝐹(𝑡−∆𝑡)− 𝐽𝐹(𝑡)

𝐽𝐹(𝑡)
 < 0.05   Equation 3.2 

The standard filtration conditions used in this thesis are filtration of 2.0 wt. % for 60 minutes at 40 

⁰C with TMP 1.5 bar and CFV 2.3 m s-1. 

 

3.4.3 Rinsing conditions 

The role of rinsing in preparing the membrane for cleaning is extremely important.  Removing as 

much of the deposited layer as possible allows the efficiency of the cleaning cycle to be maximised, 

both in terms of time and cleaning agent requirements.176  Water alone was shown to be 

ineffective at removing Gum Arabic from fouled membranes therefore rinsing was done at 

ambient temperatures to prevent additional energy usage. The rinsing time used was 15 minutes 

as this is the standard used industrially.149  
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3.4.4 Cleaning experiments 

Cleaning solutions were prepared by dissolving the cleaning agent in water and heating to the 

required temperature.  Temperature was optimised as discussed in Section 6.5.  Cleaning solutions 

were run through the membrane for a 20 minute period, monitoring any changes in flux over this 

time.  It was found that cleaning for longer times did not result in any improvements in the flux 

recovery. Cleaning was evaluated in terms of the observed flux recovery.  The cleaning efficiency 

could be calculated by the ratio of the PWF after cleaning (JC) to that before fouling (JW), and 

percentage flux recovery (% Jr) identified using Equation 3.3. 

% 𝐽𝑟 =  (
𝐽𝑐

𝐽𝑤
)  × 100     Equation 3.3 

Standard cleaning conditions were used of cleaning at 60 ⁰C with TMP 1.0 and CFV 2.3 m s-1 unless 

otherwise specified. 

 

3.4.5 Sample collection 

Samples were obtained simultaneously from the feed/ retentate and permeate streams at regular 

time intervals during filtration.  The samples were collected in glass sample tubes and used to 

measure and compare the concentration of Gum in the different process streams over time.  In 

addition to the concentration; factors such as the pH, conductivity, COD and solids could be 

measured. 

 

3.4.6 Pre-filtration of Gum 

Pre-filtration was carried out through a 25 µm stainless steel cartridge filter (PCI-Memtech, 

Swansea, UK).  The stainless steel filter module was connected to an Amicon 5 L pressurised feed 

vessel (Merk Milipore, Billerica, USA) which was pressurised using a nitrogen cylinder (BOC, 

Guildford, UK).  The feed tank and filter were connected with stainless steel piping and Swagelok 

fittings. 
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3.4.7 Static fouling 

In order to measure the adhesion of Gum Arabic or Arabinogalactan to alumina without the 

presence of convective forces the PWF of a membrane was measured, and then the membrane 

was soaked in a foulant suspension at 40 ⁰C for 20 minutes.   

 

3.5 Gum measurements 

The quality of the feed and permeate were determined to identify separation.  Each parameter 

was measured in triplicate and is reported as the average with the standard deviation.   

 

3.5.1 Solids concentration 

Dry weight analysis was carried out by measuring the mass of a clean, dry test tube and adding a 

known amount of Gum suspension to the test tube.  The test tube and Gum suspension were 

weighed and the mass recorded.  The samples were put in an oven at 50 °C for 48 hours to allow 

the water to evaporate, leaving the dried Gum remaining.  A temperature of 50 °C was used to 

prevent any denaturing of the protein which can happen at higher temperatures.  The final mass 

of Gum was recorded and used to calculate the concentration of Gum present in the sample. 

The total dissolved solids (TDS) and total suspended solids (TSS) were measured following the 

Standard Method 2540-Solids.177  

All measurements were carried out using a balance accurate to four decimal places. 

 

3.5.2 Concentration 

The different streams were measured using a Brix r2 mini handheld refractometer (Reichert 

technologies, Depew, NY, USA).  The refractometer was calibrated for Gum suspensions and used 

to calculate the concentration, and this was compared with the dry weight samples.  This allowed 

quick analysis to gain an insight into Gum rejection before the dry weight could be analysed.  Brix 

readings were calibrated to be accurate to 1 dp, meaning that while they offered quick analysis 

during the filtration, dry weight measurements were used for the reported data as this can be 

accurate to 4dp.  
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3.5.3 Viscosity measurement 

Viscosity measurements were made using a Cannon-Fenske routine viscometer size 200 (Cannon 

instrument, State college, PA, USA).  A Gum suspension was inserted into the viscometer and 

placed in a constant temperature bath and the temperature allowed to stabilise for 15 minutes.  

The efflux time was measured for the sample to travel between two points on the viscometer.  

Five repeats were measured for each sample, at each temperature, allowing the average and 

standard deviation to be calculated.  

 

3.5.4 pH and conductivity 

The pH and conductivity were measured using a pH 5+ and CON11 meters (Oakton instruments, 

Vernon Hills, IL, USA) respectively.  Samples were cooled to room temperature before the pH and 

conductivity were measured to minimise error in the analysis.  Samples were measured in 

triplicate and are accurate to 1 decimal place. 

 

3.5.5 Chemical oxygen demand 

The chemical oxygen demand (COD) is an important parameter in determining water quality.  COD 

was measured colourmetrically using LCK cuvettes (Hach Lange, Salford, UK) containing sulphuric 

acid and potassium dichromate.  2 mL of sample was added to each cuvette, heated for 2 hours 

at 148 °C and cooled before inserting into a DR2800 eco machine (Hach Lange, Salford, UK) for the 

COD value to be determined.   

 

3.5.6 Particle sizing 

To determine the particle size of reconstituted Gum Arabic suspensions, a 10.0 wt. % Gum Arabic 

suspension was measured using a light scattering Malvern Mastersizer X (Malvern Instruments 

Ltd, Malvern, Worcestershire, UK).  The sample was inserted into a Malvern small volume sample 

dispersion unit (Malvern Instruments Ltd, Malvern, Worcestershire, UK) with a stirring speed of 

3000 rpm.  Two different lenses were used to obtain measurements (45 mm and 300 mm from 

the 6358 series) to allow measurements of particles in the range of 0.1 – 600 µm diameter.  A 

concentration of 10.0 wt. % was required as concentrations lower than this did not give 
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reproducible results.  This was due to the low concentration of particles in suspension, high 

polydispersity, and irregular shape of Gum particles. 

 

3.5.7 Gel permeation chromatography (GPC)  

GPC analysis allows the components of Gum in a sample to be separated and therefore allows any 

differences in the composition to be analysed.  The Gum can be fractionated which allows there 

to be more of one component present in the sample e.g. reduced levels of AGP.   

The samples were sent to Kerry Ingredients (Cam, UK) where GPC analysis was carried out.  The 

samples were filtered through a 0.2 µm syringe filter before being injected to a Malvern GPC-Max 

instrument (Malvern Instruments, Malvern, UK) fitted with a GE Superose-6 10/300 GL gel column 

and triple detection system (GE, Uppsala, Sweden).  The triple detection system uses right angle 

and low angle light scattering, refractive index and ultraviolet.  The samples pass through the 

column at 0.5 mL min-1.  The molecular weight and percentage of AGP is determined using 

OmniSec software. 

 

3.6 Membrane analysis 

3.6.1 Effective contact angle measurement 

Effective contact angle is a useful way to measure the wettability of a membrane which gives 

information about the hydrophobicity of the membrane.  Hydrophobic membranes have a contact 

angle greater than 90 ⁰ and hydrophilic membranes have a contact angle less than 90 ⁰ (tending 

towards 0 ⁰ for very hydrophilic membranes).  The sessile drop method was used to measure the 

contact angle using a DataPhysics QCA 20 contact angle goniometer (Dataphysics, Filderstadt, 

Germany) with SCA 20 software.  A 1 µL drop of ultrapure water was placed on the membrane 

surface using a syringe and instantaneously the contact angle between the droplet and membrane 

was calculated on both sides (using Young-Laplace model built into the SCA software).  Due to the 

highly porous nature of the membranes the procedure was repeated at 10 different points on the 

membrane with measurements taken from both sides of the membrane.  This produced a total of 

20 measurements which were then averaged.  The measurements were taken as quickly as 

possible to reduce volume changes due to permeation or evaporation.  Due to the high 
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permeation through the membranes, and therefore large margin of error, the contact angles 

should be used relative to each other than taken as absolute values. 

 

3.6.2 Zeta potential 

The surface charge of membranes can have a significant effect on the fouling and separation 

properties of a membrane.  The surface charge density is related to the zeta (ζ) potential of the 

membrane.  Streaming potential measurements can be used to determine the ζ-potential of a 

membrane.  The streaming potential is induced when an electrolyte solution flows across a 

stationary surface, or through the pores of a stationary membrane. 

Zeta potential measurements were carried out at Lappeenranta University of Technology, using a 

small disk of membrane with a surface area of 18.1 cm2.  The membrane was supported in a 

polycarbonate module fitted with two sets of Ag/AgCl electrodes allowing measurement of the 

streaming potential across the membrane (through the pores).  A 0.001 molL-1 KCl solution was 

prepared and heated to 25 ⁰C using a double jacketed glass vessel.  An Ismatec BVPZ magnetic 

pump was used to pump the KCl solution through the membrane and could be adjusted to change 

the TMP.  The solution was pumped through the membrane and allowed to stabilise for 10 

minutes prior to measurements.  The pressure was measured using a pressure sensor (Honeywell 

242PC100G 0 – 7 bar).  At each pH examined, five different TMPs were measured and the flow 

kept constant.  This allowed the zeta potential to be determined using the Helmholtz – 

Smoluchowski equation without corrections, as shown in Equation 2.10.  Equation 2.10 only holds 

if the Debye length of the solution is small compared to the radius of the pores, which is fulfilled 

for the membranes and ionic strength used in this study. 

The temperature was measured at four different points using PLM-1 temperature sensors.  In the 

feed vessel the pH was monitored using a Schott Gerate GmbH Herate CG822 pH meter.  The ζ-

potential was measured over a pH range of 3 – 8.  Out with these conditions the electrodes can 

become damaged leading to unreliable measurements.  All of the measurements were collected 

using acquisition software programmed with Microsoft QuickBasic version 4.5 and using ADDA 14 

interface card.  The results were then analysed using Microsoft Excel and plotted using Sigmaplot. 
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3.6.3 Scanning electron microscopy 

The morphology of the membranes and identification of the nature of the fouling layer was 

determined using a JEOL JSM-6480LV field emission scanning electron microscope (JEOL, Tokyo, 

Japan).  The samples were prepared for SEM by being attached to double sided carbon tape and 

placed in a desiccator under high vacuum for 24 hours.  The samples were then coated with gold 

to improve the image quality using an Edwards Sputtercoater 8150B with a coating time of 4 

minutes under argon.   

INCA software was used with an INCA X-Act SDD x-ray detector for EDX analysis (Oxford 

Instruments, Cowfold, UK) to allow determination of the elemental composition of the surface 

layers of the membrane.  Uncoated samples were used for this, and the analysis was carried out 

in low vacuum mode (15 Pa). 

 

3.6.4 FTIR 

The presence of fouling deposits and effect of cleaning and pre-treatment on the membranes was 

analysed using Fourier transform infra-red spectroscopy (FTIR).  This is useful for obtaining 

information about chemical bonds present and gives a good indication as to the condition of the 

membrane surface, and any organic foulants present.  An FTIR Frontier spectrometer (Perkin-

Elmer, Waltham, USA) was used to measure over wavenumbers of a range of 600 – 4000 cm-1.  

Initially the samples were measured in ATR mode (attenuated total reflection), however due to 

the strong absorbance of alumina masking any other peaks, DRIFTs mode (diffuse reflectance 

infrared Fourier transform spectroscopy) was used as this is more sensitive to the surface layer. 

15 scans were taken and averaged for each sample, with a resolution of 0.5 cm-1.  Bio-Rad 

laboratories ‘Know it all’ software was used to analyse the spectrum and determine the peaks 

present. 

 

3.6.5 Raman 

Raman spectroscopy was used to determine if there were any changes to the alumina structure 

following pre-treatment, fouling or cleaning.  Spectra were obtained using a Thorlabs IK series 

Raman spectrometer (New Jersey, USA) fitted with a HE-Cd laser allowing light of wavelengths 532 
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and 785 nm.  The Sample was enclosed in a Renishaw RE 04 Raman microscope enclosure 

(Wotton-under-Edge, UK) for analysis. 

 

3.6.6 Fluid dynamic gauging 

Fluid dynamic gauging is a relatively new and sensitive way to measure the thickness of soft 

deposits on a surface.  In addition, fluid dynamic gauging can be used to apply a quantified shear 

stress to a surface allowing quantification of the stress required for foulant removal.  The 

apparatus used was based on that reported by Chew et al.165 with a few modifications, such as the 

inclusion of a syringe pump.  An illustration of the apparatus is shown in Figure 3.6. 

The apparatus consisted of a Perspex tank of 450 x 450 x 250 mm and a nozzle of diameter 3/8 

inch (dt).  The nozzle was connected at one end to a straight section of siphon tube of diameter d1 

(A – B, true length of straight tube 0.42 m), and at the other end to a curved section with a 

diameter d2 (B – C, true length ~1.30 m).  The nozzle was fully submerged in the tank, is held 

normal to the gauging surface at height h (clearance height), which can be altered using a 

micrometer.  Fluid was sucked from the quasi-stagnant surroundings into the nozzle and then 

through siphon tube sections 1 and 2 to a syringe pump (Cole-Palmer 110, Veron Hills, IL, USA).  

The suction pressure ∆p14 was kept constant by fixing the hydrostatic head, H. 

 

Figure 3.6: Diagram of fluid dynamic gauging rig 
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The spindle of micrometer M1 (Mitutoyo, Kanagawa, Japan) was used to control the vertical 

movements of the gauge relative to the gauge surface.  This allowed the clearance height to be 

set to a known distance.   

The difference in pressure between the tank and the gauge (∆p14) was monitored using an Omega 

PX26-001DV (Omega Engineering, Cheltenham, UK).  Due to the hydrostatic head being fixed, 

differences in pressure are created by changing flow rate and the distance the gauge is from the 

surface.   

The temperature was maintained at a constant temperature (± 0.5 °C) via a heating coil circulating 

from a Technie water bath (Bibby scientific, Staffordshire, UK) fitted with a Grant GD120 heater 

(Grant Instruments, Cambridgeshire, UK). 

 

3.6.7 Colorimetric analysis of membranes 

To determine the removal of Gum Arabic under varied shear stresses, a Periodic acid Schiff (PAS) 

staining protocol was used to stain the polysaccharide pink allowing colorimetric analysis to be 

used to determine the relative colour change (and hence Gum removal) compared to a control.   

The membranes were fouled and subjected to shear stresses through fluid dynamic gauging.  The 

samples were then soaked in a 0.5 % periodic acid (Fisher Scientific, Loughborough, UK) solution 

for five minutes allowing any polysaccharides to be oxidised.  The membrane was then rinsed 

using distilled water.  The sample was then placed in Schiff reagent (Fisher Scientific, 

Loughborough, UK) for 15 minutes and then washed in lukewarm tap water for 5 minutes (as per 

PAS protocol).  During this step the polysaccharides, which had been oxidised to aldehydes, react 

with the Schiff reagent to produce a dark pink colour.   

The colour was analysed using a Nixon AZ100 microscope (Nixon Instruments, Amsterdam, 

Netherlands) fitted with a Photonic PL3000 light (Photonic, Seeböckgass, Austria).  Data was 

collected using Matlab and analysed using ImageJ to allow the RGB values of the sample to be 

determined. 
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3.6.8 Atomic force microscopy  

Atomic force microscopy (AFM) is useful in analysing roughness and topography of the surface, 

but can also be used to determine surface interactions through the use of a colloidal probe.  AFM 

measures the force as a function of displacement which can be varied using a piezoelectric crystal.  

A laser beam is aligned with the cantilever and small movements/deflections of the cantilever can 

be detected through a photodiode.  A Nanosurf easyscan 2 (Lanhen, Germany) was used to image 

and calculate the roughness of the membranes.  Imaging was carried out in tapping mode with a 

scan rate of 0.4 Hz and a resolution of 256 lines over a 10 x 10 µm area.  The images were obtained 

using a BudgetSensors TAP 190 Al-G probe (Sofia, Bulgaria) with a resonance frequency of 190 kHz 

and a force constant of 48 Nm-1.  The cantilever spring constant was verified through the thermal 

tuning software of the AFM.  For the roughness measurements a 20 x 20 µm area was studied 

under the same conditions.  Nanosurf easyscan software was used to calculate the average 

roughness in terms of Sa based on the average height at each of the points measured on the 

membrane.  Three areas were measured for the roughness, and the average and standard 

deviation are reported. 

In order to measure the adhesion forces of the membranes, a colloidal probe was used.  

Measurements were carried out on a Nanowizard 2 (JPK, Berlin, Germany).  The colloidal probe 

was a silica (glass) bead of diameter 10 µm.  The silica bead was attached to the end of a DWP-10 

cantilever using glue.  The DWP-10 cantilever was manufactured by Veevo Probes (Plainview, NY, 

USA). The cantilever spring constant was 0.12 Nm-1.  The force measurements were obtained in a 

solution of deionised water to allow the interactions in solution to be identified.  Measurements 

were carried out at 25 ⁰C. 

To measure the adhesion force, the colloid probe was first brought into momentary contact with 

the surface using a specified force constant.  The loading force was kept constant to allow 

comparative measurements.  The colloid probe was then retracted from the surface.  10 repeats 

were carried out on different parts of the membrane surface and the average has been reported 

with the standard deviation representing the error. 

 

3.6.9 Mercury porosimetry  

The pore size distribution and pore volume of membranes was measured using a Micrometrics 

Autopore III Mercury Intrusion Porosimeter (Micrometrics Instruments, Norcross, USA).  Wet 
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membrane samples were oven dried at 60 °C for 24 hours, and then cut into small pieces of approx. 

0.2 x 1 cm2.  Approximately 10 g of membrane pieces were packed into a 3 cm3 penetrometer 

(micrometrics ref 16-0734, constant 22.065 µL pF-1). The porosimetry was characterised by 

applying a range of pressures (30 – 30,000 psi) to the sample immersed in mercury.  The pressure 

required to intrude mercury into the pores, and the volume of mercury intruding was used to 

determine the pore size distribution, and pore volume of the membrane samples. 

 

3.6.8 Modelling 

Modelling of the dominant fouling mechanism was carried out using the fouling mechanisms 

described by Hermia101 and extended for crossflow by Field.93 Table 3.2 shows the filtration laws 

and parameters as determined by Field with the right hand column denoting the linearised form 

detailed by Nataraj et al., Madaeni and Samieirad, and Tracey and Davis.91, 102, 103 Experimental 

data was measured every 5 seconds over a 60 minute period.  The experimental data was plotted 

in the linear form of the equations, this allowed an r2 value to be determined as per Nataraj et 

al.102  In order for the model to fit the r2 should be ≥ 0.99.  Data was broken down into 0 – 5 

minutes, and 5 – 60 minutes throughout the filtration and fitted to the model as this was deemed 

most appropriate for observing any changes to the fit over time.   

Table 3.2: Parameters used in modelling the fouling mechanism 

Law K N equation Linearised form 

Cake filtration 
𝐾𝑐 =  

𝛼′𝛾𝑠

𝐴𝑅0𝑄0(1 − 𝑚𝑠)
 

0 𝑑2𝑡

𝑑𝑉2
=  𝐾𝑐 

𝑡

𝑉
= 𝑘𝐶𝑉 + 

1

𝐽0
 

Intermediate 

pore blocking 

𝐾𝐼 =  
𝜎

𝐴0
 1 𝑑2𝑡

𝑑𝑉2
=  𝐾𝐼

𝑑𝑡

𝑑𝑉
 ln 𝑡 = 𝑘𝐼𝑉 + 

1

𝐽0
 

Standard pore 

blocking (pore 

constriction) 

𝐾𝑠 =
2𝐶

𝐿𝐴0
𝑄0

  1/2
 

1.5 𝑑2𝑡

𝑑𝑉2

=  𝐾𝑆 (
𝑑𝑡

𝑑𝑉
)

3/2

 

𝑡

𝑉
= 𝑘𝑠𝑡 +  

1

𝐽0
 

Complete 

blocking 

𝐾𝑏 = 𝑢0𝜎 2 𝑑2𝑡

𝑑𝑉2
=  𝐾𝑏 (

𝑑𝑡

𝑑𝑉
)

2

 
𝐽 =  𝐽0 −  𝑘𝑏𝑉 

Where: 

A = filter membrane surface area (m2) 
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C = volume of solid particles retained per unit filtrate volume (-) 

J = permeate flux (Lm-2h-1) 

J0 = pure water flux (Lm-2h-1) 

K = fluid consistency index (non-Newtonian fluids) (kg s m2) 

kx = constant relating to blocking model where x represents the blocking mechanism e.g. c is cake 

(-) 

L = membrane thickness (m) 

m = mass ratio of wet to dry cake 

Q = flow rate (m3s-1) 

R = filter resistance (m-1) 

s = mass fraction of solids in feed 

t = filtration time 

u = filtrate linear velocity (ms-1) 

V = filtrate volume (cumulative) (m3) 

α' = cake specific resistance (mkg-1) 

γ = filtrate density (kgm-3) 

σ = blocked area per unit volume (m-1) 
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 4. Proof of concept 

This chapter details the physical properties of Gum Arabic, and the α-alumina membranes used in 

this study.  Understanding the physical properties of the raw materials helps aid in an 

understanding of the fouling phenomena.  Additionally, this chapter shows that it is possible to 

remove Gum Arabic from a model waste suspension containing 2.0 wt. % spray dried Gum Arabic 

using microfiltration membranes. 

 

4.1 Physical properties of reconstituted Gum  

4.1.1 Viscosity 

An important consideration in membrane separations is the viscosity of the feed.  Viscosity can 

affect the mass transfer to the membrane surface as well as the nature of the flow across the 

surface during crossflow filtration.  The viscosity of reconstituted spray dried Gum Arabic was 

measured, to identify variations in the temperature and concentration of Gum, using the method 

described in Section 3.5.3. 

Figure 4.1 shows the influence of temperature on the viscosity of Gum Arabic suspensions over a 

range of 1.0 – 5.0 wt. %, and 20 – 50 ⁰C.  It can be seen that as the temperature is increased, the 

viscosity decreases, and an increase in the viscosity occurs with the suspension concentration.  

Figure 4.2 shows the increase in viscosity is linear with the increase in concentration with r2 = 

0.996.  The viscosity increase with concentration is greatest at low temperatures.  At 20 ⁰C the 

viscosity increased from 1.7 mm2s-1 at 1.0 wt. % to 3.9 mm2s-1 at 5.0 wt. %, an increase of 2.2 mm2s-

1.  Comparing the change in viscosity at 50 ⁰C the viscosity increased from 1.0 mm2s-1 at 1.0 wt. % 

to 2.0 mm2s-1 at 5.0 wt. %, an increase of 1.0 mm2s-1.  These results show that, as expected, 

reducing the concentration of Gum in suspension, and increasing the temperature reduces the 

viscosity of a Gum Arabic suspension.   
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Figure 4.1: Kinematic viscosity of Gum Arabic suspensions in water over a temperature range of 

20 – 50 ⁰C at ambient pressure. 
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Figure 4.2: Variation of viscosity with concentration and temperature over a range of Gum 

concentration 0 – 5 wt. % and temperature range 20 – 50 ⁰C. 

 

Comparing the viscosity of the Gum Arabic suspensions with that of water, it can be seen that 

Gum Arabic suspensions of 1.0 wt. % have almost double the viscosity of water.  This agrees well 

with the results obtained by Glicksman and Sand who reported that the viscosity of Gum Arabic is 

much lower than other gums which usually show a high viscosity at 1.0 – 5.0 wt. %.178  They 
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reported that Gum Arabic does not show high viscosity until a concentration of 40 – 50 wt. %.  The 

viscosity of permeate containing 0.1 wt. % and 0.2 wt. % were measured and the viscosities at 40 

⁰C are 0.767 ± 0.120 and 0.889 ± 0.098 mm2s-1 respectively.  The viscosity of Gum is higher than 

water, and this has been taken into consideration when calculating the membrane resistance 

(Section 4.4.1).  The viscosity of cleaning solutions was not statistically significantly different from 

water (P > 0.05) therefore the viscosity of water has been used when calculating the membrane 

resistance during cleaning.  

The nature of the flow across the membrane surface can be established by quantifying the 

Reynolds number (Re).  There are three main flow types, laminar, transient and turbulent, and 

each of these will influence the mass transfer of the solution to the membrane surface as well as 

the nature of the flow.  For laminar flow Re is less than 2300, transient flow occurs when Re is 

between 2300 and 4000 and turbulent flow occurs when Re is above 4000.  The Reynolds number 

is calculated using Equation 4.1 where Re is the Reynolds number (dimensionless), u is the velocity 

(ms-1), L hydraulic radius of the channel (m) and µ is the kinematic viscosity (m2s-1).  The Reynolds 

number is shown for each of the conditions detailed above in Figure 4.3. 

𝑅𝑒 =  
𝑢𝐿

𝜇
     Equation 4.1 

Under the operating conditions detailed in Section 3.4.2, it can be observed that the flow is 

turbulent for water, 1.0 wt. % Gum suspensions and 2.0 wt. % Gum suspensions over the 

temperature range of 20 – 50 ⁰C.  However when the Gum concentration is increased to 5.0 wt. % 

the flow is turbulent above 45 ⁰C, and transient between 20 and 45 ⁰C.  With the experimental set 

up, it is not possible to increase the crossflow velocity above 2.3 m s-1 therefore working with a 

feed concentration below 5 wt. % is desired to ensure turbulent flow. 
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Figure 4.3: Reynolds number for 0.0 – 5.0 wt. % Gum Arabic over temperature range 20 – 50 ⁰C. 

 

4.1.2 Particle size 

It is important to consider the particle size one wishes to remove from the feed when selecting a 

suitable membrane for separation.  Generally the pore size should be smaller than the diameter 

of the particles remaining in the retentate to allow efficient separation via size exclusion.  The size 

distribution of a 10.0 wt. % suspension was measured as described in Section 3.5.6.  A 10.0 wt. % 

suspension was used because suspensions containing 1.0 – 5.0 wt. % Gum Arabic were below the 

detection limits of the apparatus used.  Figure 4.4 shows the size distribution measured for Gum 

Arabic suspension which had been dissolved in water at 40 ⁰C and stirred for 60 minutes as 

described in Section 3.2.1, as well as a Gum Arabic suspension pre-filtered through a 25 µm steel 

filter described in Section 3.4.6.   
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Figure 4.4: Size distribution of particles in Gum Arabic showing the influence of filtering through 

25um filter. 

 

It can be observed that there is a broad size distribution of Gum with two distinct peaks, one over 

the range 0.2 – 3 µm and another 50 – 300 µm.  Based on literature data, the size of Gum Arabic 

molecules range from 20 – 100 nm with some variation due to the Gum structure showing natural 

variation.56  Gashua et al. reported that agglomeration of Gum Arabic particles can occur over 

time, and this is particularly pronounced for Gum samples with a high protein content.179  It has 

also been noted by Dror that even in low concentrations aggregates are formed leading to larger 

particles of Gum in suspension.25  Based on the results obtained, no particles were measured 

below 0.1 µm suggesting that most of the Gum is present in the form of aggregates.  It is likely 

that the harsh processing conditions such as spray drying the Gum, cause the presence of a large 

number of aggregates.9  To decrease the concentration of aggregates and remove the largest 

particles, the Gum suspension was pre-filtered through a 25 µm filter.  It can be observed that pre-

filtering the Gum suspension resulted in reducing the number of particles present in the range of 

50 – 300 µm and interestingly resulted in a sharp peak around 1 µm.  These results confirm the 

presence of aggregates with pre-filtering through a course filter, as this results in the breaking 

down of large aggregates into smaller ones.  When the Gum suspensions were stored at room 

temperature for 24 hours, no change was observed for the unfiltered sample, and the presence 

of larger aggregates returned to the pre-filtered suspension, producing an identical trace to that 

of the unfiltered sample as shown in Figure 4.5.  This shows that the Gum is fully dissolved after 

stirring for 60 minutes, and also shows the stability of the Gum aggregates in suspension.  
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Figure 4.5: Size distribution of Gum Arabic particles, dotted spectra overlaps line spectra showing that the 

aggregates form at the same level after the pre-filtered sample has been at room temperature for 24 

hours. 

Results obtained by Lin et al. indicate that the particle size has a larger effect on membrane fouling 

than that of the zeta potential.  Fouling is dependent on the total interaction of short range (acid-

base) interactions, van der Waals interactions and electrostatic interactions.  Zeta potential only 

affects the electrostatic interactions, whereas particle size effects the interaction energy of all 

three interaction types.180   

 

4.1.3 Chemical oxygen demand 

One of the key parameters in the wastewater industry is the chemical oxygen demand, which is a 

simple way to indirectly measure the level of organic compounds in water.  The COD of Gum Arabic 

suspensions between 0.1 and 2.5 wt. % were measured as described in Section 3.5.5, however 

Gum suspensions above 1.0 wt. % were above the measurable limits for the available equipment.  

Figure 4.6 shows that the COD increases linearly with Gum concentration in the range measured, 

as expected, with Gum primarily being an organic molecule.  The COD was measured over time to 

observe any changes in Gum Arabic suspensions left at room temperature.  This allowed an 

indication of the stability of solutions.  It can be seen there was no significant change in the COD 

after 2 days or 7 days suggesting that the Gum suspensions are stable.   
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Figure 4.6: COD as a function of Gum concentration. 

In order for the wastewater produced at Kerry Ingredients to meet requirements for discharge,181 

the COD must be below 6000 mg L-1.  This correlates with a Gum concentration of 0.58 wt. %.  

Based on the current wastewater stream containing 2.0 wt. % Gum removal of minimum 71 % of 

the Gum is required. 

 

4.1.4 pH 

The pH of 2.0 wt. % Gum Arabic was measured to be pH 5.5 ± 0.2.  This was measured across 

different batches with little change observed between batches.   

 

4.2 Membrane characterisation 

Prior to initial use, membranes often require conditioning.  This removes any preserving solutions 

present on the membrane and is particularly important when considering polymeric membranes 

which commonly have a glycerine coating.182  Conditioning of ceramic membranes is also of 

importance.  It allows the membrane surface to become wet, influencing membrane-surface 

interactions.  Conditioning of membranes used in this study was performed with RO water at         

40 ⁰C, 1.5 bar TMP and 2.3 m s-1 CFV for 20 minutes. 
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4.2.1 Pure water flux characterisation 

The pure water flux (PWF) is commonly used by chemical engineers as a benchmark in determining 

the membrane performance.  PWF measurements were performed following conditioning over a 

range of pressures from 0.6 to 3.0 bar for tubular ceramic membranes as shown in Figure 4.7.  As 

expected the permeate flux forms a linear relationship with the TMP based on Darcy’s law shown 

in Equation 4.2.  Using the flux measurements, the membrane resistance (Rm, m-1) can be 

calculated using Equation 4.2, where ΔP is the transmembrane pressure (kg m s-2), J is the flux (Lm-

2h-1), and µ is the dynamic viscosity (kg m-1 s-1). Rm = RT when there is no fouling present.  The 

membrane resistance of each of the membranes used in this study is shown in Table 4.1.  It should 

be noted that the error values are generally high, this reflects membrane variation between 

individual membranes.  Due to the sintering process used during manufacturing of the 

membranes, there exists a natural variation between individual membranes. 

𝑅𝑇 =
∆𝑃

𝐽𝜇
    Equation 4.2 
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Figure 4.7: PWF through virgin 0.2 and 0.8 µm tubular ceramic membrane at pressures ranging 

from 0.6 to 3 bar at a CFV 2.3 m s-1 and temperatures of 25 ⁰C and 40 ⁰C. 
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Table 4.1: Membrane resistance of flat sheet and tubular ceramic Al2O3 membranes with pore sizes 0.2 – 
2.0 µm.  Membrane resistance calculated based on average of 2 repeats for tubular ceramic membranes 
and 3 for flat sheet membranes.  Errors represent standard deviation. 

Membrane type Pore size (µm) Membrane Resistance ( x 1011 
m-1) 

Tubular 0.8 1.5  ± 0.91 

 0.5 

0.2 

1.3 ± 0.83 

2.0 ± 0.64 

Flat sheet 2.0 0.094 ± 0.023 

 0.8 0.10 ± 0.8 

 0.5 

0.2 

0.23 ± 0.10 

0.32 ± 0.14 

 

The differences in membrane resistance between the two membranes can be attributed to their 

porosity.  The 0.8 µm Membralox tubular ceramic membrane had a porosity ca. 28 % whereas the 

porosity for the Kerafol flat sheet membrane of the same pore size was ca. 40 %.  The increased 

porosity leads to a decrease in the membrane resistance as it is easier for fluid to flow through a 

more porous medium.   

 

4.2.2 Use of flat sheet ceramics 

Tubular ceramic membranes are widely available commercially, and are commonly used in 

industrial applications due to their robustness, compactness and scalability.  One drawback of 

tubular ceramic membranes is their high cost, and the difficulty in analysing the surface due to 

their shape and structure.  Due to the impracticalities of completing analysis on tubular ceramic 

membranes, a new rig was designed allowing flat sheet ceramic membranes to be investigated as 

a method to allow membrane characterisation.  The rig design and modifications are detailed in 

Section 3.3.2.  For all of the surface analysis detailed below flat sheet ceramic membranes were 

studied. 
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4.2.2.1 SEM 

SEM imaging was used to investigate the structure and properties of the virgin membrane allowing 

a comparison to be made following fouling and cleaning.  Figure 4.8 shows the structure of a 0.8 

µm flat sheet membrane.  The membrane is made using a sintering process, and this is clearly 

evident.   

 

Figure 4.8: SEM image of 0.8 µm flat sheet alumina membrane at two magnifications. 

From the left image it can be observed that there is a wide particle size distribution, however this 

is evenly distributed across the membrane surface.  The membrane surface is rough, due to the 

sintering process.  From Figure 4.8 (right) some of the pores can be observed in the membrane.  

Due to the rough surface fouling, it is hypothesised that fouling will occur both on the membrane 

surface and in pores. 

 

4.2.2.2 Mercury porosimetry 

Following on from the SEM imaging which showed a large distribution in particle sizes forming the 

membrane, mercury intrusion porosimetry was carried out to determine the pore size and pore 

size distribution for the membranes.  Commonly the pore size is a nominal value with a wide 

distribution of pores within the membrane matrix.  Figure 4.9 shows the pore size distribution 

calculated from the porosimetry data for membranes with a nominal pore size of 0.8 µm.  The 

porosity was measured to be 39.8 %.  It can be seen in Figure 4.9 that most of the pores are ca. 

0.8 µm in diameter with a narrow distribution.   
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Figure 4.9: Pore size distribution for 0.8 µm membrane. 

 

4.2.2.3 FTIR 

FTIR is useful in determining information about molecular vibrations, and thus allows an insight 

into the bonds present.  The intensities of absorption in FTIR depend on the change in dipole 

moment due to variations in the molecular geometry for the vibrations concerned.  Bonds with 

ionic character tend to give strong IR signals.  Figure 4.10 shows the FTIR spectra for a virgin Al2O3 

membrane, and shows a very strong absorbance between 4000 and 1000 cm-1.  This is typical for 

alumina which has been reported to possess strong absorption due to the ionic character of the 

Al-O bonds at wavenumbers above 1000 cm-1.183  
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Figure 4.10: FTIR spectra of virgin alumina membrane.   

 

4.2.2.4 Raman spectroscopy 

Raman spectroscopy can be applied as a complementary method to IR in the study of molecular 

vibrations. Raman depends on the change of polarisability associated with the vibration.    While 

FTIR is useful in determining information about bonds with ionic character, Raman is useful in 

determining information about bonds with covalent character as these tend to give strong Raman 

signals.  Raman spectroscopy is useful in determining the type of alumina as it is able to determine 

small changes in the chemical structure and composition.  The Raman spectra for light of 

wavelength 785 nm is shown in Figure 4.11.  Two peaks can be seen, this is not typical for α-

alumina and shows there are some impurities in the sample due to the presence of a small amount 

of β-alumina.184  Unfortunately this is a manufacturing defect and was common in all of the flat 

sheet samples, despite the manufacturer stating that the samples were pure α-alumina.  There 

was no change to the Raman spectra between membranes or following fouling and cleaning 

indicating that the structure does not change with treatment. 
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Figure 4.11: Raman spectra of alumina excited with wavelength 785 nm. 

 

4.2.2.5 Zeta potential 

The surface charge of a membrane can have a significant effect on the separation and fouling 

characteristics of a membrane.185  Surface charge measurements to obtain the apparent zeta 

potential were carried out as detailed in Section 3.6.2.  Figure 4.12 shows the apparent zeta 

potential over the pH range 3.0 – 8.0. It can be observed that the isoelectric point is below 3.0, 

and the membrane displays a large zeta potential (-10 to -40 mV) over the range measured.  
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Figure 4.12: Apparent zeta potential of Al2O3 membrane over pH range 3.0 – 8.0 

The zeta potential shows a strong declining slope as the pH is increased with more negative charge 

at higher pHs.  This indicates that the surface charge is increasing and may be due to the 

adsorption of negatively charged ions, or more likely due to dissociation of the aluminium oxide 

on the membrane.186  When metal oxides are exposed to an aqueous media, the amphoteric 

surface groups (e.g. AlOH) can dissociate as shown below under acidic or basic conditions: 

AlOH + H+ → AlOH2
+ ⇌ Al+ + H2O 

AlOH + OH- → Al(OH)2
- ⇌ AlO- + H2O 

At the isoelectric point (IEP), the alumina will either have no charge, or the number of positive and 

negative charges will be equal, resulting in a net charge of 0.  Generally metal oxides are known 

to have a negative charge at high pH and a positive charge at low pH.  Figure 4.12 shows that over 

the conditions measured, alumina is negatively charged.  However, the slope is tending towards 

zero suggesting that there exists an isoelectric point below pH 3.0.  Smit and Stein have previously 

reported an IEP ca. 3.3 for α-alumina crystals,187 and Ducker  et al. reported an IEP of 3.0.161  It is 

however, generally accepted that the IEP for crystalline α-alumina is ca. 4188, 189 and pH 7.0 – 8.1 

for alumina particles.190    These are higher than the value obtained in this study.  The differences 

could be caused by differences in the processing of the membrane, or the polymorph of alumina 

present.191, 192  In addition pre-treatment, history, aging and storage of membranes can all lead to 

different values obtained during streaming potential measurements.  Yang et al. studied the 
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surface of alumina particles and crystals in order to try to understand the discrepancies in the IEP.  

They concluded that the surface hydroxyl groups on alumina, and their coordination have a large 

role in the surface charge and surface chemistry.188  The zeta potential is related both to the 

number of surface hydroxyl groups, and the type of hydroxyl groups.  In alumina powders the 

surface groups are unicoordinated resulting in a high pKa whereas in alumina crystals the hydroxyl 

groups are multiply coordinated resulting in a lower pKa.  When the OH is bonded to multiple 

aluminium atoms it is more acidic.  They also reported that heating α-alumina can alter the zeta 

potential both in magnitude of the charge, and in the IEP. 

Chapter 8 discusses the influence of pre-treatment on the membranes.  This results in very 

different IEPs due to changes to the alumina surface. 

 

4.2.2.6 AFM 

It has been reported by a number of authors that the surface roughness is one of the most 

significant properties influencing fouling of membranes.  It can have a more significant effect than 

the physical or chemical operating conditions.159, 193  The roughness and architecture of alumina 

membranes has been investigated using AFM.  The Sa (mean roughness) was calculated as an 

average value from each scan line from a 20 x 20 µm image, and was determined to be 361 ± 17 

nm for a virgin 0.8 µm membrane.  The membranes have a rough surface due to the sintering 

process used to make them, with alumina particles fused together and pores between the 

particles.  The surface roughness is one parameter which may be very different for the flat sheet 

and tubular ceramic membranes.  It was not possible to carry out AFM on the tubular ceramic 

membranes due to their high cost and the curvature of the surface inside the channels.  The 

architecture of a virgin flat sheet membrane is shown in Figure 4.13.  This again highlights the 

rough surface observed.  The shading intensity shows the vertical profile of the membrane surface 

with the light regions being peaks and the dark regions representing valleys or depressions in the 

surface. 
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Figure 4.13: 10 x 10 µm AFM image of virgin membrane highlighting the uniform roughness across the 

membrane surface. 

In addition to measuring the roughness of the membrane, the adhesion strength was measured 

using a colloidal probe as described in Section 3.6.8.  The mean adhesion strength was measured 

as 690 ± 240 pN with an average adhesion distance of 31.8 ± 7.6 nm.  A typical force curve was 

obtained for the virgin membrane and is shown in Figure 4.14.  It can be observed that the 

detachment distance is ca. 30 nm.  Bowen and Doneva reported that generally hard inorganic 

spheres or mineral surfaces have a detachment distance of less than 5 nm.160  The higher value 

suggests the formation of long range bonds such as hydrogen bonding, or progressive detachment 

between the surface and probe. 

 The adhesion curve shows there are charge or bonding interactions between the virgin 

membrane and the silica groups on the colloidal probe.  It is expected that the OH groups on the 

membrane surface are responsible for this as the surface of alumina is known to be characterised 

by OH groups under hydrated conditions.  There is a strong adhesion which is released at ca.       

31.8 nm, followed by a weak interaction which occurs for a longer distance.  This suggests two 

ifferent types of adhesion and may be due to electrostatic interactions and hydrogen bonding.  

Interestingly, the force was not even across the whole membrane surface, as shown in Figure 4.15.  

A similar phenomenon was observed by Yelken and Polat when using AFM with a colloidal probe 

to determine the electrostatic potential distribution on alumina surfaces.194  There are a number 

of factors that may be responsible for this.  It could be that the membrane is very rough as 

illustrated in Figure 4.13.  It has been reported previously by Hoek et al. that surface roughness 

can influence the adhesion strength measured using an AFM colloidal probe.150  They reported 
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that in valleys the adhesion can be reduced due to wells of low interaction energy.  It is also 

possible that in valleys the probe will be in contact with a larger number of alumina particles.  It 

will therefore receive forces from the sides as well as the bottom of the probe leading to increased 

adhesion in the valleys compared to the peaks where only the bottom of the silica sphere on the 

tip is in contact.  Alternatively the presence of β-alumina contaminants may result in differences 

in the material properties at the locations where these impurities exist, leading to differences in 

the adhesion strength.  A combination of these two factors may be occurring simultaneously.  
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Figure 4.14: Typical adhesion curve for 1 point on the membrane surface.  Strong adhesion can be seen 

over short distances when the colloidal probe is retracted, with a weaker adhesion force over a longer 

range. 
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Figure 4.15: Adhesion strength measured using AFM colloidal probe over 8 x 8 µm area showing that 

adhesion is not constant across the membrane surface. 

 

4.3 Separation 

4.3.1 Removal of Gum Arabic from model waste suspension 

During the filtration of model wastewater suspension which contain 2.0 wt. % Gum Arabic, the 

permeate quality was monitored to allow quantification of the transmission of Gum during 

membrane filtration.  This allowed identification of any changes in the permeate quality over time.  

It was observed that the Gum concentration present in the permeate decreased over the first five 

minutes, before reaching steady state where the concentration was shown not to change for over 

90 minutes (length tested) in recirculation mode.  The decrease in concentration is most likely 

caused by external fouling195 (e.g. the formation of a cake layer on the membrane surface, which 

acts as a filter).  This is investigated further and discussed in more detail in Chapter 5.  Prior to 

analysis, the permeate appeared lighter and considerably clearer than the feed and retentate 

samples, this is shown in Figure 4.16.  The observed colour difference suggests that there has been 

removal of Gum Arabic from the permeate stream.  This was shown using a handheld 

refractometer as described in Section 3.5.2.  The feed and retentate samples had a concentration 

of 2.0 wt. % and the permeate had a concentration of 0.2 wt. %.   Once a steady state 

concentration was reached 90 % rejection of Gum was observed through an aged 0.8 µm alumina 
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tubular ceramic membrane.  The importance of membrane aging is detailed further in Chapter 7.  

Considering the particle size expected for the Gum Arabic, the rejection is higher than anticipated.  

This high rejection is discussed further in Chapter 5 and is expected to be caused by the formation 

of a cake layer on the membrane surface. 

 

Figure 4.16: Samples of feed (left), permeate (centre) and retentate (right) from the filtration of Gum 

Arabic through a 0.8 µm tubular ceramic membrane after 90 minutes filtration.  Feed and permeate 

samples    2.0 ⁰Brix and retentate 0.2 ⁰Brix.  

This is a promising result for the removal of Gum from the wastewater stream. While ideally 100 

% rejection of the Gum will be achieved the initial removal of ca. 90 % is a very good starting point, 

confirming microfiltration may be considered as a process for removing Gum Arabic from 

wastewater streams.   The removal of 90 % Gum allows the concentration of the permeate stream 

to be below the required COD for discharging the waste stream.  The concentration is also at a 

level low enough that the water can be recycled through the system, allowing water reuse.7  

 

4.3.2 Feed and bleed filtration 

The results obtained thus far show the potential offered by membrane technologies in separating 

out Gum Arabic from a wastewater stream.  Further processing can occur by separating the 

streams into the permeate and retentate through a ‘feed and bleed’ mechanism (concentration 

mode) where the retentate is recycled to allow a maximum amount of water to be removed from 

the feed.  Work carried out by Bechervaise21 has shown that up to 20 wt. % Gum Arabic can be 

filtered through a 0.8 µm Membralox membrane.  A feed and bleed experiment was carried out 



Chapter 4: Proof of concept 

94 

 

where the retentate was recycled over a period of 450 minutes sampling the concentration of the 

feed, permeate and retentate every 5 minutes.  During this time the volume of feed was reduced 

from 100 litres to 15 litres (85 % feed filtered, concentration factor 6.7).  Operating under feed 

and bleed mode could only be carried out over a period of 450 minutes as the feed tank then had 

insufficient volume to prevent air from entering the system.  The concentration could have been 

continued if the dead volume of the system was smaller.  The concentration of Gum present in 

each sample is shown in Figure 4.17.  This is based on two repeats with error bars showing 

standard deviation.  It should be noted that the concentration of Gum in the retentate and feed 

are virtually identical due to the low flux through the membrane.  With the increase in Gum 

concentration in the feed, an increase in the concentration of Gum in the permeate was observed, 

with the rejection coefficient decreasing from 0.95 after 5 minutes to 0.88 after 450 minutes.  The 

increase in concentration in the permeate, and reduction in the rejection coefficient, highlights 

that the filtration is not only occurring through size exclusion, but other factors such as charge are 

also playing an important role in the separation of Gum Arabic from water.  This is discussed 

further in Chapter 5.   
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Figure 4.17: Concentration of Gum Arabic in permeate and feed/retentate throughout 100 L feed and 

bleed experiment though 0.8 µm tubular ceramic membrane at CFV 2.3 m s-1 and TMP 1.5 Bar.  As the 

concentration of feed increases an increase in the permeate concentration is observed however good 

removal of Gum Arabic can be seen. 

Increasing the concentration of Gum in the feed/retentate stream allows the Gum to be recycled 

through the evaporation and spray drying process showing full recovery of the Gum is possible.  
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In addition the permeate stream can undergo further filtrations through tighter pore sized 

membranes allowing water containing very little or no Gum to be obtained.   

One consideration to make is the change in Reynolds number caused by the increase in Gum 

concentration as reported in Section 4.1.1.  As the Gum Arabic concentration increases throughout 

the feed and bleed experiment from 2.0 wt. % to 6.5 wt. % at 40 ⁰C, Re decreases from 6300 to 

3000.  The transition from turbulent to transient flow will inevitably increase the fouling at the 

surface of the membrane.  The influence of crossflow velocity and Reynolds number is discussed 

further in Section 5.2.3.  

 

4.4 Flux decline 

Throughout fouling, the membrane flux decreases due to an increased resistance caused by the 

addition of a fouling layer to the membrane.   An example of this is shown in Figure 4.18 showing 

the flux decline over 450 minutes during the feed and bleed experiment discussed in Section 4.3.2.  

It can be observed there is initially a very steep decline in the flux.  However, this levels off 

somewhat, with the slow reduction in flux correlating with the increase in feed concentration, and 

decrease in Reynolds number.   The flux decline curve is the average flux based on two 

experiments, with the error bars representing the standard deviation. 
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Figure 4.18: Flux decline due to fouling throughout feed and bleed experiment with 100 L 2.0 wt. % Gum 

Arabic at 40 ⁰C with 1.5 bar TMP and 2.3 m s-1 CFV.  (Concentration increases from 2.0 to 6.5 wt. %). 
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4.4.1 Resistance in series model allowing fouling analysis 

The resistance in series model is commonly used to describe the behaviour of fouling during 

membrane filtration.196-198  It allows quantification of the change in membrane resistance due to 

fouling, and the persistence of foulants following cleaning to be identified.  Figure 4.19 shows the 

total resistance measured at different points throughout a cycle of filtration and cleaning, 

calculated from the general membrane equation (Equation 4.2).  Comparing the membrane 

resistance before and after the filtration of Gum Arabic shows a 50-fold increase in the membrane 

resistance caused by fouling, highlighting that the filtration of Gum Arabic causes significant 

fouling.  It can be seen that chemical cleaning is required to allow removal of the majority of 

foulants.  This is discussed in more detail in Chapter 6.  The resistance in series model can be used 

to evaluate the role of the different foulant types.  These were calculated and their values are 

shown in Table 4.2.  The intrinsic membrane resistance (Rm) was calculated by measuring the flux 

of RO water through a conditioned membrane.  RT is the total resistance measured at the end of 

fouling.  RCP is the resistance due to concentration polarisation, measured by switching the pumps 

off for 1 minute and then on again to allow any build-up of concentration due to pressure to be 

negated.  Rr allows the rinsable fouling to be determined, that due to loosely bound foulants.  It is 

defined here as the resistance following rinsing at 1 bar TMP, CFV 2.3 m s-1 for 15 minutes.  RC1 is 

the resistance following cleaning with 0.5 wt. % NaOH with 200 ppm NaOCl, and RC2 is the 

resistance following cleaning with 0.1 wt. % citric acid.  The terms used for resistance are relative 

and depend on the conditions used.  The conditions have been kept constant throughout this work 

to allow comparison, unless otherwise stated.   
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Figure 4.19: Hydraulic resistance calculated from Equation 4.1 for virgin 0.8 µm tubular ceramic 

membrane where Rm is the membrane resistance, RT is the total resistance after fouling, RT - Rcp is the total 

resistance after the elimination of concentration polarisation (concentration polarisation was measured to 

be 0), Rr is the resistance following rinsing, RC1 is the resistance following cleaning with 0.5 wt. % sodium 

hydroxide/ 200 ppm sodium hypochlorite and RC2 is the resistance following cleaning with 0.1 wt. % citric 

acid.  R calculated using water. 

Based on the data shown in Figure 4.19 and Table 4.2, it can be observed that fouling results in a 

large increase in the resistance leading to a decline in permeate flux through the membrane.  The 

fouling is not as a result of concentration polarisation because the Gum contains macromolecules 

and particles with a low diffusion coefficient.69  A small amount of the foulant is removed through 

rinsing with water.  However, chemical cleaning is required for effective removal of the Gum.  The 

use of cleaning is discussed further in Chapter 6.   

Table 4.2: Fouling resistances determined based on the resistance in series model. 

Type of 
resistance 

concentration 
polarisation 

loosely 
attached 
foulants 

foulants 
adsorbed 
onto the 
membrane 
surface 

Foulants 
removed by 
acid cleaning 

irreversible 
fouling 

 RCP RRL RRC1 RRC2 RI 

R (x1011 m-1) 0  24.3 ± 4.2 45.1 ± 2.2 3.7 ± 0.1 1.8 ± 0.1 
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4.5 Discussion 

This chapter has shown the main properties of reconstituted Gum Arabic suspensions and alumina 

membranes, while also showing that microfiltration is a promising technology for the removal of 

Gum Arabic from a model wastewater stream.   

The viscosity of Gum Arabic has been shown to decrease with temperature, thus warranting 

operation at 40 ⁰C to allow turbulent flow in the microfiltration rig available.   

Particle size analysis showed that there are two distinct peaks for reconstituted Gum, one around 

0.2 – 3.0 µm, and the other around 50 – 300 µm.  The size of the Gum particles suggest that 

microfiltration is appropriate to remove these particles from suspension.  Pre-filtering the Gum 

through a 25 µm steel filter breaks down the larger particles to produce a large number of particles 

with a diameter ca. 1 µm.  This suggests that the larger peak is formed by aggregation.  Allowing 

the pre-filtered suspension to sit for 24 hours confirms that aggregation is responsible for the 

larger particles, as an identical broad peak of particles between 50 and 300 µm returns, mirroring 

that of the unfiltered sample.   

The concentration of Gum in suspension forms a linear relationship with the chemical oxygen 

demand, and this does not change over time.  Based on the limits for discharge of 6000 mg L-1,      

71 % removal of Gum from a 2.0 wt. % suspension is required.  This has been shown to be possible, 

and optimisation of this process is discussed further in the next chapter.   

It is known that membrane characterisation is important in determining the fouling propensity 

and separation characteristics of a membrane.  Due to the difficulties in conducting surface 

analysis of tubular ceramic membranes, flat sheet ceramic membranes have been investigated to 

allow an insight into the properties and characteristics of alumina membranes with Gum Arabic.  

The membranes investigated have been shown to be operating in the pressure dependent region 

when operating with RO water.  Natural variation in the membrane resistance was observed.  

Based on this, normalising the results using the membrane resistance allows a clear comparison 

between different membranes. The use of SEM and mercury porosimetry confirmed that the 

membranes had pore sizes as stated by the manufacturer.  FTIR and Raman spectra were observed 

showing the alumina behaves as expected and gives a strong signal, however the use of Raman 

also highlighted that small amounts of β-alumina were present in the flat sheet membranes.  

Further investigations are required to identify the influence this has.  However, as detailed in 

Chapters 5 and 6, it seems both the tubular ceramic and flat sheet membranes behaved very 

similarly when investigating the influence of fouling conditions and cleaning agents.  



Chapter 4: Proof of concept 

99 

 

Separation of Gum Arabic has been shown to be possible with over 90 % rejection achieved for an 

aged 0.8 µm membrane.  The use of a feed and bleed (concentration) system has been shown to 

allow good removal of Gum while concentrating up the retentate.  This means the system could 

be developed to eliminate waste with recycling of both the Gum and the water possible. 

The results discussed in this chapter highlight some of the properties of Gum Arabic, and virgin 

membranes.  They also show the possibility of alumina microfiltration membranes to remove Gum 

Arabic.  However, a better understanding of the interactions between the membrane, Gum and 

cleaning agents is required.  This is described in the following chapters. 

 

4.6 Summary 

When dissolved in water, Gum Arabic forms a suspension containing aggregated particles.  For 

this reason microfiltration has been deemed appropriate for the removal of Gum Arabic from a 

model waste solution.  The use of microfiltration has been shown to be appropriate with a 0.8 µm 

Membralox membrane showing ca. 90 % removal of Gum from the feed.  This is a very positive 

result with 71 % removal from a 2.0 wt % suspension required to meet COD requirements for 

discharge.  The additional removal highlights that recycling of the water in the process could be 

obtained leading to large water savings during processing.
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5. Optimum filtration conditions 

In Chapter 4 the effectiveness of microfiltration for the removal of Gum Arabic from a model waste 

stream was demonstrated.  In addition to showing that separation is possible, it is important to 

consider the membrane – foulant interactions to aid in understanding and optimising the process.  

Fouling of membranes diminishes the process productivity, raises operating costs and shortens 

the membrane lifetime, therefore it is important to understand the fouling interactions and 

optimise their reduction.  Gum Arabic is a complex polysaccharide with a proteinacious backbone, 

this means fouling is inevitable as both polysaccharides and proteins have been reported as 

common foulants.195, 199 

Fouling is a complex process, of which it can be hard to determine the causes due to the large 

number of factors which can influence it.  The three main factors to consider are:122, 200 

1) process parameters such as temperature, transmembrane pressure and shear rate near 

the membrane surface. 

2) membrane material properties such as pore size, porosity, hydrophilicity, surface charge 

and surface topography. 

3) solution properties such as pH, salt concentration, amount of protein denaturation and 

aggregation. 

This chapter investigates the process parameters and membrane material properties.  Factors 

such as temperature, transmembrane pressure and crossflow velocity, along with the membrane 

material properties outlined in Chapter 4 are discussed.  The impact of these factors on efficiency 

of separation and flux is considered.  The majority of experiments were carried out using a 0.8 µm 

membrane.  While solution/suspension properties also offer a method to reduce fouling, these 

were not investigated in this study.  The reason these were not investigated was to prevent 

changes to the structure, composition and properties of the Gum, which may impact the ability to 

recycle it.  

This chapter aims to show that: 

- Process parameters can influence fouling during the microfiltration of Gum Arabic. 

- Membrane material properties have a significant effect on the fouling and separation of 

Gum Arabic. 

- Cake filtration is the dominant fouling mechanism during the microfiltration of Gum 

Arabic. 
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5.1 Filtration conditions 

The optimisation of the fouling conditions was carried out and is detailed in Section 5.2.  During 

these experiments one parameter was adjusted, with the other conditions remaining constant.  

The experiments were carried out at 40 ⁰C with a TMP 1.5 bar and CFV 2.3 m s-1 unless otherwise 

specified.  The suspension used was 2.0 wt. % Gum Arabic in RO water which had not undergone 

any pre-filtration or changes to the suspension such as pH or ionic strength.  Aged membranes 

were studied to minimise cycle variation as described in Chapter 7.  Each study represents three 

repeats, with the average and standard deviation reported.   

Membrane resistances were calculated based on Equation 4.1, using the resistance in series model 

shown in Equations 5.1 and 5.2. 

𝐽 =
∆𝑃

𝜇𝑝 𝑅𝑇
=

∆𝑃

𝜇𝑝 (𝑅𝑚+𝑅𝑐𝑝+𝑅𝐹)
   Equation 5.1 

𝑅𝐹 = 𝑅𝑅𝐿 + 𝑅𝐶𝐶 + 𝑅𝐼    Equation 5.2 

 

Where J is the permeate flux, ΔP the transmembrane pressure, µp the viscosity of the permeate, 

RT is the total fouling resistance, Rm is the intrinsic membrane resistance, R cp is the resistance due 

to concentration polarisation, and RF is the fouling resistance term.  The fouling resistance term 

(RT) can be broken down into (i) fouling caused by loosely bound foulants which can be removed 

through rinsing (RL), (ii) fouling which can be removed through chemical cleaning (RCC) and (iii) 

irreversible fouling (RI).  The importance of chemical cleaning will be discussed further in Chapter 

6.   

The efficiency of separation is characterised by the rejection coefficient.  This has been used to 

allow a comparison of the operating conditions.  The rejection coefficient (Ra), shown in Equation 

5.3, was determined by measuring the concentration of Gum in the permeate (Cp) and the bulk 

concentration, that of the retentate and feed (Cb).201  To allow comparison, unless otherwise 

specified, the concentrations were measured in triplicate when the samples were at steady state 

(60 minutes from the initial fouling).  A rejection coefficient of 1 means that complete separation 

has occurred, and Ra = 0 means there has been no rejection.  

𝑅𝑎 = 1 − (
𝐶𝑝

𝐶𝑏
)    Equation 5.3 

 



Chapter 5: Optimum filtration conditions 

102 

 

The identification of these factors is used to create an operating protocol to maximise the 

throughput of wastewater while minimising the fouling.   

 

5.2 Process parameters 

Process parameters such as the TMP and CFV have been shown to significantly affect the 

separation properties and permeate quality.79  The process parameters (with the exception of 

static vs. dynamic fouling) were measured using a tubular ceramic membrane, as this is most 

representative of industrial practice. 

 

5.2.1 Static and dynamic fouling 

It has been well reported that the process conditions influence fouling of a membrane.  One 

process parameter which can influence fouling is the fouling mode – static or dynamic.  Under 

static conditions the interactions between the foulant suspension and the membrane is the only 

factor which needs to be considered, whereas in dynamic fouling there are a lot of additional 

forces which can influence the fouling propensity.  Under dynamic conditions, factors such as 

crossflow and transmembrane pressure add additional forces which may lead to increased or 

reduced fouling, and alterations in the foulant layer.  In order to investigate the different modes 

of filtration, flat sheet ceramic membranes were investigated as described in Section 3.3.2 and 

3.4.7.  Following fouling the membranes were rinsed and their pure water flux characterised.   This 

is shown in Figure 5.1. 
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Figure 5.1: Hydraulic resistance following fouling with Gum Arabic (Gum) and Arabinogalactan (AG) under 

static and dynamic conditions.  Membranes fouled with 2.0 wt. % suspensions at 40 ⁰C.  Dynamic studies 

were carried out with TMP 1.5 bar and CFV 2.3 m s-1. 

It can be observed that Gum readily adsorbs onto the surface of alumina.  Comparing the Gum 

and arabinogalactan samples it can be seen that arabinogalactan results in some of the fouling of 

the membrane, however there is a large proportion which must result from the other components 

of Gum, e.g. AGP, GP and metal cations.  It has been previously reported that proteins are difficult 

foulants to deal with.  They rapidly adsorb onto membrane surfaces and pore walls forming a 

secondary barrier that decreases permeate flux and changes solute selectivity.58  These results 

suggest that while the carbohydrate plays a role in the membrane fouling, the presence of proteins 

or metal cations may lead to the severe fouling observed. 

Fouling is shown to occur under both static and dynamic conditions, with more severe fouling 

formed under static conditions.  This result was unexpected as the role of convective forces 

towards the membrane surface would be expected to lead to additional fouling.  Previously Kanani 

et al. reported that fouling of proteins occurs both under static and dynamic conditions.200  

Generally a monolayer is formed under static conditions and multi-layer fouling occurs under 

dynamic conditions.  Much work has been carried out to try to understand protein fouling but 

there remains a lack of agreement and understanding about the formation of protein deposits 

during MF processes.200  The results obtained in this study suggest that convective forces present 

in dynamic fouling help to reduce the foulant layer.  
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5.2.2 Concentration of Gum 

This thesis mainly focuses on work carried out using 2.0 wt. % Gum Arabic suspensions for 

industrial relevance.  The waste water at Kerry Ingredients’ processing plant in Cam, UK contains 

ca. 2.0 wt. % Gum Arabic.1  This section however investigates the influence that the concentration 

of Gum Arabic has on the flux decline, membrane resistance following fouling and the membrane 

selectivity.  An aged 0.8 µm tubular ceramic membrane was used for this study as pristine 

membranes are known to act differently to aged ones (see Chapter 7).   
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Figure 5.2: Hydraulic resistance for 0.8 µm membrane fouled with 1.0 – 4.0 wt. % Gum Arabic before 

fouling (Rm), after fouling (RT), following rinsing (RR) and following cleaning (Rc).   

TMP 1.5 bar, CFV 2.3 m s-1 40 ⁰C. 

It is important to consider the membrane resistance rather than the flux when comparing the 

concentration, as this allows viscous effects observed in the flux to be neglected.   The permeate 

flux typically decreases exponentially with concentration due to an increase in viscosity and 

greater likelihood of attachment of foulants to the surface.60  Figure 5.2 shows the impact of the 

concentration of Gum Arabic on the membrane resistance.  It can be seen that there is an increase 

with the membrane resistance as the Gum concentration is increased.  Following rinsing with 

water, there is no significant reduction in resistance, suggesting that loosely bound foulants are 

not responsible for the increased resistance.   Following chemical cleaning, the membrane 

resistance was restored close to that of the resistance before fouling, showing that the cleanability 
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was unaffected by the increased fouling resistance.  Marshall et al. described similar effects when 

studying the effect of protein fouling on microfiltration membranes.114   

Figure 5.3 shows flux decline curves for the membranes fouled with Gum Arabic of concentrations 

1.0 – 4.0 wt. %.  It can be seen that there is no change in the rate of flux decline with concentration, 

however there is a change in the flux at steady state, with a steady state flux of 35 ± 5 L m-2 h-1 

during fouling with 4.0 wt. % Gum Arabic, compared to 143 ± 6 L m-2 h-1 during fouling with 1.0 wt. 

% Gum Arabic.  While some of this decline is likely to be as a result of the increased viscosity of 

the Gum suspension, Figure 5.2 highlights that other factors also influence this.  It is possible that 

the increased concentration of Gum leads to a thicker foulant layer resulting in an increase in the 

total resistance following fouling.  An increase in fouling with increased protein concentration was 

also reported by Loh et al. when investigating protein fouling.202 
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Figure 5.3: Flux decline curves over the first 5 minutes of filtration for an aged 0.8 µm tubular ceramic 

membrane during the filtration of 1.0 – 4.0 wt. % Gum Arabic at 40 ⁰C with TMP 1.5 bar, and CFV 2.3 m s-1. 

The concentration of the feed had a small influence on the separation properties.  The rejection 

coefficient was 0.91 ± 0.05 and 0.89 ± 0.04 for the membranes fouled with 1.0 and 2.0 wt. % Gum 

Arabic, however following filtration with higher concentrations of Gum these decreased to 0.86 ± 

0.04 and 0.83 ± 0.05 for the 3.0 and 4.0 wt. % feed suspensions respectively.  While this increase 

is small it was shown to be statistically significant (P < 0.05).   This increase with concentration 

suggests that as more foulants build up on the membrane surface due to the increased feed 

concentration, more foulants get transmitted through the membrane.  This suggests that while 
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the presence of a cake or gel layer is expected to be forming on the membrane surface (see Section 

5.5) this is not the limiting factor on separation.  This contradicts the results obtained by Zuriaga-

Agusti et al. who reported that for polysaccharide fouling, there was a negligible influence of 

polysaccharide concentration on membrane fouling.  This was explained by the major role on the 

cake or gel layer on membrane separation once the initial foulant layer has formed.203 

One interesting observation is that the rejection increases over the first few minutes of filtration 

before reaching a steady state concentration as the flux reaches steady state.  This suggests that 

the formation of a cake or gel layer on the membrane surface aids in the selectivity of the 

membrane. 

 

5.2.3 Crossflow velocity  

Crossflow velocity (CFV) is a hydrodynamic property which has been shown to influence the rate 

of fouling for a number of different membrane-based processes.62, 65   In crossflow filtration the 

feed flows tangentially along the membrane surface and permeates through the membrane due 

to the pressure drop across the membrane.  The shear force exerted by the feed on the membrane 

surface allows the formation of a cake layer to be minimised as the presence of a shear force 

allows deposited particles to be swept towards the retentate side.65  Increasing the CFV leads to 

an increase in the shear rate reducing the particle accumulation on the membrane surface.   

The rig set up, detailed in Chapter 3, allows CFVs up to 2.3 m s-1 to be investigated.  Reynolds 

Number (Re) = 6300 for a 2.0 wt. % Gum Arabic suspension and Re = 13980 for water at 40 °C.  

This indicates turbulent feed is passing through the membrane channels.  The flow across the 

membrane affects the mass transfer of the feed to the membrane surface.  Due to limitations of 

the rig set up, and in line with industrial practice, each step was carried out under turbulent flow 

regime.   

The effect of the CFV on the permeate flux, and normalised flux of an aged membrane are shown 

in Figures 5.4 and 5.5.  The effect of the CFV on the permeate flux is shown more clearly when the 

flux is normalised with the CFV of 1.5 m s-1 showing a more pronounced flux decline when 

compared to higher CFVs.  The flux decline rate is very similar irrespective of CFV but the steady 

state flux is reached at different values.  The membrane filtration at CFV 1.5 m s-1 showed the 

lowest permeate flux at steady state, 56 L m-2 h-1, as well as the largest decline in flux.  Increasing 

the CFV to 2.3 m s-1 resulted in an increased flux of 72 L m-2 h-1 under steady state.  It is expected 
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that the hydrodynamic shear at higher CFVs disturbs the foulants on the membrane surface 

resulting in a thinner foulant layer and improved filtration efficiency.  A number of other 

researchers have observed a similar phenomenon,59, 62, 204 and this has been attributed to greater 

turbulence preventing particle transport to the membrane surface as well as washing away 

accumulated foulants from the membrane surface.  This agrees with the results presented in 

Section 5.2.1. 
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Figure 5.4: Permeate flux profile showing a comparison of flux during fouling with 2.0 wt. % Gum 

Arabic at CFV of 1.5, 2.0 and 2.3 m s-1 of a 0.8 µm tubular ceramic membrane.  TMP 1.5 bar, 

temperature 40 °C.  
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Figure 5.5: Comparison of normalised flux during fouling with 2.0 wt. % Gum Arabic at CFV of 1.5, 2.0 

and 2.3 m s-1 of a 0.8 µm tubular ceramic membrane.  TMP 1.5 bar, temperature 40 °C. 

Small changes in the permeate quality were observed with a higher CFV leading to a slight increase 

in the rejection of Gum.  However, other factors such as the number of membrane cycles, have 

been shown to have a much greater impact on Gum rejection (Chapter 7).  It is therefore 

considered that the influence of the CFV on the permeate quality is negligible.  

Table 5.1: Effect of CFV (laminar and turbulent) on a) flux and b) solids retention of an aged 0.8 µm 
membrane. 

Flow CFV (ms-1) Re(-) Flux (Lm-2h-1) Ra (-) 

Turbulent 1.5 4110 55 ± 2 0.84 ± 0.02 

 2.0 5480 58 ± 2 0.86 ± 0.02 

2.3 6300 72 ± 3 0.90 ± 0.02 

 

Lower turbulence at the membrane surface can result in an increased normalised flux decline as 

the build-up of contaminants may be promoted.79  The observed results in terms of permeate flux 

suggest that while increasing the CFV does not completely prevent the formation of a cake layer 

it is likely that it is reduced, allowing a greater throughput of permeate.  This agrees with the 



Chapter 5: Optimum filtration conditions 

109 

 

results presented in Section 5.2.1 where the resistance following fouling with Gum Arabic was 

shown to be reduced under dynamic operating conditions. 

 

5.2.4 Transmembrane pressure 

Another hydrodynamic property which is well known to influence the fouling behaviour of a 

membrane is the transmembrane pressure (TMP).  Increasing the TMP leads to an increase in the 

flux due to an increased pressure drop across the membrane.  However it has been widely 

reported that increasing the TMP can lead to more severe fouling.  It is important in understanding 

the influence of TMP to understand if the system is governed by pressure or by mass transfer.  

When the system is pressure controlled the TMP increases with increasing pressure, whereas mass 

transfer controlled systems reach a limiting flux.  It was shown in Section 4.2.1 that when operating 

with water the system is pressure controlled.  An aged membrane was subject to pressure ramping 

during the filtration of Gum Arabic.  Initially the Gum was filtered at 1.0 bar and the flux at steady 

state measured over 30 minutes.  Steady state was achieved when Equation 3.2 holds. 

Following measurement of the flux at 1.0 bar, the pressure was increased in 0.5 bar increments 

up to 4.5 bar with each measurement obtained over 30 minutes.  Figure 5.6 shows the influence 

of pressure on the permeate flux at steady state.  It can be seen that between 1.0 and 3.5 bar, an 

increase in the fouling TMP leads to an increase in the fouling flux.  When the pressure is increased 

further (3.5 – 4.5 bar) the flux appears to be in the limiting region with steady state fluxes of         

142 ± 5 and 145 ± 10 L m-2 h-1 for 3.5 and 4.5 bar respectively.  Limiting flux usually occurs due to 

the formation of a cake or gel layer as the solute has reached a maximum concentration.98  The 

formation of a cake or gel layer can occur in the pressure dependent region, with increased 

pressure leading to compaction as a result of the increased driving force.  
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Figure 5.6: Permeate flux during the filtration of 2.0 wt. % Gum Arabic over transmembrane pressures of 

1.0 to 4.5 bar through an aged 0.8 µm tubular ceramic membrane at 40 ⁰C with CFV 2.3 m s-1. 

Previous work by Decloux et al. reported that when using high concentrations of Gum Arabic in 

crossflow microfiltration the filtration was governed by mass transfer with the limiting flux region 

being obtained for transmembrane pressures as low as 0.3 bar.20  This shows that the 

concentration of Gum can have a significant effect on the filtration properties.  This is also 

evidence for the formation of a cake or gel layer formation on the membrane, as discussed later 

in this chapter.  

The transient permeate flux (J) and normalised permeate flux (J/J0) for experiments carried out at 

1.0 to 3.0 bar are shown is Figures 5.7 and 5.8.  J0 is the PWF measured before fouling and J is the 

flux at a time, t.  It can be seen that for the filtration of Gum Arabic, an increase in the TMP from 

1.5 bar to 3.0 bar led to an increase in the initial permeate flux from 255 L m-2 h-1 to 594 L m-2 h-1.  

During the filtration, at each of the TMP investigated, an initial rapid decrease in the permeate 

flux was observed due to membrane fouling.  The rate of flux decline was greatest over the first 

100 seconds, followed by a stable decrease, before reaching steady state around 500 seconds 

(Figure 5.7).  When the permeate flux was normalised (Figure 5.8) the largest flux decline was 

observed at 3.0 bar, with the flux decline shown to increase with increasing pressure.  After 650 

seconds the normalised permeate flux was observed to be 35 % of the PWF at 1.0 bar, and only 

17 % of the initial PWF when at 3.0 bar.  The increase in permeate flux with increasing TMP can 

have two effects: 
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i) There is a greater mass transfer of feed to the membrane surface.  This promotes the 

accumulation and deposition of foulants on the membrane surface and can lead to 

the formation and growth of a cake layer. 

ii) There is a greater force exerted on the feed and foulants, thus pressing them against 

the membrane.  This increased pressure may lead to greater adhesion if the 

convective forces overcome any electrostatic repulsion.  In addition the increased 

pressure can lead to the formation of a thicker or more dense cake layer (compaction) 

at the membrane surface.205 

A number of other research groups have observed a similar trend when using ceramic and 

polymeric membranes to filter a variety of different solutions/suspensions.79, 206, 207 It is also well 

known that polysaccharides contribute to thickening and gelation properties of a solution.  This 

may result in the formation of a gel layer at the membrane surface.203 
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Figure 5.7: Transient permeate flux during the filtration of 2.0 wt. % Gum Arabic at TMP 1.0 – 3.0 bar.  CFV 

2.3 m s-1 at 40 ⁰C 
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Figure 5.8: Normalised permeate flux during the filtration of 2.0 wt. % Gum Arabic at TMP 1.0 – 3.0 bar.  

CFV 2.3 m s-1 at 40 ⁰C 

 

Effect of TMP on membrane rejection 

The effect of TMP on the permeate quality was investigated, once the system had reached steady 

state.  At 1.0 bar, 90 % rejection was achieved, compared with only 50 % at 4.0 bar.  At the 

beginning of each filtration the concentration of Gum passing through the membrane was highest.  

However an increased separation efficiency could be achieved after 5 – 15 minutes for each of the 

TMP investigated.  It is expected that most of the Gum Arabic formed a cake or gel layer on the 

membrane surface, and as this is built up it acts as an extra filtration layer.  This could lead to an 

increase in the separation efficiency of the membrane.  This is discussed further in Section 5.5.  

Increased rejection is generally found when the TMP is increased, either due to sieving 

mechanisms or a hindrance to solute transport e.g. establishment of a foulant layer which acts as 

a dynamic membrane.122, 134, 208-210 However a reduced retention has also been reported by 

Alpatova et al. during the separation of process water using ceramic membranes204 and Padanos 

et al. during the filtration of PEGs.211  The reduction in rejection could be due to an increased level 

of foulants at the membrane surface at higher TMP or increased pressure forcing the foulants 

through the membrane. 
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5.2.5 Temperature 

Studies were carried out to investigate the influence of temperature on the resistance following 

fouling.  The resistance measurement allows the change in viscosity due to temperature to be 

incorporated into the calculation meaning any differences in the resistance are due to other 

factors.  Studies were carried out between 20 and 50 ⁰C on an aged membrane to prevent 

degradation of Gum.  Figure 5.9 shows the membrane resistance before fouling, after fouling, and 

following rinsing and cleaning of a membrane fouled with Gum Arabic.  
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Figure 5.9: Hydraulic resistance during the filtration of 2.0 wt. % Gum Arabic at 20 – 50 ⁰C.   TMP 1.5 bar, 

CFV 2.3 m s-1. Rm represents the intrinsic membrane resistance, RT the resistance 

following fouling, RR the resistance following rinsing with water and RC the resistance 

following chemical cleaning. 

Changing the temperature was shown to have no influence on the membrane rejection with ca. 

90 % rejection achieved for each temperature studied.  Increasing the temperature led to an 

increase in the permeate flux due to a reduction in the viscosity.  However little change is observed 

in the membrane resistance between 30 and 50 ⁰C.  The solution filtered at 20 ⁰C led to an increase 

in membrane resistance.  There are a number of factors which may have led to this increase in 

resistance 
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i) The formation of aggregates due to decrease in temperature.  The suspension was 

prepared following the standard procedure and then allowed to cool.  The formation 

of aggregates may have occurred during the cooling process.  

ii) The formation of a foulant layer may be easier at low temperatures with the 

suspension being more viscous.  It would be expected that a trend would be apparent 

if this was the case with the membrane resistance decreasing with temperature.  

However this was not shown from 30 – 50 ⁰C. 

The resistance after rinsing was shown to be lower at 20 and 30 ⁰C.  This implies that the foulant 

may be more easily removed, suggesting less interaction between the foulant and the membrane 

surface.  A flux recovery of 22 % was observed after rinsing with water following fouling at 20 and 

30 ⁰C compared with a FR of 19 % following fouling at 60 ⁰C.  It is well known that increasing 

temperature can lead to an increase in reaction rate.  Therefore bond formation between the 

membrane and foulant, or between layers of foulant may be increased at higher temperatures.   

As diffusivity and flux increase with temperature, it is generally best to operate at the highest 

temperature consistent with limits of feed and membrane.122   This allows a higher throughput, 

however this needs to be balanced by the flux recovery. 

 

5.3 Membrane material properties 

The membrane material properties have been shown to determine the adsorption efficiency of 

the foulant and influences the first few layers of foulant.122  It is important to consider the 

physiochemical interactions of the foulant with the membrane.  Due to the difficulty in 

determining the material properties of tubular ceramic membranes, flat sheet alumina 

membranes were used for these studies.  

 

5.3.1 Pore size 

It is important to consider the size of particles intended to be retained when selecting an 

appropriate membrane.  Macromolecules and proteins are usually much smaller than the pores 

in MF membranes and should not normally be retained by the membrane.212, 213 Based on the 

results shown in Section 4.1.2 membranes in the microfiltration region were selected.  While these 

are larger than the molecular diameter of Gum Arabic, aggregation has been shown to occur.  This 
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leads to the formation of larger particles, predominantly in the size range which corresponds to 

the pore size in the microfiltration region.195  While it is understood that tighter membranes 

generally produce a better permeate quality, higher pressures are required and lower fluxes 

obtained leading to a reduction in efficiency.  In addition several studies have proved that, even 

with pore sizes much greater than the protein size, fouling under dynamic conditions occurs due 

to aggregate formation, by hydrophobic and/or electrostatic interactions or by van der Waals 

forces.69, 114, 200, 205, 214  Microfiltration has therefore been selected for this study, and as 

demonstrated in Section 4.3, it has been shown to be applicable to the removal of Gum Arabic 

from a model waste stream, demonstrating its suitability.  The use of ultrafiltration membranes 

could be used as an additional ‘polishing’ step to improve retention.   However this is outside of 

the scope of this study.   

A number of pore sizes in the microfiltration range were selected; 0.2, 0.5, 0.8 and 2.0 µm.  The 

membranes have been characterised in terms of separation efficiency and permeate quality.  The 

results of this for tubular ceramic and flat sheet membranes are shown in Tables 5.2 and 5.3 for 

the respective membrane types.  Results for both membranes are representative of the first cycle 

of a virgin membrane.  For the flat sheet membranes an interesting trend has been noted: the 

tighter pore sizes lead to a slight increase in flux at steady state, although this is not statistically 

significant and is within the error of the experiment.  There is a clear difference in the pure water 

flux for each of the membranes with, as expected, tighter membranes showing an increased 

resistance.  However, following filtration of Gum Arabic for 60 minutes the membrane resistance 

and flux appear to be the same (within experimental error).  This suggests that the pore size is not 

the limiting factor for eventual flux, and the foulant is limiting mass transfer.   

For the tubular ceramic membranes there was little difference in the flux at steady state for the 

0.5 and 0.8 µm membranes, however the 0.2 µm membrane showed a reduced flux.  For all three 

membranes the relative flux decline was 98 %.  This suggests that the pore size has a greater 

influence on the eventual flux for tubular ceramic membranes than for flat sheet membranes.  The 

increased rejection was still observed using tighter pore sizes.  This could be due to either the pore 

size or foulant limiting mass transfer. 

A number of factors may have contributed to the increase in RFD for the flat sheet membranes 

with larger pore sizes:   
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i) The membranes with larger pores have an increased initial permeate flux, therefore more 

solutes and foulants are convectively driven towards the membrane surface.  This enables 

more solutes to get adsorbed and leads to an increase in pore blockage.203  

ii) Larger pore size allows a larger number of particles and solutes to be able to go through 

the pores causing either pore blocking or constriction.  Large pore size improves 

accessibility to the pores increasing the possibility of more solutes being adsorbed either 

in the pores or on the surface.  

iii) Gum aggregates lead to complete pore blocking through being the same size as the pores 

in the membrane. 

iv) The formation of a cake or gel layer on the membrane surface can act as a secondary 

membrane controlling the process in terms of rejection and selectivity.  This leads to 

increases in the resistance and rejection of the membrane.114, 215 

 

Section 4.2.1 shows that the mean aggregate size of unfiltered Gum Arabic is around 0.9 µm.  It 

would be expected that if complete pore blocking was the dominant mechanism the fouling and 

resistance would be most severe for the 0.8 µm membrane due to the similarity of the particle 

size and pore size.  If the fouling was more severe for the 0.8 µm this would be clear in the 

resistance and fouling flux.  However, as this was not observed for either the flat sheet or tubular 

ceramic membranes, it is unlikely that complete pore blocking is the main contributor.  This is 

confirmed further in Section 5.5.1.   

It is expected that pore blockage, and the formation of a cake or gel layer are likely to be the most 

dominant mechanisms.  This is investigated further in Section 5.5.1.  Often, initial fouling is due to 

pore blockage, whereas over longer filtration times cake formation dominates.216  The formation 

of a secondary membrane layer due to the build-up of foulant on the membrane surface is not a 

new phenomenon, and has been shown by a number of authors.122, 134, 215, 217 These include 

Zuriaga-Augusti et al., who reported that despite a larger permeability and pore size, a 150 KDa 

membrane resulted in a lower flux than a 50 kDa membrane following the filtration of a dye-

polysaccharide mixture.203  Another is Mulder, who stated that rejection can be higher than 

expected when mixtures of macromolecular solids are present, with the larger solutes forming a 

secondary dynamic membrane and resulting in higher retention of the low molecular weight 

solids.65 
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Table 5.2: Influence of pore size of Membralox tubular ceramic membranes.  Measurements carried out at 
40 ⁰C with TMP 1.5 bar and CFV 2.3 m s-1.  Data for the first cycle of a virgin membrane. 

Pore Size (µm) 0.8 0.5 0.2 

PWF (Lm-2h-1) 5400 6400 4000 
Rm (m-1) 1.5 x 1011 1.3 x 1011 2.0 x 1011 
Rf (m-1) 7.4 x 1012 7.3 x 1012 1.2 x 1013 
Flux after 60 min (Lm-2h-1) 114 116 70.7 
Ra (-) 0.3 0.6 0.96 
RFD (%) 98 98 98 

 

Table 5.3: Influence of pore size of flat sheet ceramic membranes – data given for the first cycle of a virgin 
membrane. Measurements carried out at 40 ⁰C with TMP 1.5 bar and CFV 2.3 m s-1. 

Pore Size 2.0 0.8 0.5 0.2 

PWF (Lm-2h-1) 88000 83000 36000 26000 
Rm (m-1) 9.4 x 109 1.0 x 1010 2.3 x 1010 3.2 x 1010 

Rf (m-1) 4.0 x 1011 3.9 x 1011 3.8 x 1011 3.5 x 1011 

Flux after 60 min (Lm-2h-1) 2000 2100 2200 2400 
Ra (-) 0.3 0.3 0.6 0.9 
RFD (%) 98 97 94 91 
AGP (%) 100 95 91 72 

 

The rejection is the similar for both the tubular ceramic and flat sheet ceramic membranes when 

the same pore size is investigated.  It can be observed that the tighter pore size membranes lead 

to an improvement in the selectivity.  While the flux is very similar for each of the flat sheet 

membranes, suggesting the formation of a cake or gel layer on the membrane surface, the 

separation efficiency shows that the pore size of the membrane is still important in determining 

the selectivity.  This becomes less important for multiple cycles.  This is discussed further in 

Chapter 7.  There are a large number of particles present in the Gum suspension, in the range of 

0.1 – 1.0 µm in diameter, so only the smallest particles can be transported through the 0.2 µm 

membrane.  Meanwhile almost all of the particles can be transported through the 0.8 and 2.0 µm 

membranes if separation occurs through size exclusion alone.  The trend of increased separation 

with increased pore size suggests that size exclusion is a key factor.  However the large increase 

in separation efficiency between the 0.5 and 0.8 µm membranes, and increased separation 

following multiple cycles (Chapter 7) suggests that while size exclusion has a role to play in 

separation, other factors such as charge and surface chemistry also have a role.  This is discussed 

further in Chapters 7 and 8. 

The percentage of AGP transmitted through the membranes was measured for the different pore 

sizes using GPC as detailed in Section 3.5.7.  It was observed that as the pore size decreased the 

transmission of AGP (relative to the total transmission) decreased.  This suggests there is 
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preferential transmission of smaller particles with GP and AG having a smaller size than the AGP 

fraction of Gum.  This leads to the potential use for fractionation and highlights that size exclusion 

is responsible for at least some of the separation characteristics.  

Figures 5.10 and 5.11 show the normalised flux decline curves over the first five minutes of 

filtration, for the flat sheet and tubular ceramic membranes respectively.  It can be observed that 

for each of the membranes studies there is an initial rapid flux decline followed by a much slower 

decline.  This is common for the filtration of polysaccharides and proteins.  Both systems showed 

that the pore size had little influence on the flux decline between 0.2 and 0.8 µm, however the 

flux decline was slightly slower for the 2.0 µm membrane.  This may be as a result of the pores 

being larger than the mean pore size of the Gum as shown in Section 4.1.2. 
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Figure 5.10: Normalised flux decline curve for flat sheet membranes with pore sizes 0.2, 0.5, 0.8 and 2.0 

µm over the first 300 seconds of filtration at CFV 2.3 m s-1, TMP 1.5 bar and 40 ⁰C. 
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Figure 5.11: Normalised flux decline curve for tubular ceramic membranes with pore sizes 0.2, 0.5, and 0.8 

µm over the first 300 seconds of filtration at CFV 2.3 m s-1, TMP 1.5 bar and 40 ⁰C. 

 

5.3.2 Porosimeter data 

Mercury intrusion porosimetry was used to determine the level of internal fouling following 

filtration.  A comparison for a 0.8 µm virgin and fouled membrane was carried out.  The bulk 

porosity and mean pore size are shown in Table 5.4. 

Table 5.4: Mercury intrusion porisometry data for virgin and fouled membranes. 
Sample Bulk porosity (%) Mean pore size (µm) 

Virgin 39.77 ± 0.20 0.80 ± 0.02 
Fouled 39.82 ± 0.20 0.79 ± 0.03 

 

Little difference was observed in the porosity of the membrane following fouling.  This suggests 

that most of the fouling occurs on the membrane surface rather than in the pores.  If the pores 

contained Gum, a decrease in the porosity would have been observed. 

Some pores may not have been measured using this technique.  If the pores are not open ended 

it may be difficult for the mercury to penetrate into the pores.  This effect should have been 

eradicated by vacuum degassing during the sample preparation, however it may lead to small 

experimental errors. 
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The mean pore size was very slightly smaller for the fouled sample than that of the virgin 

membrane.  This could be as a result of pore constriction as a result of fouling.  However, as the 

difference is so small and the porosity shows little change, it is more likely that it is as a result of 

experimental errors and is within the error of the apparatus. 

 

5.3.3 Surface modification 

Understanding the surface chemistry of the membranes can help to give an indication of the type 

of fouling and its mechanism.  Membranes have been shown to have a reduced fouling tendency 

if the surface is hydrophilic, and charged similarly to the key foulants.218  A number of techniques 

are available to determine the surface properties.  In this study, contact angle and zeta potential 

have been investigated. 

 

5.3.3.1 Hydrophobicity – effective contact angle 

Membrane hydrophobicity is an important factor in determining fouling potential and 

transmission.  The hydrophobicity gives an indication of the surface energy, with more hydrophilic 

surfaces having a higher surface energy.  It has been well reported that hydrophilic membranes 

are less prone to fouling,218 with hydrophobicity significantly affecting the level of organic 

foulants.199  The virgin membrane is moderately hydrophilic (effective contact angle less than 90 

⁰).  However fouling increases the hydrophobicity as shown in Table 5.5.  The results indicate that 

the membrane is fouled due to the adhesion of a hydrophobic, charged species to the membrane 

surface. 

Table 5.5: Effective contact angle for flat sheet virgin and fouled membranes.  Measurements based on 
average of 10 points on the membrane. 

 Virgin 
membrane 

Fouled – cycle 1 
(F1) 

Fouled - cycle 2 
(F2) 

Fouled – cycle 5 
(F5) 

Contact angle (⁰) 37 ± 6 104 ± 7 122 ± 6 116 ± 5 
 

In-pore adsorption is not evidenced by these contact angle measurements, so significant surface 

fouling by a hydrophobic species is apparent.  This agrees with the results discussed in Section 

5.3.2.  After 2 cycles, the level of hydrophobic foulants increases, but there is no statistically 

significant change after further cycles.  In Gum Arabic, the polysaccharide is hydrophilic with the 

polypeptide backbone being hydrophobic.  These results suggest that a significant proportion of 
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fouling is resulting from the polypeptide backbone.  This in turn suggests proteinacious fouling.  

Based on the structure of Gum Arabic, it is possible that the carboxylic acids, aldehydes or alcohols 

in the polysaccharide (AG fraction) form hydrogen bonds with the membrane surface, resulting in 

the hydrophobic protein backbone protruding.  This is one mechanism which could lead to the 

increase in hydrophobicity.  This agrees with the results in Section 5.2.1 where fouling was more 

severe for Gum Arabic than arabinogalactan alone.   

Additionally, the terminal rhamnose groups on the polysaccharide have hydrophobic centres.219  

These may be present on the surface of the foulant layer leading to an increase in contact angle 

following fouling.  At present it is unclear if the hydrophobic backbone or hydrophobic centres in 

the terminal rhamnose groups are responsible for the increase in hydrophobicity.  Both may play 

a role, or the structure of Gum may be rearranged following adsorption. 

 

5.3.3.2 Zeta potential 

Zeta potential is useful in determining the surface charge of a membrane at different pHs.  The 

surface charge influences fouling propensity with similarly charged foulants generally being 

repelled by the membrane.  Solutions with a high charge density keep the molecules away from 

each other and from the membrane.  This usually leads to a reduction in fouling and retention.143  

Transmission of protein can be governed by varying nature of the charge on it (pH), or by the 

nature and extent of charge on membrane.220  The measured zeta potential for a virgin and a 

fouled membrane are shown in Figure 5.12.  The virgin membrane showed a charge of -10 to -40 

mV with an isoelectric point below        pH 3.0.  Once fouled, a large reduction in charge was 

observed, with the fouled membrane showing almost no charge.  The fouled membrane shows a 

zeta potential of 0 to -4 mV and an isoelectric point ca. pH 3.0.  The large reduction in charge 

following fouling is due to changes in the surface chemistry with the attachment of foulants to the 

surface and/or pore walls.  The relatively constant zeta potential over the pH range is typical for 

complex organic foulants.   The use of FTIR in Section 5.5.3.2 confirms that there is adhesion of 

Gum Arabic to the membrane surface. 
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Figure 5.12: Zeta potential of virgin membrane, and membrane fouled with Gum Arabic. 

The natural pH of Gum Arabic is ca. pH 5.5 so during filtration the membrane displays a large 

charge ca. -30 mV.  Gum Arabic has also been reported to have a negative zeta potential ranging 

from -7 to ca. -30 mV, with it showing a low charge around pH 5.5.147  Gum Arabic and the 

membrane are both negatively charged at pH 5.5 so it would be expected that some repulsion 

should occur.   

There are several possibilities as to why the fouled membrane shows a large reduction in charge:  

i) Many of the amino acids in the Gum structure are known to act as zwitterions and 

Gum has been shown to have charge buffering effects.  This may be responsible for 

the reduction in zeta potential observed for the fouled membrane, with the positive 

charged amino acids bonding to the membrane surface and leading to a charge 

reduction.   

ii) Gum Arabic is known to contain small amounts of cations, it typically contains ca.       

0.7 % Ca2+.221  These are likely to be attracted to the negatively charged membrane 

surface and their attraction could lead to further attraction of anions leading to an 

increase in fouling.  Ca2+ can neutralise the negative charges on Gum Arabic molecules 

or the membrane surface. 

iii) During adsorption the conformation of Gum Arabic could change, leading to a 

redistribution of charges and therefore a more positively charged surface than 
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expected.  While this has not been previously shown for Gum (due to the lack of 

research in the area) it has been shown to occur for BSA.222 

The mechanism of attachment of the Gum may be due to one of the methods detailed above, 

however it is most likely that electrostatic repulsions are not the dominant mechanism resulting 

in fouling of the alumina membrane.  Due to the charge on Gum being low at pH 5.5, the 

electrostatic forces are expected to be small.  Therefore other factors such as van der Waals 

forces, hydrophobic interactions, hydrogen bonding or convective forces are likely to dominate, 

resulting in membrane fouling.143  In water, the alumina surface is known to be hydrated, leading 

to the formation of OH groups on the membrane surface.  These can interact with the polar groups 

through the formation of hydrogen bonds.  There are a large number of polar groups in Gum such 

as carboxylic acid groups (COOH) found on some of the amino acids, and OH groups present on 

the sugar molecules which are highly abundant in the arabinogalactan fraction of Gum (arabinose 

and galactose).  It is expected that hydrogen bonding is responsible for membrane fouling, at least 

in part. 

While electrostatic interactions may not be dominant in the adhesion of Gum to the membrane 

surface, they may have a more dominant role once there is a layer of Gum on the membrane 

surface.  It has been shown previously by Zhang et al. that the attachment of Gum Arabic to               

γ-alumina nanoparticles led to a reduction in their zeta potential.223  This reduction prevented 

agglomeration of the particles due to repulsive forces between the particles.  This could apply 

during the fouling of membranes, with the initial foulant layer providing repulsion and preventing 

further fouling, and potentially increased rejection of Gum.143   

At a pH above the IEP of the protein most of the side groups in the protein are negatively charged, 

but some moieties or fragments are still positively charged.147  The peptide segments are positively 

charged and can interact with negatively charged hydrocolloid to form a weakly associated 

complex which does not precipitate.  

Because of the potassium, calcium and magnesium salts of weak acid groups found in Gum Arabic, 

its buffer action is greater in neutralisation of acids than alkalis.5 

 

5.3.4 Roughness 

The membrane roughness can have a significant influence on fouling, a strong influence on 

adhesion properties,160 and rough surfaces can be responsible for the direct entrapment of larger 
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aggregates.  If the roughness is larger than the particle size then direct entrapment of the particles 

is likely.  If the membrane has a low mean roughness, then attachment of the foulant to the 

membrane is more likely.  The roughness and architecture of the top surface of a virgin and fouled 

flat sheet membrane were measured using AFM in tapping mode.  The average surface roughness 

was determined using the mean deviation from the central plane in the Z direction as described 

in Section 3.6.8.  AFM images of the two surfaces are shown in Figure 5.13 with the roughness 

values obtained shown in Table 5.6.    

Table 5.6: Sa values obtained through AFM measurements for virgin and fouled flat sheet membranes. 

 Roughness, Sa (nm) 

Pore Size (µm) Virgin Fouled 

0.8 361 ± 17 305 ± 75 

2.0 368 ± 46 406 ± 88 

 

Little significant variation was observed between the Sa values for the virgin and fouled 

membranes.  For the 0.8 µm membrane, following fouling the roughness was decreased, however 

the error between samples was much greater suggesting uneven fouling.  This agrees with the 

results obtained by SEM.  For the 2.0 µm sample the roughness appeared to increase, however 

again this was within the experimental error and is not statistically significant (P>0.05), therefore 

no conclusions can be drawn about the surface from the roughness value alone.  The use of 

roughness values can be deceiving as they measure the average deviation from a point.  This 

means that very flat surfaces can have the same roughness value as a surface which has uniform 

peaks and troughs.  It is therefore important to consider visual changes in the AFM micrographs 

as these can give a better idea of the topography of the membrane surface.  Figure 5.13 shows 

that following fouling the large peaks and valleys present in the virgin membrane are still evident.  

However, some of the smaller indentations appear to have been smoothed over by the foulant 

layer.  This is again further evidence for the formation of a cake layer on the membrane surface.  

The changes to the surface may be as a result of direct entrapment of aggregates leading to the 

formation of a cake or gel layer on the membrane surface, or it may be due to bonding e.g. 

hydrogen bonding between the foulant and membrane leading to the formation of a cake or gel 

layer.  The surface roughness can influence the foulant layer with rough membranes having been 

shown to produce a looser foulant layer with lower resistance than the dense layer found on 

smooth membranes.151    
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Figure 5.13: AFM micrographs of flat sheet membranes: virgin membrane (top) and fouled membrane 

(bottom). 

 

5.4 Solution/suspension properties 

Solution and suspension properties are another important factor to consider when investigating 

fouling.  As shown in Section 5.3.3.2, the pH has a large influence on the zeta potential, particularly 

for alumina membranes.  Therefore factors such as altering the pH can lead to differences in 

fouling propensity.  In this study little research has been carried out into the effect that solution 

properties have on fouling, as alterations in the suspension can also influence the quality of Gum 

Arabic.  As the aim of this project is to remove Gum Arabic from waste streams, to allow recycling 

of both the Gum and water, it was decided that the solution properties would not be altered to 

prevent any changes to the properties of Gum Arabic.  However, one solution property was 
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investigated: the pre-filtration of Gum, as this should only lead to the removal of large aggregates 

and not alter the Gum properties.  0.8 µm flat sheet membranes were used to investigate the pre-

filtratered and raw suspensions. 

 

5.4.1 Pre-filtration  

Gum Arabic was filtered through a 25 µm steel wound membrane as described in Section 3.4.6.  

This allowed removal of any large aggregates present in the suspension.  The presence of 

aggregates in suspension has previously been reported to govern membrane fouling over the first 

new minutes of filtration.122, 200  The permeate fluxes for two suspensions through a 0.8 µm flat 

sheet membrane are shown in Figure 5.14.  One of the suspensions underwent pre-filtration, and 

one was prepared following the standard protocol.  While the flux was improved at the beginning 

of the cycle for the Gum suspension which had been pre-filtered, after ca. 12 minutes both 

suspensions resulted in a steady state flux ca. 2100 L m-2 h-1.  This suggests that while aggregates 

influence the initial fouling, the removal of aggregates does not prevent or even reduce fouling 

over time.  This suggests that aggregates of Gum Arabic do not play a significant role in membrane 

fouling during the filtration of Gum.   
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Figure 5.14: Influence of pre-filtering through 25 µm steel membrane on filtration flux of 0.8 µm 

flat sheet ceramic membrane.   

 



Chapter 5: Optimum filtration conditions 

127 

 

5.5 Characterisation 

5.5.1 Mechanistic picture of fouling 

The fouling mechanisms have been elucidated based on the four classical models, namely cake 

filtration, complete, standard and intermediate (pore constriction) pore blocking.79 224 The 

equations used in this study and their corresponding linear forms are shown in Table 3.3.  Each of 

the fouling mechanisms is important in gaining an understanding about how the fouling influences 

filtration.  Understanding the main fouling mechanism allows a method for effective cleaning to 

be determined.  While modelling allows the type of foulant to be determined, it fails to give any 

information about the severity of the fouling.  The standard blocking model assumes that solute 

adsorbs onto the pore walls whereas the other models assume that fouling occurs on the external 

surface of the membrane.  Complete pore blocking reduces the membrane surface area by 

reducing the number of pores available for permeate flow, while standard pore blocking (pore 

constriction) reduces the pore size.122  All four models assume the resistance to filtrate flow 

increases with increasing filtrate volume.103  

Fitting experimental data with the classical models allows the fouling mechanism as well as the 

evolution over time to be estimated.  Generally the curves show similar trends, with an initial 

concave curve up or down followed by a straight line (see Appendix B).  The lack of linearity can 

be explained by the multiple components contained within the Gum, each which may result in a 

slightly different fouling mechanism.  In addition the blocking mechanisms only account for one 

type of fouling, whereas it is likely that several fouling mechanisms occur simultaneously.  For this 

reason the fouling mechanism has been broken down into two time regimes: 1-5 minutes, and 5-

60 minutes, as the dominant mechanism is shown to change most within this time range.  As 

expected, the dominant fouling mechanisms were found to change over time as shown in Table 

5.7.  For a fouling mechanism to show a good fit an r2 value ≥ 0.99 is required. 

The sharp flux decline over the first few minutes can be attributed to the adsorption of solutes on 

the membrane surface, and pore constriction as a result.  The specific interactions between the 

foulants and the membrane surface are dominant here.  The subsequent gradual flux decline can 

be attributed to the formation of a cake layer as a consequence of foulant deposition and 

accumulation on the membrane surface.203  The formation of pore constriction or pore blocking 

followed by cake formation is common during the filtration of polysaccharides.225 

The concentration polarisation (CP) was measured by switching off the pressure and flow across 

the membrane, allowing foulants to diffuse from the membrane surface back into the feed.  When 
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the pump is switched back on, instantaneously there was no observed change in resistance due 

to CP.  The presence of any back diffusion would allow an increased flux as soon as the pressure 

and flow are switched back on.  This allowed the resistance due to concentration polarisation (Rcp) 

to be quantified.  During the microfiltration of Gum Arabic, no concentration polarisation was 

observed.  This was due to the Gum containing macromolecules and particles with a low diffusion 

coefficient.69  The back diffusion of components from the membrane surface into the feed 

suspension is slow and cannot counterbalance the convective mass transport towards the 

membrane.  This leads to precipitation of the solutes on the membrane surface forming a cake or 

gel layer.  Once the solutes are in a cake/gel layer it is more difficult for back diffusion to occur.   

 

A large number of conditions have been investigated and are displayed in Table 5.7.  The curves 

used to obtain the values displayed in Table 5.7 are shown in Appendix B.  It can be seen that while 

altering the conditions leads to slight changes in the mechanism, generally pore constriction, or a 

combination of pore constriction and cake filtration dominate over the first five minutes.  On the 

other hand, cake filtration becomes the primary mechanism after five minutes of filtration.   

 

For a 0.8 µm flat sheet membrane both cake filtration and pore constriction show an excellent fit 

to the respective models, highlighting that both mechanisms occur simultaneously.  However pre-

filtering the Gum through a 25 µm spiral wound membrane to remove aggregated Gum led to 

pore constriction being the dominant mechanism with cake filtration showing a poor fit (r2 = 

0.976).  This suggests that the aggregates present in the suspension play a role in cake filtration, 

whereas smaller particles lead to the formation of pore constriction. 

 

Investigating the pore size, it can be seen that for 0.5 – 2.0 µm membranes cake filtration is 

generally dominant, however for the 0.2 µm membrane none of the models represent a very good 

fit.  It would be expected that cake filtration would dominate with the increased rejection 

observed for the 0.2 µm membrane, however this is not the case.  Standard pore blocking shows 

the best fit, however this is far from perfect.  Further work is required to understand this 

discrepancy.  It may be that less foulants are adhering to the membrane surface with the RFD 

lower than for the other pore sizes.  Alternatively it could be a combination of standard blocking 

and cake filtration with each preventing the other from attaining a good fit to the model.    

These results fit with the results displayed in the previous sections which suggested the formation 

of a cake or gel layer on the membrane surface.  They are also consistent with results obtained by 
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other authors when investigating the filtration or polysaccharide or protein based feeds, as well 

as other systems such as process water.79, 225  

The decrease in Gum concentration, observed in the permeate over the first five minutes of 

filtration, can be attributed to the formation of a cake layer on the membrane surface.  The 

formation of a cake layer is one of the most common forms of fouling and has been identified by 

the decrease in permeate flux over the same time period and through modelling.  As the cake 

layer forms, it adds additional hydrodynamic resistance to the membrane flux, and begins to act 

as the active layer on the membrane surface, allowing less Gum to pass through the membrane.  

The formation of a cake layer leads to electrochemical and steric interactions between the foulant 

later and feed suspension leading to increased rejection of the Gum.  On reaching steady state the 

transmission of Gum through the membrane remains constant over extended time periods.  A 

number of runs for 90 minutes were carried out, and no change in concentration of Gum in the 

permeate stream could be observed. 
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Table 5.7: fouling mechanism based on blocking laws proposed by Hermia101 and extended for crossflow by Field et al.93 Values are r2 values for curve fitting to the linear 
equation.91, 102, 103  r2 ≥ 0.99 means there is a good fit to the model. 

 
Experiment 

Time 
(min) 

Pore 
blocking 

Pore 
constriction 

Cake 
formation 

Intermediate 
pore blocking Predominant fouling mechanism 

Flat sheet 2.0 µm 5 0.681 0.968 0.991 0.949 Cake 

Flat sheet 2.0 µm 60 0.570 0.964 0.985 0.953 - 

Flat sheet 0.8 µm 5 0.42 0.998 0.999 0.849 Cake and constriction 

Flat sheet 0.8 µm 60 0.5 0.986 0.995 0.931 Cake 

Flat sheet 0.5 µm 5 0.473 0.948 0.995 0.919 Cake 

Flat sheet 0.5 µm 60 0.499 0.895 0.913 0.933 - 

Flat sheet 0.2 µm 5 0.064 0.673 0.689 0.838 - 

Flat sheet 0.2 µm 60 0.459 0.603 0.579 0.927 - 

Tubular ceramic 0.8 µm c1 5 0.508 0.981 0.996 0.971 Cake 

Tubular ceramic 0.8 µm c1 60 0.668 0.918 0.939 0.941 - 

Tubular ceramic 0.8 µm c10 5 0.690 0.944 0.996 0.929 Cake 

Tubular ceramic 0.8 µm c10 60 0.668 0.918 0.939 0.941 - 

Tubular ceramic 0.5 µm c1 5 0.388 0.968 0.974 0.929 - 

Tubular ceramic 0.5 µm c1 60 0.102 0.850 0.859 0.924 - 

Tubular ceramic 0.5 µm c10 5 0.099 0.766 0.786 0.807 - 

Tubular ceramic 0.5 µm c10 60 0.212 0.951 0.960 0.931 - 

Pre-filtered 5 0.777 0.995 0.976 0.953 Pore constriction 

Pre-filtered 60 0.7605 0.975 0.995 0.965 Cake formation 
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5.5.2 More detailed analysis of the foulants 

The use of a range of further analytical techniques to undertake a more detailed analysis of the 

foulants allows an insight into the chemical composition and nature of the foulant.  It has been 

shown in Section 5.3.3 that the foulant is hydrophobic in nature.  The use of FTIR, SEM, Raman 

and the adhesion through colloidal probe AFM have all been explored to gain a better 

understanding of the nature of the foulant. 

Dror et al. observed that the addition of salt to Gum Arabic dramatically changes the SANS pattern, 

indicating that the electrostatic interaction determines the distance between aggregates.  The 

addition of salt was found to mask the charged groups on GA.25 

 

5.5.2.1 FTIR 

FTIR spectra of Gum Arabic, and an alumina membrane fouled with Gum Arabic are shown in 

Figures 5.15 and 5.16 respectively.  A scan of the virgin membrane (shown in Figure 4.10) has been 

subtracted from the fouled membrane graph so that only the deposited foulant on the membrane 

surface or within the pores is shown.  Limited data has currently been published regarding the 

FTIR spectra of Gum due to the complex composition of polysaccharides and proteins 

(polypeptides), creating a complex spectrum.226, 227  
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Figure 5.15: FTIR spectra of Gum Arabic. 
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The FTIR spectrum of Gum Arabic (Figure 5.15) contains a number of characteristic peaks which 

can be related to its structure.  The broad peak at 3400 cm-1 can be ascribed to asymmetric 

stretching of the O-H bond.  This is a characteristic peak of polysaccharides and is broad due to 

the presence of hydrogen bonding.  The peak at 2930 cm-1 can be ascribed to the stretching 

vibrations of CH2 groups in a variety of chemical environments.  This peak is also characteristic of 

polysaccharides.227, 228  The strong peak at 1612 cm-1 is due to the symmetric stretching of the 

carboxylate anion (COO-) which is formed from deprotonation of carboxylic acid groups present in 

a large number of amino acids present in Gum Arabic.  The sharp peak at 1415 cm-1 and the slight 

shoulder at 925 cm-1 are characteristic of the O-H bending vibration.  There are a number of 

overlapping peaks in the region of 1200 – 1400 cm-1.  These can be attributed to CH2 bending and 

twisting, C-C stretching, CH3 bending C-O stretching.  The strong peak at 1030 cm-1 is due to C-C 

stretching, and the shoulder at 1075 cm-1 can be attributed to asymmetric stretching of COC in an 

ether ring.  The defined shoulder at 975 cm-1 is characteristic of the rocking vibration in CH3 as a 

methyl substitution of a carboxylate group.  Each of the peaks observed is characteristic of the 

structure of Gum Arabic, and highlights that the majority of the Gum is polysaccharide based, as 

reported in previous literature.   
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Figure 5.16: FTIR trace of 0.8 µm flat sheet alumina membrane fouled with Gum Arabic. 

The fouled membrane shows a large number of peaks characteristic of Gum Arabic.  This highlights 

that adhesion to the membrane surface has occurred.  Most of the peaks found in the Gum spectra 

are also observed in the fouled membrane sample, with the peak at 1412 cm-1 showing a shift to 
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1650 cm-1.  This shift suggests that the carboxylate anion has become coordinated with the 

alumina, due to hydrogen bonding between the alumina and Gum.229  

 

5.5.2.3 SEM 

SEM was conducted as described in Section 3.6.3.  Imaging was carried out on virgin and fouled 

surfaces to allow a comparison and to determine fouling.  Figure 5.17 shows that there is a clear 

cake layer on the surface of a 0.8 µm flat sheet membrane.  The cross sectional image shows that 

there is a small amount of fouling at the entrances to the pores with no fouling observed in the 

middle of the cross section.  These results are consistent with those detailed in Section 5.5.1. 

 

Figure 5.17: Cross-sectional SEM images of virgin and fouled flat sheet 0.8 µm membrane.  The cross 

section has been separated to show the different sections and impact of fouling. 

The use of SEM-EDX allowed elemental analysis of the membrane surface.  Following fouling, the 

composition of foulants is shown in Table 5.8.  The presence of carbon and elevated levels of 

oxygen are expected due to the presence of organic foulants.  The SEM-EDX results show the 

presence of calcium following fouling.  This suggests that the calcium ions present in the Gum may 

be playing a role in the adhesion of Gum to the membrane surface due to their positive charge, as 

alluded to in Section 5.3.3.2.  Previous work carried out by Liang et al. reported that divalent 

cations can aggravate fouling through an ion bridging interaction.  This may have an impact on the 
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severity of fouling.199  The presence of silicon was not expected, and may be a contaminant from 

the O rings used to seal the membranes in the rig.   

Table 5.8: Elemental composition (wt. %) of membrane before and after fouling obtained using SEM EDX.  
Elements showing ‘-‘ were not detected in the sample. 

Sample Al O C Ca Si 

Virgin membrane 50.6 ± 2.2 49.4 ± 4.3 - - - 

Fouled  42.0 ± 3.8 46.8 ± 7.9 9.6 ± 6.5 0.8 ± 0.4 0.8 ± 0.4 

 

SEM was also carried out on tubular ceramic membranes in order to see if a layer of Gum was also 

formed on the membrane surface.  SEM images for a virgin membrane, and one which had been 

fouled and cleaned for 10 cycles are shown in Figure 5.18.  It can be seen there is the clear 

formation of a fouling layer on the membrane surface, with little evidence of in-pore fouling.  The 

Gum was not removed effectively during cleaning as discussed further in Chapter 7.  

 

Figure 5.18: SEM images of a 0.8 µm tubular ceramic membrane.  F10C10 membrane was fouled and 

cleaned using sodium hydroxide and citric acid for 10 cycles.  Following fouling and cleaning a layer of 

Gum Arabic is clearly evident on the membrane surface, with little evidence of in-pore fouling.   The cross 

section of F10C10 has been separated to show the different sections and impact of fouling/cleaning. 

 

F10C10 

Virgin membrane 
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5.5.2.4 Raman 

Raman was investigated to identify any structural changes to the Gum or alumina membrane 

following fouling.  Unfortunately the spectra were found to overlap as shown in Figure 5.19.  This 

prevents the use of Raman spectra for other studies, such as cleaning in Chapter 6.  
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Figure 5.19: Raman spectra of alumina membrane and Gum Arabic.  The Gum and alumina peaks overlap 

preventing full identification. 

 

5.5.2.5 Fouling adhesion 

Understanding the electrostatic forces between the Gum and the membrane allows a better 

insight into the cause of fouling, and potential methods to reduce this.  As discussed in Section 

5.3.3.2, at ca. pH 5.5 both the membrane and the Gum exhibit negative charges.  This means that 

as the Gum molecules approach the membrane, they experience an opposing electrostatic double 

layer repulsive force.  This opposes the convective motion which is drawing the particles towards 

the membrane.  The use of crossflow velocity and turbulent flow further complicates all of the 

forces competing on the Gum molecules as they approach the membrane surface.  Electrostatic 

forces between the Gum and membrane are of great importance, as if these are large enough they 

can lead to reduced fouling.  The electrostatic forces between the membrane and Gum have been 

simulated through the use of a colloidal probe, allowing quantification of the electrostatic 

interactions as a function of separation distance.  Figure 5.20 shows a typical force curve of the 
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attraction and retraction of the colloid probe to the membrane surface.  Adhesion can be 

influenced by the electrostatic double layer repulsion between negatively charged membrane and 

silica tip, and also short range repulsive interactions associated with silica.  
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Figure 5.20: Typical force curve obtained for adhesion giving the adhesion strength and distance.  At point 

A the membrane and probe were in contact, and at point C the membrane and probe were separated.  

Point B allows quantification of the adhesion forces by the difference between B and C, and the distance 

at point C shows the distance over which the adhesion forces are active.   

The average adhesion distance and strength for a virgin membrane and a membrane fouled with 

Gum Arabic were investigated.  The adhesion was measured for 10 different points on the 

membrane and the average values are reported in Table 5.9.  It can be seen that following fouling 

the adhesion distance remains similar, however the adhesion strength is almost doubled.  This 

suggests that the foulants interact differently with the colloid probe than the membrane surface 

does.   

Table 5.9: Adhesion distance and strength between virgin/fouled membranes and colloidal probe. 

Membrane Adhesion distance (nm) Adhesion strength (pN) 

Virgin 31.8 ± 7.6 690 ± 240 

Fouled 36.8 ± 10 1130 ± 330 

 

A 

B 

C 
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While the adhesion strength shows that the interactions between the virgin membrane and probe 

are weaker than the interactions between the probe and the foulant, it does not give much detail 

about these interactions.  Figure 5.21 shows the retraction force curve for both the virgin 

membrane and fouled membrane.  As discussed in Section 4.2.2.6 the virgin membrane shows 

two distinct types of interaction, whereas the fouled membrane only shows one type of 

interaction.  Based on the results obtained previously in this chapter, such as the zeta potential 

results in Section 5.3.3.2, it is expected that hydrogen bonding is occurring between the 

carboxylate groups in the Gum and the silica probe.  The reduced adhesion observed for the virgin 

membrane could be as a result of the larger zeta potential.  A more negative zeta potential would 

be expected to result in a greater repulsive force leading to a reduction in the adhesion through 

electrostatic double later interactions.  Alternatively adhesion may occur between calcium cations 

present in the foulant layer and the colloid probe.   

Interestingly the adhesion distance between the surface and the probe is ca. 37 nm.  Mahendran 

reported that the AGP in Gum forms a compact conformation ca. 36 nm in diameter,23 and Sanchez 

reported that Gum Arabic particles have a width of 20 – 30 nm.40 
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Figure 5.21: Adhesion curve for the retraction of silica probe from membrane before and after fouling with 

Gum Arabic. 
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As the probe approaches the surface, an insight into attractive forces can be gained.  If attractive 

forces are present which are stronger than the rate of approach the probe may ‘snap in’ to contact 

with the surface.  This is represented by a change in the adhesion strength for the approach.  As 

shown in Figure 5.22 this did not occur during the approach of the tip to the virgin membrane, but 

it was observed with the fouled sample.  For the virgin membrane, repulsive forces are seen to 

occur when the probe is ca. 20 nm from the membrane surface.  These repulsive forces are due 

to the electrostatic double layer of the membrane with slight repulsion at ca. 20 nm and increased 

repulsion as the tip approaches the surface.  For the fouled sample there is an initial slight 

repulsion at ca. 20 nm from the membrane surface followed by an attractive force of ca. 320 pN 

ca. 11 nm from the surface, and ca. 260 pN ca. 5 nm from the surface.  Repulsive forces then 

dominate as the probe reaches the surface.  The attraction is expected to be caused by calcium 

cations present in the foulant interacting with the OH groups on the surface of the probe.  These 

results agree with the observed zeta potential results in Section 5.3.3.2 where the ZP showed a 

large reduction following fouling. 
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Figure 5.22: Adhesion curve for the approach of silica probe to the membrane before and after fouling. 
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5.6 Discussion 

This section has examined the influence of operating conditions on the permeate flux and 

separation of Gum Arabic from model waste streams. Gum has been shown to adsorb rapidly onto 

alumina membranes.  In terms of the optimum processing parameters, operating at a high cross-

flow velocity and low transmembrane pressure shows advantages in terms of the permeate flux, 

with a larger throughput being obtained.  In addition, operating at a reduced TMP allows greater 

rejection of Gum as well as a lower energy requirement.  Above 3.0 bar the system is no longer 

pressure controlled, but becomes mass transfer controlled with a limiting flux ca. 142 L m-2 h-1 for 

a 0.8 µm tubular ceramic membrane.  For this reason studies have been carried out using a CFV of 

2.3 m s-1 and a TMP of 1.5 bar.  This is the greatest crossflow velocity and lowest TMP which can 

be sustained using the rig set up available.   

Investigating the membrane material properties allows an insight into the fouling process with a 

steady state flux of 2150 ± 150 L m-2 h-1 for flat sheet ceramic membranes independent of pore 

size between 0.2 and 2.0 µm.  The tubular ceramic membranes showed a steady state flux of 115 

± 1 L m-2 h-1 for 0.5 and 0.8 µm membranes, whereas a flux ca. 71 L m-2 h-1 was obtained following 

filtration through a 0.2 µm membrane.  While the flux was higher for flat sheet membranes, the 

rejection was consistent with pore size for both systems.  This suggests that the pore size is not 

the limiting factor for the flux, but it does affect the rejection coefficient.  Using a 0.2 µm 

membrane resulted in 90 % rejection after 1 cycle (Ra = 0.9), whereas a 2.0 µm membrane only 

resulted in 30 % rejection (Ra = 0.3). 

AFM was used to characterise the flat sheet ceramic membranes and it was shown that the flat 

sheet membranes have a large roughness, it is expected this is due to the sintering process used 

to make them.  Following fouling there was no significant change to the roughness suggesting that 

adhesion occurs to form a layer on the surface rather than aggregates being caught in the valleys 

and resulting in the growth of a foulant layer. 

Pre-filtration had a small effect on the initial flux leading to greater pore constriction over the first 

five minutes.  However, after ca. twelve minutes the same steady state flux was obtained 

regardless of pre-filtration.  This suggests there are no advantages of pre-filtering the Gum with 

fouling being inevitable.  

It has been hypothesised that the foulant is present as a cake or gel layer on the membrane 

surface.  This hypothesis was shown to hold true with: 
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i) Modelling using Hermia and Field laws showing that over the first 5 minutes either 

pore constriction, cake filtration or a combination of both would occur.  Following this 

cake filtration dominated from 5 – 60 minutes.  This trend was shown for each of the 

processing conditions investigated. 

ii) The use of SEM analysis showed the clear formation of a cake layer on the membrane 

surface, whereas the cross section showed little in pore fouling. 

iii) Porisometry data showed no significant change in the porosity of the membranes 

following fouling.  This suggests that there was no significant in-pore fouling. 

Based on the characteristics of Gum it is expected that the foulant layer has gel-like properties.  

The gelling properties of Gum allow it to have a range of uses industrially.  Gum has been shown 

to form a hydro-gel through weak physical interactions such as hydrogen bonds and hydrophobic 

associations.230   In addition, the complexation between Ca2+ and Gum can lead to a highly cross 

linked structure resulting in gel-like properties.  The layer of foulant on the membrane is too thin 

to confirm that it is a gel layer rather than cake layer.  However, based on the properties of Gum, 

it is expected that the foulant is a gel or viscous liquid of highly concentrated Gum. 

The surface layer was characterised to identify the main foulants and determine a mechanism of 

attachment of the foulant to the surface.  The use of FTIR and SEM-EDX showed that the foulant 

was mainly organic based, however calcium was also present in the foulant layer.  These foulants 

are expected as Gum is 90 % polysaccharide based (arabinogalactan), with small amounts of 

glycoprotein and metal salts such as calcium present.  The presence of calcium can result in the 

formation of intermolecular bridging between the calcium and carboxylic groups, leading to a 

highly compact cross-linked structure. 

The use of zeta potential analysis showed that the membrane had a strong negative charge, this 

is also reported for Gum therefore charge repulsion would be expected.  Following fouling the 

membrane showed very little charge, suggesting the adhesion of positively charged foulants to 

the membrane surface.  Calcium ions are likely to be responsible for some of this reduction in 

charge as they can reduce the negative charge.  The fouled membrane trace is typical of organic 

foulants so the organic components of the Gum are expected to be playing a role too.  The large 

change in zeta potential following fouling suggests that charge repulsion is not the dominant force 

at the surface and bonding such as hydrogen bonding may play a strong role.   

After formation of a fouling layer, charge repulsions between the adsorbed Gum and the Gum in 

suspension play a key role in separation properties.  The retention is shown to increase following 
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the formation of a stable layer of Gum adsorbed to the surface this is discussed further in Chapter 

7. 

Both membrane-foulant and foulant-foulant interactions play a significant role in membrane 

fouling.  In the initial stages of fouling the membrane-foulant interactions are dominant, and result 

in a rapid flux decline.  Following the initial deposition of a foulant layer onto the membrane 

surface, the foulant-foulant interactions become dominant. This phenomena was also observed 

by a number of other authors when investigating membrane fouling on ceramic membranes.203 

Following fouling the membranes become more hydrophobic, suggesting the adhesion of 

hydrophobic foulants.  The protein backbone of Gum and the terminal rhamnose groups have 

been reported previously to have hydrophobic characteristics.  The increase in contact angle 

suggests these have a role to play in the foulant layer.  This fits with the proposal made by Zhang 

et al. who suggested that Gum adsorbs onto alumina through the AGP fraction.223 

The adhesion is altered following fouling, with a greater adhesion strength between the fouled 

membrane and colloidal probe than that of the virgin membrane.  The colloidal probe has similar 

OH surface groups to the alumina membrane and this increased adhesion is likely to be 

representative of the adhesion between the Gum and the membrane.  This is suggested by strong 

interactions between the Gum and membrane over ca. 37 nm. 

During the approach of the colloidal probe to the foulant layer attraction was observed at ca. 11 

nm and ca. 5 nm from the membrane surface.  This suggests that the presence of calcium 

influences the attraction between Gum and the membrane surface leading to interactions 

between calcium and the OH groups on the membrane surface.   

 

5.7 Summary 

While removal of Gum can be achieved, fouling is a major limitation with deposition of Gum on 

the membrane surface limiting mass transfer.  The membrane pore size can influence the rejection 

with tighter pore sizes leading to increased separation without compromising the throughput 

when flat sheet alumina membranes are used.   

Significant work was carried out into the fouling to understand the processes which can minimise 

fouling.  Strong chemical interactions are occurring between the hydroxyl groups on the alumina 

surface and carboxyl and hydroxyl groups on the Gum.  Additionally the presence of calcium in the 
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Gum results in the formation of ion bridges between the Gum and membrane increasing the 

strength of the deposit.   Operation at low TMP and high CFV helps to minimise foulant growth on 

the membrane surface. 
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6. Cleaning of membranes fouled with Gum Arabic 

In Chapter 5 the influence of a wide range of conditions and their impact on the fouling of Gum 

Arabic on alumina ceramic membranes was investigated.  The level of fouling can be reduced by 

operating under optimum conditions, however as fouling cannot be mitigated there is therefore 

the requirement to clean membranes. This chapter investigates a range of cleaning agents and 

cleaning conditions in order to maximise the foulant removal.  One method to remove foulants is 

through trial and error of different cleaning agents, while this can be successful a more scientific 

approach is to try to understand how and why different cleaning agents work.  A number of 

cleaning agents were investigated.  Detailed studies were carried out with a small number of 

cleaning agents to identify the interactions and surface chemistry occurring in order to maximise 

removal of the Gum and understand the surface interactions.   

There are a number of different methods available for cleaning, mainly either hydraulic (e.g. 

scraping the surface) or chemical.  The choice of cleaning method used depends on: 

1) Module configuration e.g. can the membranes be accessed to undergo mechanical 

cleaning 

2) Chemical and physical resistance of the membrane 

3) Nature and degree of fouling 

Industrially chemical cleaning is most commonly used.  While cleaning in place (CIP) is common, it 

is not generally selected based on knowledge of the cleaning mechanism and kinetics, but rather 

involves wastefully excessive procedures which are known to work from previous experience.125  

There has been little published about chemical cleaning due to the lack in fundamental knowledge 

of the cleaning phenomena (such as mass transfer and reactions).134  

There are three main ways in which cleaning agents can affect the foulant material:185 

1) Foulants are removed 

2) Morphology of the foulants is changed (through swelling or compaction) 

3) Surface chemistry of the deposit is altered (e.g. hydrophobicity or charge modified) 

The cleaning of membranes is just as important as the fouling behaviour.  The ability to restore 

the membrane to a consistent condition after filtration means it performs in a predictable manner.  

It is not always necessary to return the membrane to its virgin condition as the surface is usually 
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irreversibly modified when using real feeds.  The resistance in series approach is often used when 

looking at fouling and cleaning. 

The cleaning efficiency has been calculated using the flux recovery (FR) which is often used as a 

benchmark in determining the cleaning efficiency.  The flux recovery is a ratio of the flux following 

cleaning (JC) to the pure water flux measured under the same conditions (JW).  The percentage flux 

recovery (% Jr) has been defined as:175 

% 𝐽𝑟 =  (
𝐽𝐶

𝐽𝑊
)  𝑥 100    Equation 6.1 

Where the flux was measured using water at 40 ⁰C with a TMP of 1.5 bar and CFV 2.3 m s-1. 

This chapter aims to show that: 

- The choice of cleaning agent can have a significant impact on the flux recovery. 

- The mechanism of cleaning, and the foulants removed depends on the cleaning agent 

used. 

- Cleaning agents can affect the properties of foulants which remain on the surface 

following cleaning. 

 

6.1 Cleaning conditions 

While it has been reported that cleaning with a zero TMP is more efficient that cleaning with a 

positive TMP,231 no cleaning data throughout the cleaning cycle can be measured.  More 

information can be gained about the cleaning mechanisms by using a positive TMP.  In addition, 

in many applications the whole system is required to be sanitised and cleaned in one stage, 

meaning that running with a positive TMP allows through membrane and permeate line cleaning 

to occur in-situ.  

 

6.2 Rinsing with water 

Initial studies were carried out by rinsing the membrane with water to investigate the removal of 

foulant from the membrane surface.   Cleaning was carried out at high CFV to maximise shear 

forces on the membrane surface.  Bird and Bartlett showed during the filtration of milk protein 

isolate that the highest flux recovery was observed at high crossflow velocities and low TMP.175  
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Rinsing is used to remove as much foulant as possible before the inclusion of chemical cleaning 

agents into the system as it reduces the requirement for chemicals.  If there is still a high degree 

of foulants in the system when the cleaning agent is added, it may be consumed in the bulk and 

will not be available for cleaning.232  Rinsing was carried out for 15 minutes, this was sufficient for 

the complete replacement of Gum (or cleaning agents) from the system as the dead volume was 

filled with water in 20 seconds.  The additional time was selected to allow the removal of loosely 

bound deposits on the membrane surface and subsequent removal from the system, and to 

comply with industrial standards.149 

Figure 4.19 showed that following rinsing with water there was ca. 33 % reduction in the resistance 

due to fouling.  This suggests that while some foulant is removed from the membrane leading to 

a reduction in the total resistance, a considerable amount of fouling remained which could not be 

removed by rinsing with water alone.  This indicates the deposits had a low solubility and could 

not be removed by shear stress alone.  FTIR analysis was carried out to identify if there were 

particular foulants removed and the spectra can be seen in Figure 6.1.  While rinsing allowed a 

reduction in the total resistance, the FTIR spectra shows the presence of each of the peaks present 

in Gum on both the fouled and rinsed membranes.  There is an increase in the relative intensity of 

the peak at 975 cm-1 attributed to the rocking vibration of CH3 as a methyl substitution on a 

carboxylate group.  This suggests that some components may be removed more easily than others, 

however there is not any conclusive evidence of a particular chemical group being completely 

removed, or removed more easily than other groups.  This suggests that there is not one particular 

component of the Gum removed through rinsing with water, but rather the composition shows 

little change.  
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Figure 6.1: FTIR trace of Gum Arabic (bottom), membrane fouled with Gum Arabic (middle) and 

membrane which had been fouled with Gum Arabic followed by rinsing with water.  The virgin membrane 

has been subtracted from each trace to allow a clear comparison of the foulants.  

Foulants which were removed during rinsing were most likely due to reversibly adsorbed foulants, 

which are released during rinsing or diffusion from the gel/cake fouling layer.  Rinsing with water 

was also shown to be ineffective at restoring the membrane to pristine condition by Blainpain-

Avet et al. who reported a 48 ± 11 % reduction in the hydraulic resistance following rinsing of a 

ceramic microfiltration membrane fouled with whey protein.134   

 

6.3 Chemical cleaning 

Most of the fouling of the membrane was found to be irreversible, meaning it cannot be removed 

by rinsing with water alone.  There are however a number of chemical and hydraulic methods 

available to remove the irreversible fouling from the membrane.  Chemical cleaning was 

investigated using sodium hydroxide (NaOH), sodium hypochlorite (NaOCl) and citric acid (C6H8O7).  

These chemicals were chosen as they are compatible with the food industry standards and 

regulations, where Gum is mainly used.  In addition Ultrasil 11 was investigated.  This is a 

commercial cleaning agent composed mainly of sodium hydroxide, but with the addition of 

surfactants and EDTA which acts as a complexing agent. 

Membrane fouled then rinsed with water 

Membrane fouled with Gum Arabic 

Gum Arabic 
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Generally in chemical cleaning the adhesive bonds between the foulant and membrane are 

weakened or broken.  The scouring action of crossflow can be used to complete the removal. 

 

6.3.1 Sodium hydroxide 

Sodium hydroxide (NaOH) is not a surface active cleaning agent, however it has high levels of 

detergency.  Gum Arabic is soluble in low concentrations of sodium hydroxide, however it is 

insoluble in concentrated solutions.5  Sodium hydroxide was selected as a cleaning agent due to 

its ability to hydrolyse proteins and protein complexes (peptidization).23, 134  While it has been 

shown that sodium hydroxide leads to hydrolysis of peptides, Mahendran et al. showed that the 

carbohydrate fraction of Gum Arabic is not broken down by sodium hydroxide.23   

It was hypothesised that using low concentrations of sodium hydroxide may lead to peptide bond 

hydrolysis, swelling and dissolution leading to increased removal of deposits from the membrane 

surface and pores.125, 174  Initial studies showed that sodium hydroxide lead to the removal of some 

of the Gum with a 0.5 wt. % suspension, leading to a flux recovery of ca. 30 ± 7 % (Figure 6.2).  The 

concentration of 0.5 wt. % was selected to be the same as that defined by Bird and Bartlett.116  An 

initial rapid increase in flux (thus reduction in membrane resistance) was observed when sodium 

hydroxide was added as a cleaning agent (Figure 6.4).  Following the initial rapid increase, the flux 

increase slowed down.  This suggests that initial removal or changes in the foulant morphology 

occur quickly, this has also been observed by a number of authors investigating cleaning in a 

variety of systems.125, 134, 174  Repeated cycles were carried out to observe any long term flux 

decline; this is discussed further in Chapter 7.  Further studies were carried out to understand the 

interactions between the foulant and sodium hydroxide, and are detailed later in this chapter.   

Gum Arabic, and in particular the AG fraction, has previously been shown to be very stable across 

a wide pH range, with enzyme hydrolysis being unable to break it down.22  This may be why the 

FR was only 30 ± 7 %, as the Gum is resistant to hydrolysis. 
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Figure 6.2: Hydraulic resistance of 0.8 µm tubular ceramic membrane cleaned with 0.5 wt. % NaOH only 

(C1), 0.5 wt. % NaOH + 200 ppm NaOCl (C2) and C2 followed by cleaning with 0.1 wt. % C6H8O7 (C3). 

Resistances are for cleaning of the first cycle for a virgin membrane. 
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Figure 6.3: Flux recovery of 0.8 µm tubular ceramic membrane fouled with 2.0 wt. % Gum Arabic and 

cleaned using water,  0.5 wt. % sodium hydroxide, 0.5 wt. % sodium hydroxide + 200 ppm sodium 

hypochlorite, 0.1 wt. % citric acid, and 0.5 wt. % sodium hydroxide + 200 ppm sodium hypochlorite 

followed by 0.1 wt. % citric acid.  Cleaning was carried out at 60 ⁰C. 
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6.3.2 Sodium hypochlorite 

Sodium hypochlorite (NaOCl) is an oxidising agent and has previously been shown to be effective 

for membrane cleaning.131  The addition of NaOCl to cleaning solutions acts as a sanitizer even at 

low concentrations.233  The addition of NaOCl is useful in maintaining good hygiene standards 

industrially.  200 ppm NaOCl was added to a 0.5 wt. % NaOH cleaning solution following the 

observations of Gan et al.  who observed during cleaning following filtration of rough beer, that 

combining NaOH and NaOCl as cleaning agents was more effective than running in two stages.234  

The use of combined cleaning has the additional benefit of a reduction in the water requirement 

for dissolution and rinsing the system following cleaning. 

Figure 6.2 shows that the membrane resistance is reduced, producing a FR of 35 ± 6 % compared 

to 30 ± 7 % for cleaning with sodium hydroxide alone.  While this increase is small, it was observed 

consistently and is statistically significant (P < 0.05).  The oxidising characteristics of NaOCl allow 

species to be oxidised and removed from the membrane surface.   

In addition to the increased FR, observing the resistance during cleaning led to a marked increase 

in initial cleaning rate for an aged membrane.  The flux increased more rapidly with the addition 

of NaOCl as shown in Figure 6.4.  The rapid increase in flux recovery could mean there is the 

potential for shorter cleaning cycles, which would reduce costs and increase the efficiency 

industrially.   
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Figure 6.4: Influence of the addition of NaOCl to NaOH on the cleaning of an aged membrane fouled with 

Gum Arabic.  PWF was measured and 2.0 wt. % Gum Arabic used to foul the membrane for 90 minutes 

prior to cleaning.  The 2 cleaning regimes; 0.5 wt. % NaOH only and 0.5 wt. % NaOH + 200 ppm NaOCl, 

were conducted under standard conditions (60 ⁰C, TMP 1.5 bar and CFV 2.3 m s-1) and the final PWF 

measured.  

 

6.3.2.1 Concentration of NaOCl 

As NaOCl is an oxidising agent it is used up as it oxidises the foulant.  For this reason a study was 

carried out to determine the concentration of sodium hypochlorite required for the removal of 

Gum.  Four different concentrations were added to 0.5 wt. % NaOH and their cleaning 

performance investigated.  Figure 6.5 shows the optimum concentration was 200 ppm with an 

increase to 300 ppm showing no further improvement in the membrane performance. 

Cheryan suggests 1000 – 2000 ppm NaOCl is effective for cleaning,60 however these results suggest 

that for fouling with a low concentration of Gum Arabic, lower concentrations can provide 

effective results.  This has economic benefits and also reduces the risk of corrosion.  NaOCl is used 

up as it is oxidised therefore if fouling is severe it may be used up during the process and a higher 

concentration will be required.  

 

PWF PWF 

Foul Clean 
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Figure 6.5: Influence of the addition of NaOCl to 0.5 wt. % NaOH on the flux recovery of a 0.8 µm tubular 

ceramic membrane. 

 

6.3.3 Citric acid 

Citric acid (C6H8O7) was also investigated as a cleaning agent.  Acids are known to dissolve minerals 

precipitated on the membrane surface.  Gum Arabic is known to be a hydrocolloid containing 

arabinoglactan, protein and minerals.  Minerals are adsorbed faster onto the membrane surface 

than proteins,131 and the presence of calcium on the membrane surface was shown in Section 

5.5.2.3.  In other hydrocolloidal systems such as milk, an alkali wash to remove proteins followed 

by an acid wash to remove any minerals has been shown to be an effective cleaning method.131, 

234  This two stage cleaning method was studied for a membrane fouled with Gum Arabic.  

Following cleaning with NaOH + NaOCl the membrane was rinsed, and 0.1 wt. % citric acid used 

for the second stage of cleaning.  During the two stage clean the membrane resistance was shown 

to decrease, leading to a FR of 86 ± 5 %.  This can be compared to a 20 ± 6 % FR observed when 

citric acid was used as a cleaning agent alone.   

While a good FR was observed for the two stage cleaning cycle, there remains some irreversible 

fouling on the membrane surface.  It is important to establish what is happening during the 

cleaning.  Cheryan reported that inorganic membranes show a higher water flux when an acid 

rinse is used after cleaning.60  This may have a role to play in the increased flux recovery. 
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Due to the low mineral content of Gum Arabic, it is expected that removal of minerals alone is not 

fully responsible for the decrease in the membrane resistance following an acid clean.  There are 

a number of other factors which also need to be considered: 

i) During the alkali clean, sodium ions may be exchanged from the sodium hydroxide onto 

the membrane surface, or within the Gum.  The ion exchange between hydrogen and 

sodium would result in the formation of water in solution and sodium enriched Gum.  

Citric acid is a complexing agent and therefore removes the sodium ions from the Gum 

leading to the formation of sodium citrate and changes in the chemistry and possibly the 

conformation of the Gum.  This is discussed further in Section 6.6.4. 

ii) Panda reported that Gum Arabic is hydrolysed in weak acids.5 It is therefore possible that 

the acid may be hydrolysing the Gum in addition to complexing any minerals present.  

iii) Acids e.g. citric acid can lead to an increase in the hydrophilicity of the membrane surface 

causing an increase in the membrane flux.  This is investigated further in Chapter 8. 

iv) Partially hydrolysed proteinacious deposits produced during the alkali clean may form a 

shrunken morphology with a smaller voidage. 

It is most likely that the increase in flux is caused by a combination of factors i and ii.  The rest of 

this chapter explores these and gives reasoning for this proposition.  While the hydrophilicity of 

the membrane may be increased by the presence of acids, a flux recovery ca. 86 % suggests there 

is still significant fouling on the membrane surface, or in pores.  It is therefore unlikely that a large 

enough proportion of the membrane surface is available for noticeable changes in the 

hydrophobicity of the membrane to result in an increased flux.  While iv cannot be discounted as 

it was shown to be important by Blainpain-avet et al. for whey proteins,134 no studies have yet 

been carried out which show changes to the morphology of Gum at low pHs.   

 

6.3.4 Ultrasil 

Ultrasil 11 is a commercial cleaning agent containing sodium hydroxide, surfactants and EDTA.  

Based on the foulant material containing organic foulants and calcium shown in Chapter 5, the 

use of Ultrasil 11 was investigated as a one stage cleaner.  It was hypothesised that sodium 

hydroxide may hydrolyse the organic foulant while EDTA leads to the removal of calcium through 

complexation.   



Chapter 6: Cleaning of membranes fouled with Gum Arabic 

153 

 

Following cleaning with Ultrasil 11 a flux recovery of 50 ± 6 % was achieved.  This recovery is 

superior to that of cleaning with NaOH/NaOCl alone, however is not as great as that of a 

membrane cleaned with citric acid following an alkali clean.  This suggests factors such as the pH 

of citric acid are playing a role in the removal of foulants as well as the chelating action.  

 

6.4 Mechanical cleaning 

Mechanical cleaning offers an alternative method to chemical cleaning.  It can be used in addition 

to or instead of chemical cleaning.  In this study mechanical cleaning was carried out both in water, 

and in alkaline cleaning solutions to show the effect both of the mechanical clean and a combined 

clean.  For mechanical cleaning the set up and geometry of the membrane and module are 

important considerations as these determine whether mechanical cleaning is possible.  For these 

reasons flat sheet membranes were used to study the mechanical cleaning as this is much simpler 

to implement and study than the mechanical cleaning of tubular ceramics.   

 

6.4.1 Backwashing 

Backwashing has been shown by a number of authors to increase the cleaning efficiency for 

membranes fouled by cake filtration.  Reversing the flow allows the largest pressure and 

concentration of cleaning agents to contact the surface between the membrane and foulants.  In 

order to simulate backwashing, a flat sheet membrane was fouled, and then placed upside down 

in the rig to allow the flow of cleaning agents in the reverse direction.   

Figure 6.6 shows that backflushing with water lead to a flux recovery of 6 ± 6 % compared to 5 ± 

6 % when rinsed in the forward direction.  While a slight increase is seen in the FR for backwashing 

it is not statistically significant (P > 0.05) and lies within the experimental error of the experiment.  

Comparing backflushing with alkali results in a FR of 12.5 ± 7 % compared with 26 ± 8 % for cleaning 

in the forward direction.  This result is statistically significant (P < 0.05) showing that backflushing 

is less effective than cleaning in the forward direction when combined with chemical cleaning. 
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Figure 6.6: Permeate flux for 0.8 µm flat sheet ceramic virgin membrane, fouled membrane, rinsed 

membrane and alkali cleaned membrane following cleaning in the forward and reverse directions.  This 

highlights that backwashing with alkali leads to a smaller recovery in the flux than cleaning in the forward 

direction. 
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Figure 6.7: Flux recovery following fouling of a 0.8 µm flat sheet membrane with 0.2 wt. % Gum Arabic 

under standard conditions, followed by cleaning with water, and alkali (0.5 wt. % sodium hydroxide + 200 

ppm sodium hypochlorite) at 40 ⁰C in the forward and reverse directions. 
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While backwashing would be expected to increase the cleaning efficiency, there are a number of 

factors which may have resulted in the observed results.  Backwashing has previously been shown 

to be effective in the removal of cake foulants.  Its ineffectiveness suggests that as proposed in 

Chapter 5, the foulant layer may exist as a gel layer.  The gel may be deformed rather than 

removed.  Further evidence for the deformability of the layer is shown in Section 8.1.7.  Strong 

hydrogen bonding could be responsible for holding the Gum molecules tightly together in a gel, 

or to the membrane surface therefore it is possible that these are not weakened during 

backwashing.  Another possibility is that any foulants which are dissolved in the cleaning solution 

have to pass through this foulant layer making their removal more difficult than just simply 

dissolving or hydrolysing the foulants which are further from the membrane surface.  If the 

foulants are strongly bound to the membrane surface, the chemical bonds between the surface 

of the membrane may not be affected by backflushing or the alkaline cleaning agents.  Finally if 

the fouling layer is more compact at the membrane surface than layers above this, the cleaning 

agent may not be able to pass through as easily.  This would result in the layer further from the 

surface being less accessible to the cleaning agents during backwashing.  These foulants are more 

accessible to the cleaning agents during cleaning in the forward direction.  

The reduced effect of backwashing compared with cleaning in the forward direction suggests 

foulants are strongly bound to the membrane.  Foulant-foulant removal may be easier than 

membrane-foulant removal. 

 

6.4.2 Sonication 

Ultrasonic waves lead to the generation of acoustic streaming and cavitation bubbles in a liquid 

medium.  It can lead to microstreaming, microjets and shockwaves leading to the sudden 

formation, growth and collapse of bubbles.235  The sudden changes in bubbles can aid cleaning 

with higher frequencies of ultrasound having increased energy adsorption and leading to 

improved cleaning.  Due to the tenacious deposits left following chemical cleaning or backflushing 

the use of sonication was investigated as a method achieve an increased flux recovery.   

A 0.8 µm flat sheet ceramic membrane was fouled following the standard protocol, and the 

membrane rinsed before being removed from the filtration rig and placed in an ultrasonic bath 

containing 0.5 wt. % sodium hydroxide, and 200 ppm sodium hypochlorite at 60 ⁰C.  The 

ultrasound was switched on and the membrane left soaking in the cleaning solution for 20 

minutes.  Following cleaning, the membrane was rinsed and the PWF measured.  A flux recovery 
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of 91 ± 5 % was achieved following ultrasonic cleaning.  This is a significant improvement 

compared to the standard cleaning procedure (FR 35 ± 6 %).  This is likely to be due to the 

increased energy input and the formation and collapse of bubbles.  Sonication may also have 

resulted in depolymerisation due to glycosidic fission or disruption of physical aggregates.236  This 

result suggests that the use of sonication is effective at removing most of the foulants from the 

membrane with a slight increase in membrane resistance compared to that of the virgin 

membrane.  It has been reported previously by Lim and Bai that sonication is much more effective 

at removing cake deposition than pore blocking,89 this supports this hypothesis that any foulants 

remaining are in pore. 

 

6.4.3 Shear stress (FDG) 

One important factor in the investigation of cleaning methods is determination of the shear stress 

required to remove the deposit from the surface.  Fluid dynamic gauging (FDG) has traditionally 

been used for measuring the thickness of deposits, however with the foulant layer being measured 

as ca. 5 µm thick using SEM, this is below the measurable range of the FDG making it unsuitable 

for this application.  Studies were carried out to investigate if significant swelling of the foulant 

occurred in the presence of sodium hydroxide however no results were obtained for this due to 

the thickness being below the detection limits of the instrument.  

FDG can also be used to apply a known shear stress to a material thus allowing quantification of 

foulant removal through the application of different stresses followed by imaging the material.  

Due to the Gum being virtually colourless on the membrane the membrane was stained and 

imaged following the method described in Section 3.6.7.  The colour was measured at 10 different 

points where stress was applied, and converted into CIE Lab colour space for analysis of lightness, 

redness and yellowness.237  Lightness/colour has been plotted against shear stress and compared 

with that for no stress to show any variability.   

Figure 6.8 shows the lightness for a membrane cleaned with water, and a membrane cleaned with 

alkali both at 60 ⁰C.  It can be observed that there is an increase in the lightness for each of the 

samples.  For the membrane cleaned in water, an initial increase in the lightness is observed when 

2 Pa stress is applied to the membrane, however no significant increase in the lightness is observed 

when stresses over 2 Pa are applied.  As the lightness is one measure of foulant on the membrane 

surface, an increased lightness shows removal of the foulant. This suggests there is initial foulant 

removal with stresses of 2 Pa, without further improvement when the stress is increased.  This 
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method does not allow the absolute foulant removal to be obtained, however alludes to the 

stresses required to remove the foulant.  Comparing the removal of Gum at different stresses in 

the presence of NaOH shows a greater removal with the lightness showing an incremental 

increase from 56.3 ± 0.2 with no stress up to 59.6 ± 0.7 after the application of 50 Pa.  Further 

increasing the stress from 50 to 300 Pa shows no further improvement in the lightness, suggesting 

no further removal of foulant.   
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Figure 6.8: Lightness measurements of membrane fouled with Gum Arabic and subject to stresses of          

0 – 300 Pa for 60 seconds in water and NaOH at 60 ⁰C. 

Lightness is only one parameter measured on the CIE Lab colour scale.  The other two parameters 

are redness (or red-greenness) and yellowness (or yellow-blueness).  A similar trend was observed 

for both of these parameters as shown in Figures 6.9 and 6.10.  For the membrane cleaned with 

water, a shear stress of 200 Pa was required for a statistically significant (P < 0.05) change in the 

redness or yellowness of the membrane.  This suggests that a stress of 200 Pa is required for any 

significant removal of the Gum from the membrane surface when using water as a cleaning agent.  

Increasing the stress to 300 Pa led to further reduction in the redness and yellowness suggesting 

increased Gum removal.   

Comparing this with the NaOH clean, a shear stress of 1Pa leads to significant removal.  A slight 

decrease in the redness is observed as the shear stress is increased further but little change in the 

yellowness.  The significant reduction in redness and yellowness with a stress of 1 Pa suggests that 

the sodium hydroxide may remove Gum through a swelling mechanism. 
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Figure 6.9: Redness measurements of membrane fouled with Gum Arabic and subject to stresses of 0 – 

300 Pa for 60 seconds in water and NaOH at 60 ⁰C. 
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Figure 6.10: Yellowness measurements of membrane fouled with Gum Arabic and subject to stresses of 0 

– 300 Pa for 60 seconds in water and NaOH at 60 ⁰C. 

In order to test if the Gum swells in 0.5 wt. % sodium hydroxide, a suspension containing ca. 50 

wt. % Gum Arabic was produced.  This viscous suspension was added to six test tubes, and water 

added to three of them, and 0.5 wt. % sodium hydroxide added to the other three.  The 
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suspensions were studied over time to give a picture of what occurs and identify any differences 

between the two protocols.  Figure 6.11 shows a series of photographs taken a) when the solutions 

were initially added, b) after 20 minutes and c) after 24 hours.  It can be observed that slow 

dissolution occurs when water was added to the viscous Gum suspension.  The result is somewhat 

different for the sodium hydroxide solution.  It appears that the top layer of the Gum is swelling 

in the solution.  This confirms the hypothesis above that sodium hydroxide leads to swelling of the 

Gum. 

 

Figure 6.11: Influence of water and sodium hydroxide added to ca. 50 % Gum Arabic suspension.  Times 

represent time after cleaning solutions are added to the viscous Gum suspension. 
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6.5 Cleaning temperature 

The influence of temperature was measured on a two stage cleaning process, where stage one 

involved cleaning with 0.5 wt. % NaOH with 200 ppm NaOCl and stage two was cleaning with 0.1 

wt. % citric acid.  CFV and TMP were kept constant at 2.3 m s-1 and 1.5 bar respectively.  An aged 

membrane was used to measure the influence of temperature, and to minimise any cycle 

variations as detailed in Chapter 7.  Three cleaning temperatures were chosen: 40, 50 and 60 ⁰C.  

These temperatures were chosen as many previous studies have found membrane cleaning to be 

optimised at 50 ⁰C,99, 149, 174 and many commercial cleaning agents (e.g. Ultrasil 11) recommend a 

maximum cleaning temperature of 60 ⁰C.  40 ⁰C was chosen as a lower temperature alternative 

as it requires less energy to operate at lower temperature.  Figure 6.12 shows that the cleaning 

fluxes are largely influenced by the temperature with 60 ⁰C allowing almost complete restoration 

of the membrane flux (FR 98 %), whereas cleaning at 40 and 50 ⁰C show a reduction in efficiency 

with a flux recovery of 77% and 85 % respectively.  The improvement in cleaning at increased 

temperature may be as a result of decreased viscosity or increased reaction rate of the cleaning 

solution.  This corresponds with previous literature where decreasing viscosity and increasing 

reaction rates were found to be responsible for enhanced cleaning rates.238 
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Figure 6.12: Comparison of cleaning temperature for 0.8 µm tubular ceramic membrane fouled with        

2.0 wt. % Gum Arabic and cleaned using a two-step procedure of an alkali clean followed by an acid clean.  

Cleaning was carried out at 40, 50 and 60 °C.  PWF and fouling were carried out at 40 ⁰C.  All 

measurements were carried out at TMP 1.5 bar and CFV 2.3 m s-1. 
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6.6 Chemical analysis of cleaned membranes 

In order to gain a better understanding about how each of the cleaning agents work, flat sheet 

membranes which have been subjected to fouling, followed by cleaning with the different cleaning 

agents were analysed.  The use of a wide variety of techniques was investigated in order to obtain 

a picture of how the chemistry of the deposits was influenced by the cleaning agents, and to gain 

an insight into the possible cleaning mechanisms leading to foulant removal.   

 

6.6.1 Effective contact angle 

The contact angle gives an indication about the surface energy and hydrophobicity of the 

membrane.  In Section 5.3.3.1 it was reported that the virgin membrane has an effective contact 

angle of 37 ± 6 ⁰.  Following one fouling cycle the membrane became more hydrophobic with the 

effective contact angle increasing to 104 ± 7 ⁰.  The effective contact angle was measured for 

membranes following cleaning and the average of 10 points taken.  These values are reported in 

Table 6.1. 

Table 6.1: Effective contact angle for 0.8 µm flat sheet membranes under different cleaning conditions.  
Measurements based on average of 10 points on the membrane. 

Membrane Effective contact angle (⁰) 

Virgin 37 ± 6 

Fouled 104 ± 7 

Alkali cleaned 91 ± 6 

Alkali + Acid cleaned 40 ± 9 

Ultrasil 11 cleaned 52 ± 10 

Alkali cleaned cycle 2 (F2C2) 117 ± 9 

Alkali + Acid cleaned cycle 2 (F2C2*) 65 ± 8 

 

Table 6.1 shows that the alkali cleaned membrane gives an effective contact angle between that 

of the fouled and virgin membrane suggesting that some of the foulants are removed, however a 

great deal of hydrophobic foulants remain following cleaning.  In contrast to this, following alkali 

and acid cleaning the effective contact angle is very similar to that of the virgin membrane, 

suggesting that the acid clean can be used to remove the hydrophobic foulants from the 

membrane surface.  
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Cleaning with Ultrasil 11 resulted in an effective contact angle between that of the alkali, and alkali 

+ acid cleaning methods.  This shows that the addition of surfactants and EDTA helps with the 

removal of some of the hydrophobic foulants which cannot be removed by sodium hydroxide/ 

sodium hypochlorite alone.  In addition the inclusion of EDTA can act as a complexing agent 

therefore allowing the removal of metal cations from the foulant. 

Interestingly for the second cycle, alkali cleaning has a reduced effect on the foulant with the 

fouled membrane (F2) showing an effective contact angle of 122 ± 6 ⁰ and the cleaned membrane 

(F2C2) membrane resulting in an effective contact angle of 117 ± 9 ⁰.  A reduced cleaning effect 

was also seen following cleaning with citric acid.  This suggests that after the first cycle the 

membrane is irreversibly altered and the foulants dominate the interactions rather than those of 

the virgin membrane.  This is discussed further in Chapter 7. 

 

6.6.2 FTIR 

It was shown in Figure 6.1 that rinsing with water had little effect on the chemical composition of 

the membrane surface through FTIR analysis.  Membranes were fouled, and then cleaned using 

the cleaning protocols mentioned in Sections 6.3 and 6.4.  The FTIR spectra for membranes fouled 

with Gum Arabic and cleaned by chemical cleaning are shown in Figure 6.13.  It can be seen that 

there are few noticeable differences between the spectra.  Following cleaning with alkali, the 

membrane shows little difference with each of the peaks characteristic for Gum Arabic present on 

the membrane surface.  Following cleaning with both alkali and acid it can be seen that a number 

of the peaks disappear from the spectra, suggesting that these have been removed during the acid 

clean.  The peak at 3400 cm-1 due to hydrogen bonded OH groups has disappeared along with the 

carboxylate (COO-) group at 1612 cm-1 and OH bend at 1415 cm-1.  The disappearance of these 

peaks suggests removal of the amino acids which contain carboxylate groups, however the 

presence of a strong peak at 925 cm-1 suggests there is still some OH groups present, however 

these are unlikely to be hydrogen bonded.  The CH2 stretch at 2930 cm-1 has decreased in intensity 

along with the C-C stretch at 1030 cm-1.  While the samples cannot be compared directly the 

reduction in these peaks suggests some removal of these groups from the surface.  In addition 

while there are still peaks present in the region 1200 – 1400 cm-1
 these peaks are too small to be 

correctly identified.  The disappearance of these peaks from the spectra suggests that citric acid 

plays a significant role in the removal of foulants, particularly those which are hydrogen bonded 

with carboxylate groups.  This hypothesis is also supported by the contact angle measurement 
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where cleaning with citric acid following an alkali clean leads to a contact angle close to that of 

the virgin membrane. 

Following cleaning with Ultrasil 11, the FTIR trace shows very little difference from that of the 

virgin membrane.  This suggests complete removal of the foulants, however the contact angle 

data and flux recovery data does not support this hypothesis.  It is possible that cleaning with 

Ultrasil 11 removes the surface foulants, however in-pore foulants may remain leading to the 

differences observed from the effective contact angle and flux data.  The difference in spectra 

between the alkali cleaned and Ultrasil cleaned membrane indicates that the addition of 

surfactants and EDTA plays a key role, however at present this role has not been identified. 
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Figure 6.13: FTIR spectra of Fouled membrane (top) and membrane treated with various chemical 

cleaning agents (alkali, acid and Ultrasil 11 going from top to bottom) showing the changes in 

measured chemical composition and highlighting removal of Gum Arabic during the cleaning 

process.  The virgin membrane has been subtracted from the spectra. 

FTIR analysis was carried out on samples which had been subject to alkali cleaning under different 

mechanical cleaning conditions.  These are shown in Figure 6.14.  Following backwashing, as 

expected the spectra show little difference to those from cleaning with alkali in the forward 

direction (Figure 6.13).  The largest difference between the two samples is the intensity of the 

peak at 975 cm-1 attributed to the rocking vibration of CH3 as a methyl substitution on a 

carboxylate group.  This suggests that there are differences in the removal mechanism between 

cleaning in the forward and reverse directions.  The presence of each of the peaks characteristic 
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Alkali + acid cleaned 
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of Gum in both samples albeit at different intensities suggests that there is no complete removal 

of one characteristic group but rather the Gum foulant remains on the surface following both 

cleaning in the forward and reverse direction in the presence of alkali. 

Cleaning the membrane in a sonication bath led to very little difference between the cleaned 

membrane and that of a virgin membrane.  This suggests that chemically the surface is restored 

to that of the virgin membrane.  Comparing this with the flux data an FR of 91 ± 5 % was achieved 

suggesting most of the foulant was removed.  Based on this data it can be concluded that 

sonication is a very effective cleaning method with excellent removal of Gum.  Any foulant 

remaining may be in the pores as this cannot be detected by FTIR which only gives information 

about the membrane surface.  Further characterisation of the membrane surface is detailed in the 

following sections with SEM-EDX results also showing little evidence of any foulants present on 

the membrane surface.  
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Figure 6.14: FTIR spectra of membrane fouled with Gum Arabic (top), rinsed with water (second from top), 

backwashed using alkali (second from bottom) and cleaned using ultrasound in alkali cleaning solution 

(bottom).  The virgin membrane has been subtracted from the spectra. 

 

6.6.3 SEM 

The use of SEM was shown in Section 5.5.3.3 to give an insight about the fouling of Gum due to 

the formation of a cake layer on the membrane surface.  It could be clearly observed that following 
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fouling with Gum Arabic, there was the addition of a cake layer to the membrane surface with 

little change observed through the membrane cross section due to in pore fouling.  Membrane 

samples were analysed following cleaning to provide an indication about the role of cleaning 

agents on this foulant layer in terms of alterations in the thickness and morphology.  Figure 6.15 

shows the membrane after cleaning with alkali, and alkali followed by acid. 

 

Figure 6.15: SEM images of 0.8 µm flat sheet alumina membrane following cleaning with alkali (a) top and 

(b) cross section and following cleaning with alkali then acid (c) top and (d) cross section. 

The foulant layer remains following both cleaning strategies.  Figure 6.15c shows that following 

acid cleaning the foulant layer is patchier suggesting that the Gum is removed in an uneven 

manner with increased removal following cleaning with acid.  This is supported by the flux data 

with the acid clean resulting in an increased flux recovery compared to alkali cleaning alone.   

 

6.6.4 SEM-EDX 

The use of SEM-EDX was used as a method to determine the elemental composition of the foulant 

on the membrane surface.  The composition was measured for a number of different samples and 

is shown in Table 6.2.  Each measurement was taken for 10 areas on the membrane surface, and 
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the average and standard deviation are reported.  The large errors are expected to be due to an 

uneven surface coating as shown in Figure 6.15.   

Table 6.2: Elemental analysis for membranes fouled and cleaned measured using SEM EDX.  Results are in 
wt. %. Elements showing ‘-‘ were not detected in the sample. *also contained 0.2 ± 0.1 wt. % potassium 

Sample Al O C Ca Si Na 

Virgin membrane 50.6 ± 2.2 49.4 ± 4.3 - - - - 

Fouled  42.0 ± 3.8 46.8 ± 7.9 9.6 ± 6.5 0.8 ± 0.4 0.8 ± 0.4 - 

Fouled cycle 2 44.3 ± 5.4 46.9 ± 2.8 6.6 ± 2.2 0.6 ± 0.2* 1.6 ± 0.7 - 

Alkali cleaned 43.9 ± 3.0 46.9 ± 4.9 7.0 ± 2.4 0.7 ± 0.3 1.4 ± 0.6 0.8 ± 0.2 

Alkali cleaned cycle 2  41.9 ± 3.9 46.8 ± 7.3 9.5 ± 2.8 0.5 ± 0.4 1.4 ± 0.7 0.5 ± 0.7 

Alkali + acid cleaned 46.5 ± 4.5 46.7 ± 4.6 5.4 ± 0.9 - 1.4 ± 0.5 - 

Ultrasil 11 cleaned 44.8 ± 4.3 44.0 ± 5.2 8.7 ± 7.9 - 2.6 ± 1.2 - 

Backwashed 44.3 ± 2.8 44.2 ± 5.6 9.0 ± 2.2 0.6 ± 0.1 - 1.1 ± 0.3 

Sonication cleaned 51.0 ± 2.8 47.9 ± 3.6 - - 1.1 ± 1.0 - 

 

The elements present through SEM-EDX analysis help to give an insight as to what is occurring 

during cleaning.  The foulant contains an increased level of oxygen compared to that of the virgin 

membrane, along with carbon, calcium and silicon.  Interestingly no nitrogen was measured, 

nitrogen would be measured if the foulant was proteinacious, therefore either the foulant is 

completely arabinogalactan based or there are small amounts of proteinacious deposits which 

have not been detected using EDX.  The presence of silicon is not expected, it may be present in 

small concentrations in the Gum, however it is more likely that it is a contaminant from the O rings 

used to seal the membrane holder.  Following cleaning the wt. % of carbon and oxygen are shown 

to decrease.  This suggests there has been removal of these to varying degrees depending on the 

cleaning procedure.  The trend observed for the reduction in carbon follows that of the flux 

recovery, with a two stage alkali-acid clean showing a better flux recovery than an alkali clean, 

cleaning with Ultrasil or backflushing.  The use of sonication appears to remove all of the carbon 

from the membrane surface, these results agree with those obtained by FTIR for all of the samples 

except that cleaned with Ultrasil 11.   

The use of SEM-EDX showed that calcium was present in the foulant, and there was also the 

formation of large calcium aggregates as shown in Figure 6.16.  The light coloured patches shown 

in the SEM images were shown to be calcium through SEM-EDX analysis.  The presence of calcium 

may be responsible for some of the reduction in zeta potential shown in Section 5.3.3.2.  Calcium 
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was not removed when cleaning with sodium hydroxide/sodium hypochlorite, however it was 

removed when citric acid was used as a cleaning agent.  This is likely to be due to the chelating 

effect of citric acid.  The removal of calcium was also observed following cleaning with Ultrasil 11 

and can be attributed to the chelating effects of EDTA. 

 

Figure 6.13: Uncoated SEM images of membrane fouled with Gum Arabic showing the presence of calcium 

aggregates (bright patches).  Measured using Topo mode under low vacuum.  

As a result of cleaning with sodium hydroxide/ sodium hypochlorite, low concentrations of sodium 

were observed on the membrane, this suggests that some form of ion exchange is occurring during 

the cleaning stage.  It is possible that sodium is being exchanged for hydrogen in the Gum through 

an ion exchange mechanism.  Either of the following reactions could be taking place: 

R-COO-H+ + NaOH ⇌ R-COO-Na+ + H2O 

R-O-H+ + NaOH ⇌ R-O-Na+ + H2O 

Ion exchange between cleaning agents and a foulant has previously been reported by Weis et al. 

when investigating the removal of spent sulphite liquor from an ultrafiltration membrane.185  

While Ultrasil 11 is sodium hydroxide based it appears ion exchange between the cleaning agent 

and foulant does not occur, as no sodium can be observed to remain on the membrane following 

cleaning.  It is expected that the presence of EDTA prevents this happening by chelating with any 

free sodium ions.   

 

6.6.5 Zeta potential 

Zeta potential is a useful tool in determining the quality of cleaning.  Changes in the zeta potential 

are not solely based on the removal or attachment of foulants to the membrane surface, but 



Chapter 6: Cleaning of membranes fouled with Gum Arabic 

168 

 

observed changes in ZP can be due to interactions between the foulant and cleaning agent.  The 

zeta potential was measured for a membrane fouled with Gum and then a) cleaned with sodium 

hydroxide and sodium hypochlorite, b) firstly alkali cleaned, then cleaned with citric acid, and c) 

cleaned with Ultrasil 11.  The measured zeta potential for each of the cleaning agents is shown in 

Figure 6.17, along with the virgin and fouled membranes to allow a comparison.  
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Figure 6.17: Zeta potential measurements over pH range 3.0 – 8.0 for membranes fouled and cleaned 

under standard conditions.  

The zeta potential for a membrane cleaned with alkali shows little difference to those of the fouled 

membranes at high pH values.  Below pH 4.5 the alkali cleaned membrane shows deviation in the 

measured ZP from that of the fouled membrane.  Cleaning the membrane with alkali results in an 

isoelectric point ca. pH 4.5 with the membrane showing a positive ZP below this.  The measured 

ZP between pH 3.0 and 4.5 is more positive than that measured either the virgin or fouled 

membrane, suggesting modification to either the membrane or the foulants.   Gum Arabic has 

buffering properties due to the presence of potassium, calcium and magnesium salts of weak acid 

groups, therefore its buffering is expected to be greater in the neutralisation of acids than alkalis.5  

Based on this it would be expected that greater changes in the zeta potential would be observed 

at high pHs which contradicts the observed results.  It is therefore hypothesised that the metal 

cations present in the alkali cleaning agent onto the surface and change the properties of the 

remaining foulants and/or membrane.  The positive metal ions in the cleaning agent have the 
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ability to adhere to the negatively charged fouled surface.  This agrees with the results shown by 

SEM EDX where sodium is present on the alkali cleaned membrane.  

Following cleaning with citric acid, the ZP is between that of the virgin membrane and fouled 

membrane.  This suggests that either: 

(i) The cleaning protocol does not entirely remove fouling. 

(ii) The cleaning agents have changed the properties of the membrane and/or those of the 

remaining foulants.   

Citric acid can act as a chelating agent and therefore the positive charges either from the Na+ or 

the positive charges in the zwitterionic amino acids in the Gum may have been neutralised.  

Looking at the observed zeta potential measurements in light of the flux measurements, and 

results obtained from FTIR and SEM, it is expected that the citric acid leads to removal of the 

metal cations resulting in a reduction in the zeta potential.  It also removes some of the organic 

Gum Arabic molecules from the membrane surface which could lead to further reduction in the 

ZP.  Not all of the foulant is removed therefore the zeta potential is of a lower magnitude to that 

of the virgin membrane.  

Cleaning with Ultrasil 11 results in an interesting trend in zeta potential.  At high pH values the ZP 

is ca. -20 mV, this is almost exactly half way between the ZP for the virgin membrane and the 

foulant.  This suggests better removal of the Gum than cleaning with alkali or alkali followed by 

acid.  This agrees with the FTIR results, however it contradicts the hydrophobicity, SEM-EDX and 

FR measurements.  At low pH values however the trend is almost identical to that of the 

NaOH/NaOCl cleaned membrane showing an isoelectric point ca. 4.5 and displaying a charge of 

12 mV at pH 3.1.  This indicates that the sodium hydroxide has a significant influence on the 

foulants which may not only be attributed to the adsorption or ion exchange of sodium.  Further 

work is required to identify what is responsible for this and to gain a full understanding. 

For each of the cleaning methods where the ZP was measured, there was a significant difference 

from the virgin membrane, this shows that the membrane was not restored to its pristine 

condition.  This indicates that the first cycle is decisive in determining the future performance of 

the membrane with modifications to the membrane/foulant following cleaning.  The small 

changes observed in the ZP following cleaning also suggest that charge effects do not play an 

important role in the flux recovery over multiple cycles,185 but rather other effects such as van der 

Waals, hydrophobic or hydrogen bonding are dominant. 
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6.6.6 AFM 

AFM was used to measure the topography of membranes following different cleaning treatments.  

The roughness was determined following the method detailed in Section 3.6.8.  The Sa (mean 

roughness) was calculated as an average value from each scan line from a 20 x 20 µm image, and 

is presented in Table 6.3. 

Table 6.3: Mean roughness of membrane surface based on AFM measured across 20 x 20 µm section of a 
0.8 µm membrane.  

Cleaning Sa (nm) 

None 305 ± 75 

Alkali clean 565 ± 149 

Alkali + acid clean 359 ± 134 

Ultrasil clean 596 ± 162 

Sonication 346 ± 140 

 

The roughness of the membranes was shown to increase following cleaning, however this is not 

necessarily a reflection of the membrane condition as shown in Figure 6.18.  The roughness was 

increased particularly for the samples cleaned with sodium hydroxide or Ultrasil 11, and may be 

as a result of the foulant swelling in the presence of sodium hydroxide.  While the results for the 

surface roughness for alkali cleaning, and Ultrasil cleaning, are greater than those for the two-

stage or sonication clean (P < 0.05), the mean roughness calculates the deviation from a central 

point therefore peaks and valleys can mitigate each other.  Comparing the images in Figures 4.13, 

5.13 and 6.18, allows a better understanding of the surface roughness.  Following fouling the 

membrane looks like it has a smoother surface, however when considering the scale on the z-axis 

it can be seen the deviation from 0 increases from 1.6 µm for the virgin membrane to 2.5 µm for 

the fouled membrane.  Following cleaning with the alkali the deviation increases further to 3.0 

µm.  The presence of aggregates observed on the surface can be held responsible for this increase 

in roughness, this is also seen in Figure 6.15b using SEM.  Following cleaning with acid some of 

these aggregates are removed leading to a decrease in the mean roughness as shown in Table 6.3.  
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Figure 6.18: AFM images of membrane fouled with Gum Arabic and then a) cleaned with NaOH/NaOCl and 

b) cleaned with NaOH/NaOCl followed by cleaning with C6H8O7. 

 

6.6.7 Adhesion 

The use of colloid probe analysis on 0.8 µm flat sheet alumina membranes was carried out in order 

to determine the adhesion properties of membranes which had been cleaned using the protocols 

detailed earlier in this chapter.  This allows an insight as to the electrostatic forces which are 

occurring at the interface between the membrane/foulant and solution.  Analysis was carried out 

as described in Section 3.6.8.  The average adhesion distance and strength was calculated and is 

shown in Table 6.4, with typical force curves shown in Figure 6.19. 
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Table 6.4: Adhesion distance and strength following cleaning.  Average and standard deviation of 10 points 
on the membrane surface are reported.  Measurements made on 0.8 µm flat sheet membrane. 

Cleaning Adhesion distance (nm) Adhesion strength (pN) 

None 36.8 ± 11 1130 ± 330 

Alkali clean 678 ± 770 9010 ± 3780 

Alkali + acid clean 29.1 ± 5.3  535 ± 200 

Ultrasil clean 104 ± 81 3940 ± 910 

Sonication 90.7 ± 9.7  8690 ± 1420 
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Figure 6.19: Adhesion distance and strength for the retraction of a silica probe from alumina membranes 

fouled with Gum Arabic and then cleaned using 4 different cleaning protocols.  

Comparing the adhesion strength of the cleaned membranes to that of a fouled membrane shows 

that there are clear changes in the surface chemistry and adhesion properties of the 

membrane/foulant during cleaning.  The alkali clean leads to the formation of a substance with a 

very high adhesion strength, with the adhesion occurring over an extended distance as shown in 

Figure 6.19.  These results suggest that the Gum Arabic swelling on the membrane surface as it 

interacts with the sodium hydroxide.  Many proteins are known to change conformation with pH 

and become denatured at high pH, and while the use of SEM-EDX did not show the presence of 

proteins this may be the case.  The curve shows three different peaks suggesting there are three 

components interacting with the probe each with a different adhesion strength and distance.  One 

of the components has a similar adhesion strength and distance to the peak formed following 

cleaning with Ultrasil.  This suggests the same component is present in both of these samples.   
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If the Gum is swelling as it interacts with the sodium hydroxide, it would be expected this would 

lead to a more open structure, leading to a larger surface area of the Gum allowing an increased 

reaction with the sodium hydroxide or colloidal probe.  An increase in the foulant layer thickness 

may be responsible for the increased adhesion distance if the probe can penetrate through the 

foulant.  With the foulant layer being gel-like it is expected that the probe goes through the Gum 

layer to the alumina and then has adhesion over a large range as it is retracted through the foulant 

layer.  The use of FDG was carried out to investigate this further, however the thickness of the 

foulant layer was below the detectable limit of the FDG therefore no conclusive results could be 

obtained (see Section 6.4.3).  Flux measurements have shown the membrane resistance decreases 

following cleaning with sodium hydroxide.  This may be due to some removal of Gum, or entirely 

due to the remaining foulant having a more open structure due to swelling.  The swelling can lead 

to an increased adhesion with the colloidal probe, and may be why citric acid cleaning was shown 

to be more effective following an alkali clean, than cleaning with citric acid alone.  A more open 

structure following swelling during the alkali clean will result in a larger surface area for the acid 

to interact with leading to an increased removal rate. 

In addition, when studying the surface of the membrane following cleaning with sodium hydroxide 

plus sodium hypochlorite, aggregates were observed which had a very large adhesion strength.  

This is further evidence for the interaction of sodium ions present in the cleaning solution 

interacting with Gum as suggested in Section 6.6.4. 

Cleaning with Ultrasil 11 showed a similar trend to cleaning with sodium hydroxide, however the 

adhesion strength and distance were somewhat reduced.  One of the three peaks present 

following cleaning with NaOH/NaOCl is present following cleaning with Ultrasil 11.  This suggests 

that cleaning with Ultrasil removed two of the components which are not removed by 

NaOH/NaOCl alone.  At present it cannot be determined what is responsible for the additional 

peaks in the NaOH/NaOCl cleaned sample to indicate what is removed during the Ultrasil 11 clean, 

however the presence of metal cations may play a role. 

Like sodium hydroxide, Ultrasil 11 also has a high pH, and is mainly composed of sodium hydroxide.  

It is expected that this also leads to swelling, however the inclusion of EDTA means the presence 

of metal cations is reduced.  This could be responsible for the reduction in adhesion distance.  

Some of the adhesion in the alkali cleaned sample may be as a result of an interaction between 

the calcium or sodium cations and the OH groups in the silica surface.  EDTA allows these to be 

chelated, leading to their removal and thus no adhesion due to the presence of electrostatic 
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interactions between the metal cations and silica surface would be observed.  This agrees with the 

results obtained by SEM-EDX where no metal cations were present following cleaning with Ultrasil. 

As was shown for the virgin membrane in Figure 4.15, force mapping was carried out over an area 

of 10 x 10 µm2.  It can be seen in Figure 6.20 that again the force is not equal across the whole 

surface.  Similar studies were carried out on the fouled and alkali cleaned membranes however 

these produced system errors due to the sample heights/adhesion strength.  
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Figure 6.20: Force mapping of adhesion strength measured over 10 x 10 µm area showing that adhesion is 

not constant across the membrane surface. 

Cleaning with citric acid following an alkali clean provided some interesting results.  The adhesion 

strength is largely reduced, to below that of the virgin membrane.  There are a number of things 

which could be responsible for this change: 

i) In water the alumina surface is hydrated, providing a large number of OH groups on 

the surface that interact with the silica probe.  Following cleaning with alkali the 

number of OH groups present on the surface of the alumina may have decreased due 

to the acidic conditions where the presence of H+ ions will interact with the OH groups 

to form water.   

ii) Citric acid has a much lower pH, therefore if the Gum is swelling at high pH, it may be 

compacting at low pH.  While this has not been shown previously for Gum Arabic, due 
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to the complexity in understanding it and identifying the structure, other similar 

materials have shown this trend e.g. whey protein.134 

iii) Citric acid can chelate with the Gum, leading to increased removal and changes in the 

surface chemistry.  Any Gum remaining which is present on the surface of the 

membrane following cleaning would be expected to have been modified by cleaning 

with acid.  The modified product may have a much lower adhesion than that of the 

membrane or the unmodified Gum. 

iv) Gum is removed from the surface and any remaining foulant is present in the pores 

leading to adhesion characteristics similar to that of the virgin membrane.   

The first hypothesis is unlikely to be the case as the sample was well rinsed following cleaning until 

the rinsing solution had a pH of 7.0.  Under these conditions it would be expected that the alumina 

would be equally hydrated in the presence of water as for the virgin membrane.  

While Gum may have been suspended into the cleaning solution and any remaining foulant 

present in the pores rather than on the surface.  This is not in agreement with the SEM data which 

clearly shows the presence of Gum on the membrane surface.  For this reason hypothesis (iv) is 

unlikely.   

In Chapter 8, the modification of a membrane surface using citric acid is investigated.  Following 

modification the adhesion strength is much larger than for the virgin membrane, this again makes 

the result obtained for the adhesion strength following cleaning surprising.  This suggests 

modification of foulants present on the surface, rather than the membrane itself, is most likely to 

be responsible for the results obtained. 

Attractive interactions were also observed for the different cleaning methods with any attractive 

forces leading to a “snap in” to contact as a result of interactions attracting the probe quicker than  

the rate at which it approaches the surface.160  Figure 6.21 shows attractive forces that were 

measured on the samples following cleaning with NaOH/NaOCl or Ultrasil 11.  The forces were 

also seen following cleaning with NaOH under sonication.  It can be noticed in the zeta potential 

measurements, for both the NaOH/NaOCl and Ultrasil 11 cleans, that below pH 5.0 they display a 

positive charge.  While adhesion measurements were carried out at neutral pH (pH 7.0), the use 

of ZP shows that the cleaned membranes have the ability to possess a positive charge.  The snap 

in interaction may be as a result of calcium or sodium cations interacting with the negatively 

charged hydrated silica tip.  The range of these interactions is short.  Investigating the distance of 

these interactions, the sonication cleaned membrane interacts ca. 10 nm from the surface.  This 
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is very similar to that of the fouled membrane and therefore is likely to be due to the presence of 

calcium cations.  For the sample cleaned with Ultrasil the interaction occurred ca. 20 nm from the 

surface, and the interaction between the tip and NaOH cleaned membrane occurred ca. 65 nm 

from the surface.  The increased distance of interaction may be as a result of swollen foulant on 

the surface.  This particularly looks the case for the NaOH/NaOCl cleaned membrane as the 

adhesion curve starts to increase showing repulsion, before a sudden decline followed by an 

increase again.  The tip may be pressing against a gel layer, and then cuts through it/forms 

interactions before reaching the surface.  The attractive force may be caused by the presence of 

sodium or calcium cations, or a combination of the two.  This would fit with the results presented 

earlier in this chapter.   
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Figure 6.21: Adhesion distance and strength for the approach of a silica probe from alumina membranes 

fouled with Gum Arabic and then cleaned using four different cleaning protocols.  
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6.7 Discussion 

The results presented in this chapter highlight the complexity of cleaning, and gaining an insight 

into the surface science occurring during cleaning.  A number of cleaning agents were investigated 

and it can be concluded that each has a very different interaction with the foulant.  It was not 

possible to achieve a chemically clean membrane.  A flux recovery below 100 % was achieved for 

each method investigated.  Gum Arabic readily adsorbs onto surfaces of alumina.  Multiple layers 

are likely, therefore some removal of Gum is achieved, however strong bonding (hydrogen 

bonding) of GA to alumina means achieving a chemically clean membrane is very difficult.  The use 

of harsh cleaning agents was unable to restore the membrane to its pristine condition.  Gum is 

not the only product for which complete removal is very difficult, if not impossible.  Gan et al. 

reported that following microfiltration of beer using ceramic membranes complete removal of the 

foulant was not possible.234   

Sodium hydroxide leads to an improvement in the flux recovery and a decline in membrane 

resistance, however following studies it appears that this decline in resistance is likely to be due 

to swelling of the foulant.  The addition of 200 ppm sodium hypochlorite was shown to lead to a 

5 % increase in the flux recovery.  The foulant layer has been shown by SEM and AFM to be thin, 

therefore it has not been possible to analyse this layer to confirm if the interaction is definitely a 

swelling mechanism.  The use of FDG suggests that increasing the applied shear stress on a fouled 

surface to above 50 Pa does lead to further improvements in the lightness compared with that 

below 50 Pa.  Shear stresses of 1 Pa were shown to decrease the redness and yellowness of a 

stained membrane following stress applied through the use of FDG, with further increases in stress 

leading to no further removal of the foulant.  The use of AFM showed the presence of three types 

of adhesion interacting over a large distance.  Some of the adhesion may be caused through the 

probe travelling through a swollen layer of Gum.  Further evidence for this was seen in the 

approach curve for the colloidal probe to the membrane surface following cleaning with alkali.  A 

typical approach curve was not observed. 

FTIR and zeta potential studies showed little change following cleaning with NaOH/NaOCl from 

that of the fouled membrane.  In addition, SEM pictures show that a layer of Gum remains 

following cleaning with alkali.  Cleaning with NaOH/NaOCl leads to the presence of sodium on the 

foulant/membrane surface following cleaning suggesting that ion exchange is taking place.  The 

addition of sodium may play a role in forming large aggregates which were observed using AFM.   
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The action of cleaning with NaOH/NaOCl prior to citric acid cleaning was shown to increase the FR 

to 86 ± 5 %, compared to a FR of 20 ± 5 % for cleaning with citric acid alone.  This result is further 

evidence for a swelling mechanism as it would allow easier access of the acid to the Gum Arabic 

foulant, leading to an improved reaction rate and greater flux recovery. 

Acid was shown to lead to the removal of a large proportion of the foulants, however some 

remained on the membrane surface.  Zeta potential measurements showed that following 

cleaning with citric acid the ZP was between that of the fouled membrane and virgin membrane 

suggesting incomplete removal.  This was also shown by FTIR, SEM and SEM-EDX measurements.  

Cleaning with citric acid allowed the removal of calcium present in the foulant, and sodium 

remaining from the alkali cleaning stage through a chelating action.  The removal of cations may 

be responsible for some of the reduced adhesion observed following acid cleaning compared to 

that of the alkali clean alone.  Gum is soluble in weak acids therefore cleaning with citric acid may 

have partly resolubilised the Gum allowing it to be removed from the membrane surface.  In 

addition citric acid can form hydrogen bonds with carboxylic acids, aldehydes and alcohols present 

in Gum Arabic.  This may play a role in its effectiveness in restoring the flux recovery.   

In order to understand if the chelating effect of citric acid was responsible for the removal of Gum, 

or if other properties of the acid had a larger effect, Ultrasil 11 was used as a cleaning agent.  

Ultrasil is sodium hydroxide based, therefore it would be expected to have a similar mechanism 

to that of NaOH.  However, the role of the addition of surfactants and EDTA were also studied.  

Ultrasil 11 did not result in ion exchange between the foulant and sodium ions, and led to the 

removal of calcium.  This suggests that the chelating mechanism of EDTA and citric acid are both 

responsible for the removal of metal cations present in the foulant.  The flux recovery following 

cleaning with Ultrasil was 50 ± 6 %.  The cations in the foulant may be holding the structure tightly 

together, and their removal can lead to the nature of the foulant being changed allowing easier 

removal.   Ultrasil 11 did not perform as well as sodium hypochlorite plus sodium hydroxide 

followed by acid.  This suggests the role of acid is more than just in chelating the metal cations. 

As well as chemical cleaning methods, two mechanical cleaning methods were investigated.  The 

use of backflushing was shown to be ineffective.  While backwashing is usually effective at 

removing foulants when cake filtration is the dominant fouling mechanism, this was not the case 

with Gum.  This is further evidence that the foulant may be present on the surface as a gel layer 

detailed in Chapter 5.  Due to water showing little removal of Gum, and it being hypothesised that 

caustic leads to swelling of the foulant layer, cleaning in the reverse direction would not be 
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expected to show any advantage over cleaning in the forward direction.  This agrees with the 

results presented. 

Cleaning with ultrasound (sonication) was shown to be an effective way to remove the Gum Arabic 

foulant from the membrane, achieving a flux recovery of 91 ± 5 %.  The effectiveness of ultrasound 

depends on many factors such as orientation and position of ultrasonic field, frequency, power, 

radiation angle, membrane material, membrane housing, operating pressure and fouling 

material.239  The removal may be due to the formation of microbubbles and microjets which help 

aid in the removal of the foulant layer, or it may lead to glycosidic fission of the Gum Arabic 

molecules.  Based on the resistance of the foulant to chemical cleaning, and the high flux recovery 

following cleaning with sonication, it is expected that breaking down the carbohydrate is 

responsible for the removal.  The AGP fraction of Gum is responsible for the viscous behaviour of 

Gum,39, 240 therefore breaking it down can change the properties of the foulant.  Following cleaning 

in an ultrasonic bath, the FTIR results showed no change from the virgin membrane highlighting 

surface removal of the Gum.  This was confirmed using SEM-EDX which showed that only 

aluminium, oxygen and a small amount of silicon were present, and suggests a chemically clean 

membrane.  The flux recovery below 100 % suggests that some of the foulant was present in the 

pores, it is possible that during the sonication, some of the foulant is removed from the membrane 

surface and trapped in the membrane pores leading to slight pore blockage and a reduction in the 

flux. 

 

6.8 Summary 

In this chapter a number of cleaning methods were investigated for their ability to remove Gum 

Arabic from a fouled membrane.  None of the cleaning agents investigated showed satisfactory 

flux recovery when investigated alone, however effective cleaning could be achieved through 

combining cleaning methods.  The most successful method of Gum removal was to clean with 

sodium hydroxide under sonication.  While this lead to a FR of 91 ± 5 %, this would be difficult to 

implement industrially with CIP.  Chemical cleaning with 0.5 wt % sodium hydroxide followed by 

cleaning with 0.1 wt % citric acid lead to a FR of 86 ± 5 %.  It has been hypothesised that sodium 

hydroxide leads to swelling of the foulant layer, and the acid can then chelate sodium and calcium 

ions as well as break down some of the Gum leading to improved removal. 
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7. Multiple cycles – the importance of the cleaning protocol 

7.1 Introduction 

Multiple fouling and cleaning cycles of membranes is a fundamentally important, yet commonly 

overlooked area of membrane research.  Industrially the membrane lifetime is of great 

importance, with it being impractical and unsustainable to use a new membrane for every cycle.  

Chemical engineers usually use the performance of the cleaning protocol (defined as the ability to 

return the membrane to its pristine condition in terms of permeability) as a benchmark when 

determining the system performance.  This is typically noted as the percentage flux recovery.140, 

174  While this can give valuable information, it fails to consider the membrane aging process where 

the membrane behaviour may be altered as a result of changes in the surface chemistry and 

surface condition.  Modifications to the membrane properties such as hydrophobicity and charge 

are known to influence the fouling potential both on the membrane surface and inside pores, this 

cannot be accounted for purely by measuring the flux recovery.  This was shown in Chapter 6, and 

has been investigated further here. 

Optimisation of the operating conditions as described in Chapter 5 is one important method to 

reduce the impact of fouling and associated flux losses.  Aside from this, Field et al. indicated the 

three main strategies to reduce fouling:93 

1. Hydrodynamic changes – this can influence the build-up of foulant by subjecting the 

membrane to various flow regime changes. 

2. Optimisation of cleaning thermo-hydraulics, detergent type and concentration, and 

cleaning frequency.  These factors influence the surface chemistry as well as allowing plant 

downtime to be minimised and productivity to be maximised. 

3. Pre-treatment of the membrane or feed solution in order to influence solute-membrane 

interactions. 

While over the short term, membrane material, porosity and surface roughness are important 

considerations in determining the cleaning performance, Chapter 6 showed these can be altered 

following cleaning.  Over the long term the surface becomes irreversibly fouled, and the physio-

chemical interactions between the cleaning agent and foulant most likely to be dominant, with 

the membrane material itself becoming less significant.185   

This chapter focuses on the influence of cleaning agents over multiple cycles to allow a greater 

understanding of the role sodium hydroxide with sodium hypochlorite, and citric acid have on the 
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membrane and fouling potential over ten cycles.  Ten cycles gives a representative measure of the 

membrane life.241 

This chapter aims to show that: 

- Membranes are modified substantially by repetitive fouling and cleaning cycles using Gum 

Arabic as a foulant and sodium hydroxide with sodium hypochlorite and citric acid as 

cleaning agents. 

- There is a synergy between surface chemistry aspects of the membrane and permeate 

quality when subject to multiple foul-clean cycles. 

 

7.2 Flux recovery 

With flux recovery being the benchmark considered by chemical engineers in evaluating the 

system performance, this was first considered.  In order for the membrane to be restored to its 

virgin PWF the value for flux recovery should be 100 %.  Figure 7.1 shows the flux recovery (FR) 

following two different cleaning strategies over 10 cycles.  The cleaning strategies will be referred 

to as protocol 1 and protocol 2.  Protocol 1 involves cleaning the membrane with 0.5 wt. % NaOH 

with 200 ppm NaOCl at 60 ⁰C for 20 minutes, and then rinsing the system for 15 minutes to remove 

any cleaning agents.  Protocol 2 begins in an identical manner to protocol 1, but with the inclusion 

of an acid clean stage following the rinsing step.  During the acid clean of protocol 2 the membrane 

is cleaned with 0.1 wt. % citric acid at 60 ⁰C for 20 minutes, followed by a further 15 minute rinse 

to remove the acid cleaning agents from the system.   
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Figure 7.1: Flux recovery following fouling with 2.0 wt. % Gum Arabic for 60 minutes followed by cleaning 

following two different cleaning strategies, protocol 1 (alkali clean only) and protocol 2 (alkali clean followed 

by acid clean).   

Based on the information obtained in Figure 7.1 it is difficult to identify much difference between 

the two cleaning cycles, with neither restoring the membrane to its pristine condition following 

the first cleaning cycle.  The flux recovery is higher on the first cycle for protocol 2 suggesting that 

the acid has a role to play in restoring the membrane flux as shown in Chapter 6.  There is a general 

improvement in the flux recovery for the first four cycles, before plateauing for both cleaning 

protocols.   It is interesting to note that both cleaning regimes produce a FR greater than 100 % 

for a number of cycles, cycles 4, 6, 8 and 10 for protocol 1, and cycles 3, 9 and 10 for protocol 2.  

A flux recovery greater than 100 % has previously been reported by a number of authors, and can 

be attributed to the uneven removal of foulants or swollen agglomerates which are present from 

the previous cycle.123, 134  Chapter 6 showed that a FR < 100 % was achieved following cleaning by 

either protocol, therefore the presence of additional foulants is expected. 

In order to try to understand the flux recovery better, the flux recovery compared to the virgin 

membrane can be seen in Figure 7.2.  It can be observed that the flux recovery decreases over the 

first few cycles for both protocols, and then levels out to be 24 ± 5 % for protocol 2 and 23 ± 6 % 

for protocol 1.  For both protocols the flux recovery is low, showing that aging of the membranes 

influences the efficiency of filtration.  Based purely on the flux recovery data it appears that both 

cleaning protocols have a negative effect on the membrane performance; however the results in 
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Chapter 6 suggest cleaning with protocol 2 resulted in an improved cleanliness.  While membrane 

cleanliness can be identified by FR, changes to the membrane surface cannot be identified.  This 

highlights the importance of considering other factors such as the fouling flux, rejection 

characteristics and the surface interactions which are occurring, to give a better understanding of 

the membrane performance over multiple cycles.  
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Figure 7.2: Flux recovery compared to virgin membrane following fouling with 2.0 wt. % Gum Arabic for 60 

minutes followed by cleaning following two different cleaning strategies, protocol 1 (alkali clean only) and 

protocol 2 (alkali clean followed by acid clean). 

Several authors have previously used the relative flux decline (RFD) as a method to describe the 

membrane performance during fouling.134, 149  The RFD is a ratio between the permeate flux at 

time 0 (J0) and the final fouling flux (Jf). 

𝑅𝐹𝐷 = (1 −  
𝐽𝑓

𝐽0
)  𝑥 100 (%) 

While the RFD is one useful parameter in determining the fouling of the membrane, it gives little 

detail as to the type of fouling, mechanism and chemical interactions which may be occurring. 

When looking at the RFD against cycle number Bird et al. observed a gradual increase in the RFD 

over a number of cycles when using polymeric membranes to investigate ultrafiltration with spent 

sulphite liquor,185 whereas Blanpain-Avet found no trend in the RFD of whey proteins using tubular 

ceramic membranes.134 
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Flux decline is a major issue with the relative flux decline after cycle 10 being 96 and 98 % for 

protocols 1 and 2 respectively.  Based on the results shown in Chapter 6, protocol 2 resulted in a 

greater flux recovery after one cycle, however these results highlight the importance of 

considering multiple cycles.   

 

7.3 Filtration flux 

The influence of the two different cleaning strategies over multiple cycles has been investigated 

to determine the impact these have on the filtration flux.  Figure 7.3 shows the flux during filtration 

for 0.8 µm tubular ceramic membranes fouled with Gum Arabic and cleaned using the two 

different cleaning protocols over the first four cycles using a virgin membrane.  No pre-treatment 

was carried out, and therefore the fouling flux during cycle 1 is almost identical for both protocols 

(minor differences can be accounted for by membrane variation, and slight temperature and 

pressure variations throughout the experiment).  For the first cycle the relative fouling flux for 

both membranes was 0.087 ± 0.005.  For the membrane cleaned using protocol 1, the relative 

fouling flux showed no significant change after multiple cycles (0.079 ± 0.006 and 0.086 ± 0.006 

after cycles 2 and 4 respectively).  Following protocol 2 there was a significant increase in the 

relative fouling flux after cycle 2 to 0.168 ± 0.007 with an insignificant (P > 0.05) decrease in the 

relative fouling flux following further cycles.  Following alkali cleaning with citric acid, the fouling 

flux was almost double that of the membrane which was only subject to alkali cleaning.  The 

increase in flux following cleaning highlights the importance of investigating multiple cycles as well 

as considering factors other than the flux recovery.  The surface chemistry during cleaning can 

have a large influence on the fouling flux. 
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Figure 7.3: Relative filtration fluxes over 4 cycles showing the impact of cleaning with NaOH/NaOCl only, 

and cleaning with NaOH/NaOCl followed by C6H8O7.  Flux measured during the filtration of 2.0 wt. % Gum 

Arabic suspension at 40 ⁰C with CFV 2.3 m s-1 and TMP 1.5 bar. 

Differences observed in charge modification of the foulant are shown by zeta potential 

measurements in Section 6.6.5, with the membrane showing almost no charge following protocol 

1 and a reduced charge compared with the virgin membrane for protocol 2.  This demonstrates 

that the surface was modified following both cleaning cycles.  In addition, it was shown in Section 

6.6.4 that the foulant contains metal cations, with protocol 1 leading to the addition of sodium 

cations through ion exchange.  These cations were removed when protocol 2 was followed.  The 

change in attraction due to the presence of cations may have an influence on the measured fouling 

fluxes. 

 

7.4 Resistance-in-series analysis 

Figure 7.4 shows the steady state resistances over 10 cycles for a membrane subject only to an 

alkali clean (protocol 1).  The membrane resistance has been divided into the intrinsic membrane 

resistance (Rm), the irreversible fouling (Rr) (which has been defined as the resistance following 

rinsing with water), the resistance which can be removed through chemical cleaning (Rc) and the 

irreversible resistance (Ri), as calculated using Equation 5.2.  It can be noted that there is generally 

an increase in the total resistance for each cycle, with a reduction observed between cycles 6 and 
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7.  The increase can be attributed to additional foulants building up on the membrane surface, 

and in the membrane pores.  The discrepancy between cycles 6 and 7 highlights that the cleaning 

procedure is not entirely satisfactory with the ability to remove some of the foulants which 

remained on the membrane following the previous cleaning cycle.  This is plausible with the 

formation of aggregates between the sodium ions from the cleaning agent and the foulant as 

discussed in Section 6.6.7.  The aggregates can build up, and may reach a critical point at which 

removal becomes easier due to their increased size.  Alternatively, additional fouling and cleaning 

could change the surface chemistry surrounding them, weakening interactions between the 

foulant and membrane thus allowing easier removal.   

 

  

Figure 7.4: Resistance breakdown for 0.8 µm tubular ceramic membrane fouled using 2.0 wt. % Gum 

Arabic at 40 ⁰C at TMP 1.5 bar and CFV 2.3 m s-1.  Cleaning carried out using protocol 1: 0.5 % NaOH + 200 

ppm NaOCl at 60 ⁰C. 

A similar trend was also reported by Blanpain-Avet et al. and Gan et al. in other microfiltration 

systems.134, 234  Gan et al.  reported that when cleaning beer foulants from ceramic microfiltration 

membranes, the membrane resistance increased over the first four cycles before reaching a 

maximum.234  This agrees with the initial trend shown for cleaning Gum foulants using an alkali 

clean only, however deviation was shown for cycle 7 where the total resistance decreases.  
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Figure 7.5: Resistance breakdown for 0.8 µm tubular ceramic membrane fouled using 2.0 wt. % Gum 

Arabic at 40 ⁰C at TMP 1.5 bar and CFV 2.3 m s-1.  Cleaning carried out using protocol 2 - 0.5 % NaOH + 200 

ppm NaOCl at 60 ⁰C, followed by cleaning with 0.1 wt. % C6H8O7 at 60 ⁰C. 

The steady state resistances over 10 cycles for a membrane fouled with Gum Arabic, and the 

cleaned with alkali followed by acid (protocol 2) are shown in Figure 7.5.  Comparing Figure 7.5 

with Figure 7.4 shows some interesting changes between the membrane resistances for the two 

cleaning protocols.  Whilst there is no clear trend due to aging of the membrane, the membrane 

cleaned with protocol 2 provides a more consistent membrane resistance, which is generally lower 

than that for the membrane cleaned with protocol 1.  Figure 7.5 shows the total resistance was 

between 7.0 x 1012 m-1 and 8.0 x 1012 m-1 for cleaning protocol 2, compared with a total resistance 

between 8.0 x 1012 m-1 and 1.2 x 1013 m-1 for protocol 1.  In addition there is a marked difference 

between the removal of the foulant from the membrane.  Following protocol 2 the amount of 

foulant which can be removed by rinsing with water is greatly increased compared to protocol 1.  

Following rinsing with water the resistance is around 6.0 x 1012 m-1 for the membrane cleaned only 

with alkali whereas when the membrane has been cleaned with alkali followed by acid the 

resistance of the membrane following rinsing with water is between 3.0 x 1012 m-1 and 5.5 x 1012 

m-1.  This again highlights that FR itself is inadequate in providing an understanding of how a 

membrane performs over a number of cycles. 

The differences in membrane resistance, in particular the removal of foulants during the water 

rinse, shows there are clear differences occurring in the surface chemistry and the adhesion 

properties of the Gum Arabic to the foulant and the membrane.  The results suggest that the 

foulant is bound to the surface more strongly following the alkali cleaning, this agrees with the 
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results presented in Chapter 6 where it was hypothesised that cleaning with NaOH/NaOCl leads 

to swelling of the foulant layer.  In addition, these results complement those measured using AFM 

where an alkali clean was shown to lead to strong adhesion strength with long range interactions, 

compared to reduced and shorter range interactions observed when protocol 2 is carried out (see 

Section 6.6.7).   

These results are significant as they show that while the flux recovery varies from cycle to cycle 

for the membranes, the membrane resistance is notably lower and fouling flux greater following 

cleaning with protocol 2.  

 

7.5 Removal of Gum Arabic 

While flux and membrane resistance are very useful measurements in determining the membrane 

performance, the main role of membranes industrially is for separation.  It is therefore important 

to consider the performance in terms of separation, when determining the system efficiency.  

Ideally 100 % separation between the desired components will be achieved, however this is not 

always required, or multiple separations may be required to achieve this. When considering the 

removal of Gum Arabic from wastewater streams, 71 % removal of the Gum Arabic is required to 

meet industrial requirements, and to be within the COD limits.  Operationally the flux is of great 

importance, to ensure the system is economically viable.  However good separation must also be 

achieved.   

Figure 7.6 shows that retention (represented by rejection coefficient) increases over multiple 

cycles without a major increase in RT, which suggests rejection is not due to steric hindrance as 

the pore size does not change.  This agrees with the results shown in Section 5.3.1 where the flux 

for the first cycle was similar irrespective of the pore size used.  The increased rejection may be 

due to physio-chemical interactions between the modified foulant following cleaning, or due to 

the build-up of residual fouling.  Repulsive charge effects may be occurring between soluble Gum 

and Gum irreversibly deposited on the membrane surface.  Unfortunately it was not possible to 

analyse membranes which had been fouled for more than two cycles due to fracturing of the flat 

sheet ceramic membranes.  It was shown, however, that following one cycle there were large 

differences in the zeta potential of cleaned membranes compared to that of the virgin membrane.   
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Figure 7.6: Rejection coefficient over 10 cycles using 0.8 µm tubular ceramic membrane and cleaning with 

alkali (protocol 1) and alkali then acid (protocol 2). 

The rejection of Gum is greater following cleaning with protocol 2 (Figure 7.6).  It is hypothesised 

there is the formation of a beneficial fouling layer which leads to increased selectivity, however 

this is not fully responsible for the increased rejection, otherwise rejection would be expected to 

be greater for protocol 1.  The formation of a beneficial fouling layer seems plausible and agrees 

with the incomplete flux recovery following cleaning, and the dominance of cake filtration shown 

in Chapter 6.  A similar phenomena was also reported by Bird and co-workers during the 

ultrafiltration of black tea.115, 123  Blanpain-Avet et al. reported a slight increase in protein retention 

over several cycles showing a change in membrane selectivity through aging.134  The additional 

rejection observed following protocol 2 suggests that charge interactions play an important role 

in determining the selectivity of the membrane.  This is demonstrated further in Chapter 8.  

 

7.6 Summary 

These results demonstrate the importance of performing experiments to identify the effects of 

multiple fouling and cleaning cycles.  Based on the results presented in Chapter 6 it would be 

expected that cleaning with citric acid following cleaning with NaOH/NaOCl (protocol 2) would 

outperform that of cleaning with NaOH/NaOCl alone (protocol 1).  The results presented here 

show that while cleaning with protocol 2 does outperform cleaning with protocol 1, the difference 
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is not as large as would be expected.  Neither protocol 1 or 2 resulted in restoration of the 

membrane to its pristine condition, with the presence of foulants remaining on the surface.  The 

presence of these foulants has been shown to influence the surface chemistry which in turn 

influences the separation and flux in subsequent cycles.  

Protocol 2 results in a marked increase in the fouling flux, and improved separation.  While the 

flux recovery is low for both protocols, the increased throughput (flux) and separation achieved 

following cleaning with both alkali and acid shows that operationally this method should be 

selected. 
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8. Influence of pre-treatment on the fouling of Gum Arabic 

The objective of this chapter was to determine whether the application of a simple acid or alkali 

pre-treatment to the membrane could affect both the type of foulant species attaching to the 

membrane, and improve the membrane separation performance. Nystrom and Zhu, and Zhu and 

Nystrom reported that cleaning the membrane before filtration can modify the separation process 

and types of foulant subsequently attaching to the membrane surface.170, 242  Jezowska et al. also 

reported that a simple pre-treatment with a standard membrane cleaner led to a significant 

improvement in the permeate flux, however no improvement in the retention was observed.243  

In some membrane systems, key foulants can be adsorbed onto the membrane as an antifouling 

pre-treatment and can lead to the formation of a beneficial foulant layer.  Such a beneficial fouling 

layer can lead to improvements in the permeate flux and the selectivity of the system.115, 123 

It is generally accepted that increasing the hydrophilicity of a membrane can significantly reduce 

the development of fouling.199  A large amount of research is currently being undertaken to 

increase membrane surface hydrophilicity through chemical modification.244, 245 

Two pre-treatment methods were carried out in this study and were compared to conditioning 

with water at 40 ⁰C: 

1) Conditioning with water at 40 ⁰C followed by cleaning with 0.5 wt. % NaOH at 60 ⁰C 

2) Conditioning with water at 40 ⁰C followed by cleaning with 0.1 wt. % C6H8O7 at 60 ⁰C 

Membrane characterisation following pre-treatment was carried out using streaming potential 

measurements, FTIR, SEM for elemental analysis, AFM, and contact angle measurements. 

This chapter aims to show that: 

- pre-treatment can have a significant influence on the separation properties of a 

membrane 

- pre-treatment allows a greater understanding of the interactions between the membrane 

and foulant 

 

8.1 Pre-treatment with citric acid 

It has been shown by a number of authors that carboxylic acids can bond easily with the surface 

atoms in alumina, resulting in a change to the surface properties.229, 246, 247  The carboxylic acid 
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selected can influence the properties, with some making the surface more hydrophilic, and others 

rendering the surface more hydrophobic.  The changes are dependent on the chain attached to 

the carboxylic acid.  The alteration of alumina membranes can provide different properties.  The 

carboxylic acid is generally much smaller than the pore size of the membrane when considering 

MF or UF.  This leads to differences in the surface chemistry rather altering than the pore size.  

Recently Barron et al. reported the possibility of creating superhydrophilic membranes by the 

functionalising alumina at a molecular level, leading to enhanced separation properties without 

changing the strength of the membrane.229 

Citric acid is commonly used in the food industry as a cleaning agent as it is compatible with 

industry standards and has been shown to be effective at removing metallic deposits and ions.  

For this reason it was investigated as a pre-treatment agent allowing an insight into changes to 

the fouling propensity and rejection characteristics following fouling.  In the presence of water the 

surface of alumina is terminated with oxygen.248  Figure 8.1a illustrates how carboxylic acids can 

be used to functionalise the surface of alumina on a molecular level, and Figure 8.1b shows the 

attachment of citric acid to the alumina surface. 

 

 

Figure 8.1: A (top) Surface layers of alumina showing coordination of surface oxygen atoms with a 

carboxylic acid.  R depends on the particular acid used.  B (bottom) shows the attachment of citric acid 

groups at a molecular level. 
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Studies were carried out using 0.5 µm flat sheet ceramic membranes.  These were selected as they 

allow sectioning and surface analysis following pre-treatment, and fouling.  It was expected that 

the carboxylic acids will be protruding into the pore space influencing the membrane properties, 

however as carboxylic acid is much smaller than the pores in microfiltration, the pore size is 

therefore not effected.   

When the virgin membrane is in a solution of 0.1 wt. % citric acid it is above the pKa1 value for 

citric acid (3.13), meaning that one of the carboxylate groups on the acid will be present as the 

carboxylate anion.  This interacts with the alumina surface leading to bond formation and 

attachment of the acid to the membrane surface.  The membrane is negatively charged, however 

in the presence of citric acid due to the low pH this charge is largely reduced (Figure 4.12).  

 

8.1.1 Rejection of Gum Arabic 

Separation is one of the most important characteristics in analysing the performance of a 

membrane.  Ideally 100 % separation would be achieved, however in practice this may be difficult 

to achieve.  There are a large number of factors influencing the separation properties with size 

exclusion not necessarily being the dominant factor.  The use of a 0.5 µm membrane was selected 

due to the presence of aggregates in the Gum in the size range of 0.1 – 1.0 µm.  The concentration 

of Gum in the permeate was monitored every five minutes throughout a 60 minute fouling cycle 

of a virgin membrane and membrane pre-treated with 0.1 % citric acid, and the results are shown 

in Figure 8.2.  It can be seen that pre-treating the membrane with citric acid leads to a significant 

increase in the rejection of Gum.  85 % rejection is achieved after 60 minutes for the membrane 

pre-treated with acid, compared to 60 % rejection for the untreated membrane.  While the citric 

acid groups may be protruding into the pore space, their size relative to that of the pores is not 

significant enough to lead to a change in pore size or accessibility.  The increase in rejection for 

the pre-treated membrane signifies that pore size is not the only factor leading to separation, and 

other factors such electrostatic or chemical interactions may be responsible for this increase in 

rejection.  This was also shown in Section 5.3.1. 
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Figure 8.2: Influence of pre-treatment with citric acid on the rejection of Gum Arabic throughout a 60 

minute filtration.  It was observed that pre-treating the membrane with 0.1 % citric acid led to a significant 

increase in the rejection of Gum Arabic over a 60 minute cycle compared to an untreated membrane. 

 

8.1.2 Effective contact angle 

The effective contact angle allows an indication of the surface energy, and can be used to 

determine the hydrophobicity of a membrane.  Surface modification has been widely used for the 

improvement of protein adsorption resistance.  It is well known that surface hydrophobicity can 

effectively minimise protein adsorption and thus prevent membrane fouling.  Table 8.1 shows the 

results measured for the effective contact angle of a virgin alumina membrane, and that of a 

membrane pre-treated with citric acid.  Values are also shown for the two membranes following 

fouling with Gum Arabic.  The results show that while citric acid can be used to increase the 

hydrophilicity of the membrane, subsequent fouling leads to a more hydrophobic surface.  These 

results show that the hydrophilicity of the membrane is increased following pre-treatment, 

however during filtration fouling occurs, with the pre-treatment being insignificant in preventing 

hydrophobic foulants attaching to the membrane surface.  
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Table 8.1: Effective contact angle of water on membrane surface for virgin and acid pre-treated and fouled 
measured by sessile drop. 

Material Measured effective contact 

angle (⁰) 

Literature value (⁰) 

Aluminium oxide 37 ± 4 36-42249-251 

Citric acid treated aluminium oxide 24 ± 5  

Fouled untreated membrane 104 ± 7  

Fouled citric acid treated membrane 112 ± 8  

 

There are many parameters which affect the interaction between foulants and the membrane 

surface.  Hydrophobicity is only one.  This result suggests that while the membrane is more 

hydrophilic following pre-treatment with citric acid, it does not prevent the attraction of 

hydrophobic foulants to the membrane surface.  It is generally accepted that reducing the contact 

angle increases the hydrophilicity and reduces the fouling propensity,143 however Lin et al. 

reported that reducing the contact angle between membrane and colloids may result in a lower 

negative total interaction energy aggravating membrane fouling.180  Negative charges on 

membrane surface may be partly neutralised at acidic pH values, resulting in the decrease in 

contact angle. 

 

8.1.3 Flux and Membrane resistance 

The permeate flux offers a useful means of determining the flow through the membrane and can 

be used to calculate the membrane resistance, and increase in resistance caused by fouling.  The 

flux has been plotted in Figure 8.3 as normalised flux to remove variation caused by the individual 

membranes.  It can be observed that pre-treating the membranes with citric acid leads to an 

increase in fouling, with a much sharper initial flux decline.  The increased fouling propensity may 

be due to a number of factors:   

i) The increased hydrophobicity means there will be a reduced resistance to flow 

through the membrane (shown by the reduced membrane resistance in Table 8.2).  

The increase in flow results in more solutes and foulants being convectively driven 

towards to membrane surface, allowing an increased number of foulants to be 

adsorbed onto the membrane surface.   



Chapter 8: Influence of pre-treatment on the fouling of Gum Arabic 

196 

 

ii) Changes in surface chemistry caused by the adhesion of citric acid to the membrane 

surface.  The presence of citric acid means there are two free carboxylic acid groups 

attached to the membrane surface allowing more sites for hydrogen bonding.  

Hydrogen bonding can occur between the carboxylic acid on the citric acid, and the 

carboxylic acid, aldehyde or alcohol groups present in Gum Arabic.  In addition calcium 

present in the foulant can form ion bridges between carboxylic acid groups leading to 

stronger bonding.    This is likely to be responsible for the increased fouling and has 

been investigated further using FTIR in Section 8.1.4. 
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Figure 8.3: Influence of pre-treatment with 0.1 % citric acid on the permeate flux during the 

first 5 minutes of a fouling cycle.  Result based on average of 3 runs with the error bars 

showing the standard deviation.  Standard conditions of 40 ⁰C, 2.0 wt. % Gum Arabic, TMP 

1.5 bar and CFV 2.3 m s-1 were used. 

 

The normalised resistance (Table 8.3) shows that for the untreated membrane the total resistance 

after fouling is 24 times larger than that of the virgin membrane, whereas the pre-treated 

membrane shows a 30 fold increase in resistance following fouling.  The resistance following 

rinsing gives an indication as to how strongly bound the foulants are, as loose foulants are 

removed during rinsing.  The untreated membrane shows that rinsing is effective at removing a 

large proportion of fouling, whereas for the pre-treated membrane rinsing only removes a small 

proportion of the foulants.  This further indicates the presence of strong hydrogen bonding or ion 

bridging between the foulants and the citric acid groups on the alumina surface.  
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Table 8.2: Membrane resistance for 0.5 µm alumina membranes during fouling following no pre-treatment 
and pre-treatment with citric acid. 

Condition Rm
 (x 1010 m-1) RT (x 1011 m-1) Rrinsed (x 1011 m-1) 

No pre-treatment 1.22  ± 0.8 2.97 ± 0.3 1.2 ± 0.6 

0.1 % Citric acid pre-treatment 1.14 ± 0.6  3.53 ± 0.4 2.43 ± 0.7 

 

Table 8.3: Normalised membrane resistance for 0.5 µm alumina membranes during fouling following no pre-
treatment and pre-treatment with citric acid where the membrane resistance is set to 1.0. 

Condition Rm  RT Rrinsed 

No pre-treatment 1 24 10 

0.1 % Citric acid pre-treatment 1 31 21 

 

The flux curves were fitted to the Hermia-Field model as detailed in Section 3.6.8 to develop an 

understanding of the fouling mechanism.  Table 8.4 displays the r2 values obtained from fitting the 

linearised form of the four classic models to the experimental data.  The graphs from which the r2 

values have been obtained are in Appendix B.  It can be observed that while cake formation 

dominated over the first five minutes for the membrane which had not been pre-treated, pore 

constriction was dominant following pre-treatment with citric acid.  For 5 – 60 minutes a 

combination of blocking mechanisms was apparent for both pre-treatment methods.  The change 

in blocking mechanism from cake to pore constriction suggests that the Gum Arabic foulant is 

interacting with citric acid groups both on the membrane surface and in the pores.  This may be 

responsible for the rapid flux decline which was observed.   
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Table 8.4: Fouling mechanism based on laws proposed by Hermia101 and extended for crossflow by Field et 
al93. Values are r2 values are for curve fitting to the linear form of the equation.91, 102, 103 

Experiment Time 

(min) 

Pore 

blocking 

Pore 

constriction 

Cake 

formation 

Intermediate 

pore blocking 

0.5 µm no pre-treat 5 0.473 0.948 0.995 0.919 

0.5 µm no pre-treat 60 0.499 0.895 0.913 0.933 

0.5 µm pre-treated 

with acid 

5 0.636 0.990 0.979 0.966 

0.5 µm pre-treated 

with acid 

60 0.516 0.930 0.950 0.939 

 

8.1.4 FTIR and Raman spectroscopy 

Spectroscopy is useful in determining changes in the surface and structure of materials.  Raman 

spectroscopy was used to determine if the changes to the alumina following pre-treatment were 

surface changes or structural changes.  Raman spectroscopy shows no change in the core structure 

of the alumina, with identical spectra being produced before and after functionalisation (Figure 

8.4).  This confirms, as hypothesised, that changes are due to the adsorption of citric acid on the 

membrane surface rather than as a result in changes to the core alumina structure. 
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Figure 8.4: Raman spectra of alumina excited at 785 nm.  Identical spectra produced before and after pre-

treatment with citric acid highlighting that changes are to the surface and not the structure of the 

alumina. 

The use of FTIR shows that the membrane surface is modified in Figure 8.5 (acid spectrum has 

alumina spectrum removed from it to allow clear identification of differences between the 

spectra).  The functionalised membrane has a broad peak between 3400 and 2800 cm-1 due to the 

presence of carboxylic acid groups.  Citric acid contains three carboxylic acid groups, and due to 

the molecular shape it is likely that only one of these is bonded to the alumina surface leaving the 

other two in their natural state.  The peak around 1000 cm-1 can be attributed to the C-O stretch 

of the carboxylic acid.  The sharp peak observed at 1457 cm-1 is typical of alkanes due to CH2 and 

CH3.
   The peak around 1650 cm-1 is characteristic of unidentate coordination between a carboxylic 

acid and alumina229 showing that only one of the three carboxylic acid groups in citric acid bond 

with the alumina surface.  This not only shows that there is bonding between the citric acid and 

the alumina, but also shows that the functionalisation of alumina with citric acid will result in an 

acidic surface due to the presence of two uncoordinated carboxylic acid groups on the citric acid.   
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Figure 8.5: FTIR traces of Alumina with no pre-treatment (bottom) and Alumina pre-treated with 0.1 % 

citric acid (top).  Pre-treatment with citric acid leads to the formation of additional peaks due to the 

presence of bonding between alumina and the carboxylic acid groups on citric acid, along with free 

carboxylic acid groups, and CH2 groups. 

Following fouling with Gum Arabic, Figure 8.6 shows that Gum Arabic is responsible for fouling.  

The formation of a layer on the membrane surface can be identified by the use of FTIR.  The broad 

peak at 3400 cm-1 can be ascribed to asymmetric stretching of the O-H bond, this is a characteristic 

peak of polysaccharides and is broad due to the presence of hydrogen bonding.  The peak at 2930 

cm-1 can be ascribed to the stretching vibrations of CH2 groups in a variety of chemical 

environments.  This peak is also characteristic of polysaccharides.227, 228 The strong peak at 1612 

cm-1 in the Gum spectra is due to the symmetric stretching of the carboxylate anion (COO-) which 

is formed from deprotonation of carboxylic acid groups present in a large number of amino acids 

present in Gum.  Following adsorption onto the membrane this peak shifts to 1650 cm-1 showing 

the change in coordination from a deprotonated anion to coordination with the alumina surface.  

The sharp peak at 1415 cm-1 and the slight shoulder at 925 cm-1 are characteristic of the O-H 

bending vibration.  There are a number of overlapping peaks in the region of 1200 – 1400 cm-1, 

these can be attributed to CH2 bending and twisting, C-C stretching, CH3 bending C-O stretching.  

The strong peak at 1030 cm-1 is due to C-C stretching, and the shoulder at 1075 cm-1 can be 

attributed to asymmetric stretching of COC in an ether ring.  The defined shoulder at 975 cm-1 is 

characteristic of the rocking vibration in CH3 as a methyl substitution of a carboxylate group.  The 

foulant can therefore be characterised as Gum Arabic with little influence between the foulant 
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formed on the two membrane surfaces, but clear coordination between the Gum and alumina for 

both samples.   These results suggest that strong interactions occur between the alumina surface 

and Gum Arabic, and also between alumina functionalised with citric acid and Gum Arabic.  The 

broad OH peak suggests that hydrogen bonding may be playing a large role in the fouling network 

of Gum. 
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Figure 8.6: FTIR traces of Gum Arabic, alumina fouled with Gum Arabic and citric acid pre-treated alumina 

fouled with Gum Arabic.  It can be clearly seen that Gum is responsible for fouling the membrane with 

coordination between the carboxylic acid groups on the Gum with the alumina membrane in both fouled 

cases.  Virgin membrane has been subtracted to allow easy identification of the foulants. 

 

8.1.5 Zeta potential measurements 

In order to gain a fuller understanding of the effect of pre-treatment and fouling on the membrane 

charge, surface measurements of the apparent zeta potential through the pores was investigated.  

Surfaces displaying an increased hydrophilicity (and thus greater surface energy) would be 

expected to exhibit a stronger absolute charge measured by zeta potential, this is shown in Figure 

8.7.  The pre-treated surface, which was more hydrophilic, resulted in an increased absolute 

charge.  Figure 8.7 shows that the isoelectric point for the virgin membrane was below 3.0, and 

displayed a large charge (-10 to -40 mV) with the membrane accepting more negative charge at 

higher pHs.  Following pre-treatment with citric acid, the membrane also displayed a large charge 
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(+15 to -40 mV) with an increase in the isoelectric point to ca. pH 4.  The natural pH of Gum Arabic 

suspensions is ca. pH 5.5 meaning that both membranes showed a negative charge at this pH, with 

the acid pre-treated membrane showing a slightly lower charge.  Gum shows a slight negative 

charge at pH 5.5 therefore some charge repulsion between the negatively charged membrane and 

the negatively charged Gum would be expected. 

Following filtration of Gum Arabic, the streaming potential measurements can be seen in Figure 

8.8 and show significant differences in both the IEP and the zeta potential for the two samples.  

The IEP is significantly higher for the membrane pre-treated with citric acid, and lies similar to the 

natural pH of Gum.  The zeta potential shows a significantly larger charge, similar to that of the 

membrane before fouling.  For the untreated membrane the magnitude of the zeta potential is 

very small for the fouled membrane, suggesting the adhesion of a positively charged foulant to 

the membrane or pore wall surface.  Gum has very good buffering characteristics which suggests 

there is a large layer of Gum on the membrane surface leading to buffering of the charge.  In 

contrast, the functionalised surface is clearly fouled with Gum, shown through the increased 

membrane resistance and the FTIR results.  However, it does not show these changes in the zeta 

potential.  Clearly there is a large change in the structure or coordination of Gum Arabic on the 

surface leading to the differences in zeta potential curve when compared to the untreated 

membrane.   

The increase in carboxylate groups on the membrane surface following pre-treatment with citric 

acid is likely to result in additional sites for hydrogen bonding between the membrane and 

carboxylate, aldehyde, and alcohol groups found in Gum.  COOH groups are polar and are well 

known to form hydrogen bonds.  Additionally the calcium ions in the Gum may be chelated by the 

citric acid groups on the surface, resulting in neutralisation of their charge and a zeta potential 

closer to that of the virgin membrane. 

Bornaz et al. showed that hydrophilic membranes have a strong affinity for fats with the formation 

of hydrogen bonding between the hydroxyl groups of the membrane surface and triglycerides, 

this resulted in the membranes behaving like hydrophobic membranes reducing the transfer of 

water through the membrane.252, 253  While triglycerides are not present in Gum Arabic, a similar 

interaction is likely to be occurring leading to the formation of hydrogen bonding between the 

hydroxyl groups on the membrane surface and the polar OH groups in Gum. 
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Figure 8.7: Comparison of zeta potential for untreated membrane and membrane treated with 0.1 % citric 

acid. 
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Figure 8.8: Comparison of zeta potential for fouled membranes with and without 0.1 % citric acid pre-

treatment. 

 

The separation of polysaccharides and proteins can be controlled by the nature and extent of the 

charge on the membrane surface.220  At pH 5.5 the fouled membrane which had been pre-treated 
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shows a more positive charge than that of the fouled untreated membrane.  The charge on a 

membrane influences separation by repelling ions of like charges and preferentially permeates 

ions of opposite charges.222  The further away the pH is from the isoelectric point of the 

membrane, and particle, the greater the repulsion of particle-particle and particle-membrane if 

they are oppositely charged.  This may have a role in the increased rejection following pre-

treatment with citric acid.  

 

8.1.6 SEM-EDX 

SEM-EDX provides a useful way to determine the main components present on the membrane 

surface.  Following pre-treatment with citric acid, the concentration of oxygen and carbon was 

shown to increase relative to that of alumina.  This suggests that carboxylic acids are present on 

the membrane surface, as already shown by FTIR.  The pre-treated membrane also contains traces 

of silicon, and as detailed in Chapter 5, this is attributed to contamination from the O-ring used to 

hold the membrane in place and form a seal.   

Following fouling, the elemental composition of the pre-treated and fouled membrane is similar 

to that of the membrane which was fouled following conditioning with water (Table 8.5).  Any 

changes in composition observed are within the experimental error.  This suggests that there is 

no significant change to the fouling material.  However, changes were observed in the deposition 

rate, and it is possible the coordination of Gum molecules on the surface is changed.    

Table 8.5: SEM-EDX analysis of membrane surface for virgin membrane, pre-treated membrane and fouled 
membranes.  All results are in wt. %. Elements showing ‘-‘ were not detected in the sample 

Sample Al O C Ca Si 

Virgin membrane 50.6 ± 2.2 49.4 ± 4.3 - - - 

Fouled 42.0 ± 3.8 46.8 ± 7.9 9.6 ± 6.5 0.8 ± 0.4 0.8 ± 0.4 

Acid pre-treat 43.9 ± 1.7 47.3 ± 3.7 8.2 ± 2.9 - 0.6 ± 0.2 

Acid pre-treat – fouled 45.9 ± 6.1 45.8 ± 9.9 6.7 ± 12 0.7 ± 0.5 0.9 ± 0.3 

 

8.1.7 AFM 

Different materials have different surface chemistry, and a material can be modified following pre-

treatment.  The adhesion of particles to a membrane surface can be influenced by the surface 
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chemistry with electrostatic double layer interactions, van der Waals forces, short-range 

interactions or particle and membrane deformity.  The use of colloidal probe interactions with the 

membrane surface measured by AFM gives an insight into these interactions.  Silica surfaces are 

known to display very short range repulsive interactions which are due to hydration forces or the 

presence of a gel like layer of silanol groups which grow on the surface in the presence of water.160  

The electrostatic double layer interactions can be measured as the probe approaches the surface 

with a more negative ZP expected to lead to greater repulsive forces and opposite charges leading 

to attraction. 

The adhesion strength of the acid pre-treated membrane was compared to that of the virgin 

membrane by the use of a silica colloidal probe.  Averages were taken of 10 points across the 

membrane surface and are reported in Table 8.6.  It can be seen that the adhesion strength is 

around 10 times greater following pre-treatment with citric acid, this is likely to be responsible for 

the rapid flux decline shown in Figure 8.3. 

Table 8.6: Adhesion distance and strength between pre-treated membranes and colloidal probe. 

Preconditioning Adhesion distance (nm) Adhesion strength (pN) 

Water 31.8  ± 7.6 690 ± 240 

Acid (C6H8O7) 129 ± 50 6510 ± 3040 

 

Typical force curves for the virgin and pre-treated membranes are shown in Figures 8.9 and 8.10 

for the approach and retraction of the colloid probe respectively.  The approach curve gives an 

insight into the electrical double layer of the membrane.  Figure 8.9 shows that for the virgin 

membrane no attraction is observed with repulsion between the membrane and probe from ca. 

20 nm from the surface with the repulsion increasing as the probe reaches the surface.  The 

membrane pre-treated with acid shows there are two points where attraction is observed.  Forces 

of ca. 600 pN are observed 30 nm and 20 nm from the surface before repulsion is observed 

between 20 nm and the surface.  This change highlights differences following pre-treatment with 

the probe being more attracted to the citric acid treated surface.  It was shown using FTIR in 

Section 8.1.4 that carboxylic acid groups are present on the surface.  The attraction highlights the 

importance of hydrogen bonding with bond formations expected between the COOH groups on 

the membrane surface and OH groups on the silica probe.   

For the retraction of the probe the forces between the surface and virgin membrane are small 

with one peak as discussed previously in Section 4.2.2.6.  Following conditioning with citric acid, 
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the magnitude of this peak increases showing increased adhesion, and there is the formation of a 

second peak which has a lower adhesion strength but greater adhesion distance.  The two 

different peaks can be attributed to hydrogen bonding between the membrane surface and the 

OH groups on the silica probe.  There are two free binding sites in the citric acid.  The presence of 

terminal or tertiary binding sites may lead to the two peaks formed with the different binding sites 

possessing different properties.  Alternatively, there may be some adhesion between OH groups 

on the membrane surface and the silica probe. 

Adhesion distance (m)

0 2e-8 4e-8 6e-8 8e-8 1e-7

A
d

h
e

s
io

n
 s

tr
e

n
g

th
 (

N
)

-8.0e-10

-6.0e-10

-4.0e-10

-2.0e-10

0.0

2.0e-10

4.0e-10

6.0e-10

8.0e-10

1.0e-9

1.2e-9

Virgin membrane

C6H8O7 pretreated membrane

 

Figure 8.9: Adhesion distance and strength for approach of silica probe to alumina membranes with no 

pre-treatment (virgin membrane) and pre-treated with citric acid highlighting the differences in surface 

chemistry and adhesion properties following pre-treatment. 
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Figure 8.10: Typical adhesion distance and strength for retraction of silica probe from alumina membranes 

with no pre-treatment (virgin membrane) and pre-treated with citric acid highlighting the differences in 

surface chemistry and adhesion properties following pre-treatment. 

When the membranes were fouled, the average adhesion strength and distance was measured.  

These are reported in Table 8.7.  It can be observed that the adhesion strength is ca. two times 

larger for the membrane pre-treated with citric acid than for the fouled membrane with no pre-

treatment.   The adhesion strength is also active over a longer distance showing the surface pre-

treated with citric acid leads to an increase in the adhesion distance.   Typical forces curves for the 

approach and retraction of the probe to the membrane are shown in Figures 8.11 and 8.12 

respectively. 

Table 8.7: Adhesion distance and strength between pre-treated membranes which have been fouled with 
Gum Arabic and a colloidal probe. 

Preconditioning Adhesion distance (nm) Adhesion strength (pN) 

Water 36.8 ± 10 1130 ± 330 

Acid (C6H8O7) 591 ± 24 2720 ± 100 
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Figure 8.11: Typical adhesion curve as a colloidal probe approaches surface of virgin membrane and citric 

acid pre-treated membrane following fouling with 2.0 wt. % Gum Arabic. 
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Figure 8.12: Typical adhesion curve as a colloidal probe is retracted from the surface of virgin membrane 

and citric acid pre-treated membrane following fouling with 2.0 wt. % Gum Arabic. 
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It is evident that following fouling, the pre-treatment of the membrane has a large influence on 

the properties of the foulant layer.  Gum Arabic is a complex polysaccharide and protein mixture 

which leads to complications in understanding what is occurring.  Studying the approach curve in 

Figure 8.11 it can be observed that for the pre-treated and fouled membrane there is repulsion 

ca. 90 nm from the membrane surface whereas for the fouled membrane there is slight repulsion 

ca. 20 nm from the membrane surface, with attractive forces ca. 320 pN dominating at 11 nm 

from the surface and ca. 260 pN at 5 nm from the surface.  The repulsion in the pre-treated sample 

suggests the surface is dominated by carboxylic acid groups leading to repulsion between these 

and the negatively charged probe.  However, the virgin membrane which was fouled is likely to 

have calcium cations leading to the attractive forces between these positive ions and the 

negatively charged OH groups on the silica probe.  This hypothesis agrees with the zeta potential 

results with larger negative charge being observed for the pre-treated sample shown in Figure 8.8.  

Additionally, the shape of the approach curve for the fouled membrane following pre-treatment 

with citric acid suggests the probe may be cutting through a soft layer of foulant.   

The membrane treated only with water shows a small adhesion strength over a small distance, 

when compared with the citric acid pre-treated membrane for retraction of the probe from the 

membrane.  Comparing this with the membranes before fouling, it can be observed that the 

adhesion strength is increased following fouling.  The pre-treated membrane shows a curve which 

follows the shape of a typical adhesion curve.  For both of the fouled samples this peak tails off 

suggesting a low strength adhesion over a longer distance before the colloid tip and surface are 

separated.  This is particularly evident for the sample pre-treated with citric acid.  This curve is 

typical for samples which are viscous liquids suggesting that the Gum may form a viscous liquid on 

the membrane surface.  With the Gum being highly soluble in water this is plausible, however the 

gel-like characteristics of Gum may also be responsible for this with the formation of an easily 

deformed gel layer.  The multiple peaks present on retraction from the sample pre-treated with 

acid and subsequently fouled, suggests there are multiple binding points between the surface and 

the probe.   

The sample pre-treated with acid may have resulted in improved adhesion of the calcium cations, 

leading to the increase in fouling propensity shown in Figure 8.3.  This would lead to alterations in 

the structure of the foulant layer increasing the negative charge on the membrane surface and 

leading to improved rejection of Gum through charge interactions. 

Studies were carried out on the membrane pre-treated with acid where the same point was 

tapped repeatedly with the probe to gain an insight into changes over time.  It was shown that 
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there were two surfaces present, with the requirement to break through the first surface before 

reaching the second surface.  The characteristics of the second surface were the same as that of 

the virgin membrane.  This suggests that the citric acid forms a layer in the membrane surface 

which can be removed through tapping with a silica probe.  After 1 minute without tapping the 

surface is restored.   

Following pre-treatment with citric acid and fouling with Gum Arabic, time dependent studies 

were carried out using the silica probe on one point on the membrane.  This time it was necessary 

to break through two different surfaces to get to the alumina.  After one minute characteristics of 

the alumina surface could still be observed but there was movement of the Gum back to the 

surface.  This is further evidence for the gel-like properties of the foulant layer alluded to in 

Chapter 5.   

 

8.1.8 Discussion of pre-treatment with citric acid 

Pre-treatment with citric acid leads to alterations in the surface chemistry of the alumina surface.  

This results in enhanced separation properties.  The enhanced separation comes with an increase 

in the fouling propensity and membrane resistance following fouling.  Pre-treating the membrane 

with citric acid results in the addition of carboxylate groups to the membrane confirmed using 

FTIR and SEM-EDX.  The addition of these surface groups not only provides additional sites on the 

membrane surface for hydrogen bonding to occur, but also increases the attraction of positively 

charged metal cations such as calcium to the membrane surface.  Through the use of zeta potential 

measurements and AFM studies it is hypothesised that the carboxylate groups on the membrane 

surface chelate with metal cations such as calcium present in the Gum.  It is expected that this 

results in changes to the structure of the foulant layer.  The chelation of cations means that at the 

surface of the foulant layer in contact with the solution, more negatively charged carboxylate 

groups from the amino acid of the Gum are present.  This increased negative charge may lead to 

improved rejection characteristics of the Gum. 

Pre-treating with acid results in the formation of two free carboxylate groups on the membrane 

surface for each citric acid molecule.  These can form hydrogen bonds with carboxylate, aldehyde 

and alcohol groups present in Gum Arabic. 
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8.2 Pre-treatment with sodium hydroxide 

Pre-treatment with sodium hydroxide was investigated as it was hypothesised that ion exchange 

would occur between hydrogen in the hydroxyl groups on the membrane surface and sodium, 

resulting in the formation of AlONa.  Alternatively charge interactions could occur between the 

negatively charged OH groups on the membrane surface and positive sodium ions resulting in 

neutralisation of the surface.  In a similar manner to pre-treating with citric acid, the pre-treatment 

with sodium hydroxide allows the possibility of changes in the separation and fouling tendencies 

of the membrane without compromising its mechanical strength. 

 

8.2.1 Rejection of Gum Arabic 

The concentration of Gum Arabic was monitored every five minutes throughout the filtration of 

2.0 wt. % Gum Arabic through a 0.5 µm membrane with no pre-treatment, and following pre-

treatment with sodium hydroxide.  There was no change observed in the rejection of Gum with 

both samples showing the same rejection as seen for the membrane with no pre-treatment in 

Figure 8.2. 

 

8.2.2 Effective contact angle 

The effective contact angle was measured for membranes pre-treated with NaOH before and after 

fouling.  The average effective contact angles, along with those for the virgin and fouled 

membranes, are reported in Table 8.8.  It can be observed that the effective contact angle 

following both pre-treatment and fouling following pre-treatment was reduced.  This suggests 

there is a change in the surface energy of the membrane and there is a slight change to the 

foulants which adhere during the fouling cycle.  The attachment of sodium to the membrane is 

likely to be the influencing factor in this, as the membrane is well rinsed so that the rinsing solution 

has a pH of 7.0 before the PWF was measured or fouling carried out. 
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Table 8.8: Effective contact angle of water on membrane surface for virgin and NaOH pre-treated and 
fouled, measured by sessile drop. 

Material Measured effective contact 

angle (⁰) 

Aluminium oxide 37 ± 4 

NaOH treated aluminium oxide 31 ± 10 

Fouled untreated membrane 104 ± 7 

Fouled NaOH treated membrane 94 ± 10 

 

8.2.3 Flux and membrane resistance 

The reduction in contact angle allows an increased throughput of water through the membrane 

when measuring the PWF.  This is due to the increased hydrophilicity and is shown by a reduction 

in the membrane resistance following pre-treatment.  The normalised membrane flux for the first 

5 minutes during filtration has been plotted in Figure 8.13.  It can be observed that the initial flux 

decline is slower for the membrane pre-treated with NaOH, however after 60 minutes of fouling 

the resistance is larger for the pre-treated membrane (Table 8.9).  The initial reduction in 

resistance rate is likely to be caused by the reduced negative charge on the membrane through 

the addition of sodium cations on the membrane surface.  This is shown in Section 8.2.5.  Following 

60 minutes of filtration, the resistance increased to be 73 times that of the membrane resistance 

following alkali pre-treatment compared with 24 times that of the virgin membrane for the 

membrane pre-treated only with water.  The increase in resistance may be due to differences in 

the conformation of the fouling layer leading to a denser fouling layer.  Rinsing with water was 

shown to be ineffective with an increase rather than reduction in membrane resistance observed.  

This again highlights the possibility that a denser foulant layer is formed.  The presence of sodium 

ions can lead to the formation of ion bridges between the membrane and foulant.  This may be 

responsible for conformational changes in Gum, leading to a denser structure. 
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Figure 8.13: Influence of pre-treatment with 0.5 wt. % sodium hydroxide on the permeate flux during the 

first 5 minutes of a fouling cycle.  Results are based on an average of three measurements with the error 

bars showing the standard deviation. 

Table 8.9: Membrane resistance for 0.5 µm alumina membranes during fouling following a) no pre-
treatment and b) pre-treatment with 0.5 wt. % sodium hydroxide. 

Condition Rm (x1010 m-1) RT (x1011 m-1) Rrinsed (x1011 m-1) 

No pre-treatment 1.22 ± 0.8 2.97 ± 0.3 1.2 ± 0.6 

0.5 % NaOH pre-treatment 0.75 ± 0.4  5.50 ± 0.9 6.3 ± 0.8 

 

Table 8.10: Normalised membrane resistance for 0.5 µm alumina membranes during and following a) no 
pre-treatment and b) pre-treatment with 0.5 wt. % sodium hydroxide.  The membrane resistance is set to 
1.0. 

Condition Rm RT Rrinsed 

No pre-treatment 1 24 10 

0.1 % NaOH pre-treatment 1 74 84 

 

The experimental flux data was fitted to the model detailed in Section 3.6.8 to allow the 

predominant fouling mechanism to be alluded to.  The r2 values are shown in Table 8.11, with the 

corresponding graphs shown in Appendix B.  While cake formation was the dominant fouling 

mechanism observed for the first five minutes of filtration for the samples which had not 
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undergone pre-treatment, the sample which was pre-treated with sodium hydroxide showed pore 

constriction as the dominant fouling mechanism.  This changes however for 5 – 60 minutes with 

no clear dominant mechanism for the 0.5 µm membranes which had not been pre-treated, 

whereas cake filtration is clearly dominant following pre-treatment with alkali.  These results 

suggest that different interactions occur between the foulant and membrane, these are discussed 

in the rest of this chapter. 

Table 8.11: Fouling mechanism based on laws proposed by Hermia101 and extended for crossflow by Field 
et al93. Values are r2 values are for curve fitting to the linear form of the equation.91, 102, 103 

Experiment Time Pore 

blocking 

Pore 

constriction 

Cake 

formation 

Intermediate 

pore blocking 

0.5 µm no pre-treat 5 0.473 0.948 0.995 0.919 

0.5 µm no pre-treat 60 0.499 0.895 0.913 0.933 

0.5 µm pre-treated 

with alkali 

5 0.891 0.991 0.985 0.942 

0.5 µm pre-treated 

with alkali 

60 0.756 0.971 0.995 0.964 

 

8.2.4 FTIR and Raman spectroscopy 

In a similar manner to the acid pre-treated membrane, no changes were observed in the Raman 

spectra following pre-treatment with sodium hydroxide.  FTIR also showed little change from the 

virgin membrane as shown in Figure 8.14.  The spectrum of the virgin membrane has been 

subtracted from that of the citric acid pre-treated and caustic pre-treated membranes, with the 

caustic spectrum showing almost no difference compared to the marked difference shown for the 

citric acid pre-treated membrane. 

Following fouling of the two membranes the FTIR spectrum was measured and can be observed 

in Figure 8.15.  The spectra are very similar, however the peaks at 3400 cm-1 shows an increase in 

intensity.  This suggests for the pre-treated and fouled sample there is an increased presence of 

the asymmetric stretching of the O-H bond.  No conclusions can be drawn on this information 

alone, however it suggests that either there is additional hydrogen bonding between OH groups, 

or there are more OH groups on the membrane surface compared with the fouled membrane 

which did not undergo pre-treatment. 
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Figure 8.14: FTIR of membrane pre-treated with citric acid (top) and pre-treated with NaOH (bottom).  

Virgin membrane has been subtracted from spectra. 
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Figure 8.15: Membranes fouled with Gum Arabic following no pre-treatment (top) and alkali pre-

treatment (bottom).  
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8.2.5 Zeta potential measurements 

Zeta potential measurements were carried out on a membrane pre-treated with sodium 

hydroxide before and after fouling to allow a comparison between the membranes and establish 

changes occurring during the pre-treatment stage.  Pre-treatment with NaOH reduces the 

negative charge of the membrane, shown in Figure 8.16.  This reduction in charge is likely to be 

due to the adhesion of positive cations from the caustic cleaning agent to the negatively charged 

functional groups (OH-) on the membrane surface.  This has been confirmed using elemental 

analysis in Section 8.2.6.  Following pre-treatment, the IEP is ca. pH 5.4, whereas the IEP of the 

virgin membrane is below pH 3.0.  This shift in the IEP highlights changes to the surface chemistry 

following pre-treatment, and suggests the adhesion of positive charges to the membrane surface.  

The negatively charged virgin membrane may attract positive charges of Na+ present in the NaOH 

cleaning solution.  As a result of the attractive forces, the ions are strongly bound to the membrane 

surface, or in the membrane pores.  It has previously been reported by Zuriaga-Augsti that the 

effective pore radius may be reduced due to the presence of the cations, which also changes the 

charge.203  Based on the small size of sodium cations relative to the pore size in microfiltration, it 

would be expected this would have little effect.  This was confirmed by the reduction in membrane 

resistance following pre-treatment.  The change in charge leads to differences in the electrostatic 

interactions between the foulant and the membrane. 

At the natural pH of Gum, the membrane has a charge of ca. -5 mV compared to ca. -30 mV for 

the virgin membrane.  Based on this it would be expected that the pre-treated membrane would 

behave differently to the virgin membrane.  At high pH values the membranes behave more 

similarly with the virgin membrane having a charge ca. -40 mV compared to ca. -32 mV for the 

alkali pre-treated membrane. 
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- Figure 8.16: Comparison of zeta potential for untreated membrane and membrane pre-treated 

with 0.5 wt. % sodium hydroxide. 

Following fouling, there is again a change in the zeta potential following the two different pre-

treatments.  For the membrane pre-treated with sodium hydroxide, the IEP following fouling is ca. 

pH 3.3.  The IEP is below pH 3.0 for the fouled membrane which did not undergo pre-treatment.  

A more negatively charged surface was observed for the fouled membrane which had been pre-

treated with sodium hydroxide suggesting that the foulants on the surface are different following 

the two pre-treatment methods.  Comparing this with the FTIR results it is expected there are 

more OH groups from the aldehyde and alcohol present on the surface of the foulant layer.  The 

reduced charge on the membrane following pre-treatment with sodium hydroxide may lead to a 

different configuration of Gum on the membrane surface.  While the composition is very similar 

or the same as that of the foulant on the virgin membrane the configuration may be altered 

depending on the charge on the membrane, leading to attraction of positive, negative or neutral 

areas of the Gum.  With Gum Arabic containing a proteinacious backbone with AG side groups, it 

is very likely that different functional groups present in the structure interact with different 

surfaces.  This can result in differences in the foulant configuration. 
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Figure 8.17: Comparison of zeta potential for fouled membranes with and without 0.5 wt. % 

sodium hydroxide pre-treatment. 

 

8.2.6 SEM-EDX 

Elemental analysis was carried out using SEM-EDX on the surface of fouled membranes in order 

to study the composition of the membranes before and after pre-treatment with sodium 

hydroxide, and following fouling.  It can be seen in Table 8.12 that there is addition of sodium to 

the membrane highlighting the adsorption of sodium, or formation of ion exchange between 

sodium and hydrogen previously alluded to in this chapter.  Sodium can be held responsible for 

the changes in zeta potential with positive cations leading to a reduction in the membrane charge. 

Following fouling, there was little change to the composition of foulant on the membrane, 

however the level of calcium was noted to decrease.  The presence of sodium on the membrane 

surface leading to charge neutralisation may result in less adsorption of calcium due to the 

reduced negative charge on the membrane.  This would result in hydrogen bonding being the main 

fouling mechanism. 
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Table 8.12: SEM-EDX analysis of membrane surface for virgin membrane, sodium hydroxide pre-treated 
membrane and fouled membranes. All results are in wt. %. Elements showing ‘-‘ were not detected in the 
sample. 

Sample Al O C Ca Si Na 

Virgin membrane 50.6 ± 2.2 49.4 ± 4.3 - - - - 

Fouled 42.0 ± 3.8 46.8 ± 7.9 9.6 ± 6.5 0.8 ± 0.4 0.8 ± 0.4 - 

Alkali pre-treat 44.5 ± 1.3 48.2 ± 3.2 - - 1 ± 0.3 1.8 ± 0.6 

Alkali pre-treat - 

fouled 

42.9 ± 1.7 47.6 ± 3.7 8.2 ± 2.9 0.2 ± 0.2 1.2 ± 0.5 0.5 ± 0.1 

 

8.2.7 AFM 

AFM was used to study the different interactions between the membrane and a colloidal probe 

following pre-treatment with sodium hydroxide.  Following pre-treatment, there was a slight 

increase in the average adhesion strength, with a reduction in the adhesion distance as shown in 

Table 8.13 

Table 8.13: Adhesion distance and strength between virgin and NaOH pre-treated membrane and colloidal 
probe. 

Preconditioning Adhesion distance (nm) Adhesion strength (pN) 

Water 31.8 ± 7.6 690 ± 240 

Alkali (NaOH) 16.5 ± 7.7 950 ± 270 

 

Typical force curves are shown in Figures 8.18 and 8.19 for the approach and retraction of the 

probe to the membrane surface respectively.  It can be seen in Figure 8.18 that during the 

approach there is very little difference following pre-treatment with both membranes showing 

repulsion from ca. 15 – 20 nm from the membrane surface.  The zeta potential results show that 

both membranes are negatively charged therefore similar interactions would be expected.   The 

retraction of the probe from the membrane surface shows a subtle difference between the two 

membranes with the formation of only one peak for the alkali pre-treated membrane compared 

to the strong adhesion followed by long range weak adhesive interactions observed for the sample 

which was not pre-treated.  This suggests that the addition of sodium cations to the membrane 

surface counteracts some of these long range adhesive interactions.  Based on this reduced 

membrane fouling would be expected, however this was not shown in Section 8.2.3.    
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Figure 8.18: Adhesion curve for the approach of silica probe to a) membrane pre-treated with water 

(virgin membrane) and b) membrane pre-treated with 0.5 wt. % sodium hydroxide. 
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Figure 8.19: Adhesion curve for the retraction of a silica probe to a) membrane pre-treated with water 

(virgin membrane) and b) membrane pre-treated with 0.5 wt. % sodium hydroxide. 

 



Chapter 8: Influence of pre-treatment on the fouling of Gum Arabic 

221 

 

Following fouling, there was a larger difference in the adhesion of the two membranes.  Table 8.14 

shows the average fouling distance and strength measured across 10 points on the membrane 

surface for the two fouled membranes.  It can be observed that for the membrane pre-treated 

with alkali and fouled, both the adhesion distance and adhesion strength are increased.   

Table 8.14: Adhesion distance and strength between virgin and alkali pre-treated membranes which have 
been fouled with Gum Arabic and a colloidal probe. 

Preconditioning Adhesion distance (nm) Adhesion strength (pN) 

Water 36.8 ± 10 1130 ± 330 

Alkali (NaOH) 881 ± 300 3370 ± 1320 

 

It is evident that following fouling, the pre-treatment of the membrane has a large influence on 

the properties of the foulant layer.  The complexity of Gum leads to difficulties in understanding 

exactly what is happening, but it is apparent that following pre-treatment with sodium hydroxide 

that the foulant layer has an increased adhesion strength and distance.  During the approach 

(Figure 8.20) there is less attraction with the pre-treated and fouled sample showing a small 

adhesion peak ca. 5 nm from the surface, compared the two larger peaks 20 nm and 11 nm from 

the surface on the fouled sample which was pre-treated with water alone.   

For the retraction curve, Figure 8.21 shows that the adhesion strength is greater following fouling 

than before fouling.  This is due to the wide range of groups in the Gum which can interact with 

the silica probe.  Both curves show a neat curve similar in shape to a typical adhesion curve with 

a tail caused by long range interactions.  The tail due to long range interactions is still present for 

the sample fouled following NaOH pre-treatment, however this is less pronounced than for the 

other fouled sample.  This shows there is a period of long range weak interactions before the tip 

and sample are separated.  These are typical of gel and viscous liquid samples highlighting that 

the foulant layer is likely to be a gel layer as alluded to in Chapter 5, for both samples.   

The results in Section 8.2.4 and 8.2.5 suggested that following pre-treatment with sodium 

hydroxide and subsequent fouling, there were more OH or COOH groups on the surface compared 

with the fouled membrane which had not undergone any pre-treatment.  While it is unknown 

what is responsible for the change in conformation in Gum under these conditions the adhesion 

strength following fouling, corroborates this suggestion.  If there are additional OH and COOH 

groups on the membrane surface these can form hydrogen bonds with OH groups on the silica tip 

leading to an increase in the adhesion. 
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Figure 8.20: Adhesion strength on the approach of silica probe to membranes fouled with Gum Arabic 

following pre-treatment with a) water and b) sodium hydroxide. 
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Figure 8.21: Adhesion strength on the retraction of silica probe to membranes fouled with Gum Arabic 

following pre-treatment with a) water and b) sodium hydroxide. 
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8.2.8 Discussion of NaOH pretreatment 

A simple pre-treatment using sodium hydroxide, which is a commonly used cleaning agent, leads 

to alterations in the foulant layer formed during the microfiltration of 2.0 wt. % Gum Arabic.  The 

initial flux decline is reduced following pre-treatment, however it is hypothesised that a denser 

foulant layer is formed leading to an increase in the membrane resistance following 60 minutes of 

filtration.  Studies carried out showed that there is adhesion of sodium to the membrane during 

pre-treatment.  This results in a reduction in the membrane charge at the natural pH of Gum 

Arabic.  The fouled samples show variation which is likely to be due to a conformational change in 

the foulant layer.  Following pre-treatment with sodium hydroxide, the results obtained suggest 

that the foulant layer contained more OH or COOH groups on the membrane surface.  This leads 

to an increased potential for hydrogen bonding and may be responsible for the increased fouling 

severity.  It is possible that the reduced charge on the membrane surface prevents the adhesion 

of calcium cations to the membrane surface resulting in hydrogen bonding being the most 

prevalent mechanism by which the foulant layer forms.  The formation of hydrogen bonding is 

generally slower than charge interactions and could be responsible for the reduction in fouling 

rate.  Strong hydrogen bonding within Gum is known to lead to the gel like properties, therefore 

increases in this may be responsible for producing a denser foulant layer.  Further work is required 

to investigate the density of the foulant layer, however as the layer is so thin (reported in Chapter 

5) this is challenging to investigate with current technologies available.  

 

8.3 Summary  

In terms of separation, pre-treatment with citric acid outperforms the membranes with no pre-

treatment (only water) and following pre-treatment with sodium hydroxide.  The enhanced 

separation comes with a penalty of increased fouling compared to the virgin membrane.  It is 

expected that the increase in separation is due to electrostatic and charge interactions shown by 

the large difference in ZP for fouling following pre-treatment with citric acid compared to fouling 

of a virgin membrane. 

Pre-treatment with citric acid leads to the formation of strong bonding between the citric acid and 

the membrane surface.  This leads to the formation of two free carboxylic acid groups on the 

surface and leads to an increase in the IEP of the membrane.  Citric acid acts as a chelating group 

with metal cations.  It is therefore proposed that the increase in fouling rate following pre-
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treatment with citric acid leads to attraction between the positively charged metal cations in the 

Gum (calcium ions) and the negatively charged carboxylic acid groups on the membrane surface.    

Pre-treatment with sodium hydroxide results in the presence of sodium cations on the membrane 

surface, this reduces the zeta potential on the membrane resulting in a small negative charge at 

the natural pH of Gum.  This leads to little charge interaction suggesting that hydrogen bonding is 

the dominant mechanism of fouling for this sample.   

The adhesion of the membranes has been measured using AFM with a colloidal probe, giving an 

insight as to what is occurring.  Pre-treatment with citric acid leads to a layer with strong adhesion 

forces.  The strong forces observed are likely to be hydrogen bonds forming between the 

carboxylic acid groups on the membrane and OH groups on the silica surface.  Following fouling 

the adhesion strength was greatest for the membrane pre-treated with sodium hydroxide.  It is 

hypothesised that the pre-treatment influences the conformation of Gum in the fouling layer with 

an increased number of OH or COOH groups found on the surface of the foulant following alkali 

pre-treatment.  The increase of these groups allows an increase in hydrogen bonding between the 

surface and probe resulting in greater adhesion strength and distance.  The adhesion following 

fouling is smaller for the acid pre-treated membrane, which again highlights the importance of 

hydrogen bonding between the probe and silica tip.  

It was hoped that pre-treatment would allow a reduction in the fouling propensity of the 

membrane and the development of antifouling membranes.  This was not achieved, however an 

increase in separation could be achieved.  While antifouling membranes could not be formed 

following these pre-treatment methods they allowed a greater insight into the cause of membrane 

fouling and the interaction between the surface of the membrane and foulant. 
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9. Conclusions, recommendations and future work 

9.1 Conclusions 

This thesis aims to show the potential for membrane technology to be used in the industrial 

application of removing Gum Arabic from the waste streams produced through spray drying 

during the industrial processing of Gum.  Detailed conclusions are given in the discussion and 

summary at the end of each chapter, so this chapter aims to bring together the overall findings of 

the thesis and provide recommendations and further studies which can be carried out.  

The aim of this thesis as eluded to in the title is to reduce both water and energy consumption 

during the filtration of Gum Arabic.  The focus has been on the wastewater produced.  This waste 

from the spray driers is one of the areas of biggest environmental and financial concern during 

the process.  The water produced contains ca. 2.0 wt. % Gum Arabic, which has a high COD.  Not 

only does this lead to the disposal of very large quantities of water, but it is an expensive and 

energy intensive process with the water needing tankered away and injected into land.  While 

membranes require energy in the form of pumps to allow separation, this is seen as a much more 

energy friendly method compared with alternatives such as land injection and distillation.   

The rejection of ca. 90 % of Gum from the model waste solution not only allows water to be 

disposed using a cheaper alternative to land injection, it also means there can be a huge saving in 

water costs.  This saving can be obtained by recycling water as illustrated in Figure 1.1.   

Studies carried out show the use of membrane technology to be effective in the removal of Gum 

Arabic from a model process wastewater stream.  The use of a 0.8 µm alumina ceramic membrane 

allowed ca. 90 % rejection of Gum in the permeate after seven cycles.  However fouling, which is 

inevitable in complex food products, was found to be a problem.   

The permeate flux decreased quickly when the feed suspension contained Gum Arabic under both 

static and dynamic conditions.  A number of factors were investigated and it was shown that 

fouling can be minimised by applying a high crossflow velocity and a low transmembrane pressure 

during filtration.  High temperatures also led to a reduction in viscosity, and this also aids the 

filtration process, however an increase in temperature led to a reduction in rinsable fouling (that 

which could be removed through rinsing with water).  

The membrane pore size had little effect on the permeate flux following 60 minutes of filtration, 

however increased separation was achieved using 0.2 µm membranes compared to larger pore 
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sizes.  Pre-filtration showed little influence on the permeate flux with an increase in pore 

constriction observed over the first five minutes for pre-filtered Gum compared with cake 

filtration for the unfiltered Gum.  

The foulant layer is hypothesised to be a gel layer which fits well with the results shown by SEM, 

porosometry, AFM and the known properties of Gum Arabic.  Complexation between calcium ions 

and carboxylic acid groups can lead to a highly cross-linked gel-like structure.  The presence of 

calcium was shown using SEM-EDX.   

Following the initial deposition of a foulant layer on the membrane surface, leading to rapid flux 

decline, foulant-foulant interactions become dominant.  The foulant layer has a large number of 

carboxylic acid, aldehyde and alcohol groups on the surface which can form hydrogen bonds.  This 

leads to increased adhesion between a colloidal probe and the fouled surface.   

Most of the fouling observed was irreversible, and could not be removed through rinsing with 

water; therefore, a chemical cleaning protocol was developed.  The use of a two stage clean of a 

combined cleaning solution containing 0.5 wt. % sodium hydroxide and 200 ppm sodium 

hypochlorite followed by 0.1 wt. % citric acid led to a flux recovery of 86 ± 5 %.  The use of citric 

acid as a single component cleaning agent shows some promise, however it was not found to be 

as effective as when followed by alkali cleaning.   It is hypothesised that the sodium hydroxide 

leads to swelling of the Gum, and citric acid dissolves the foulant and chelates the sodium and 

calcium cations leading to weakening and dissolution of the foulant layer.  The chelation of the 

metal cations can remove strong ion bridges, leading to weakening of the structure of the foulant 

layer. 

Two mechanical cleaning methods were investigated.  Backwashing was ineffective and this is 

expected to be as a result of the easy deformability of the gel-like foulant layer.  Cleaning under 

sonication resulted in a flux recovery of 91 ± 5 % and is expected to be as a result of breaking down 

the carbohydrate and protein into sugar and amino acid moieties.   

While cleaning over one cycle gives a good indication as to the removal mechanisms, it does not 

give any information about the long term aging of the membrane.  Ten cycles were studied with 

two cleaning protocols.  Cleaning with alkali followed by acid resulted in a greater flux recovery 

than cleaning with alkali alone over the first cycle.  This significant increase was not observed over 

multiple cycles.   After 10 cycles the difference in FR was small with a FR of 24 ± 5 % for the two 

stage clean compared with 23 ± 6 % for the alkali clean alone.  In addition to the flux recovery it is 

important to consider the fouling flux and separation properties.  A higher filtration flux was 
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observed following the two stage clean, along with increased separation.  This suggests that while 

the FR is similar for both cleaning protocols, the two stage clean leads to an improvement in 

separation efficiency. 

Pre-treating the membranes was conducted using an alkali cleaning agent (sodium hydroxide) and 

an acidic cleaning agent (citric acid).  Neither pre-treatment method reduced the membrane 

fouling, however increased separation was observed following pre-treatment with citric acid.  The 

increased separation can be attributed to rapid adsorption of positively charged calcium cations 

to the negatively charged carboxylic acid groups on the membrane surface leading to a foulant 

layer on the surface.  Repulsion then occurs between the foulant layer and Gum in suspension 

increasing the rejection.   

 

9.2 Recommendations 

Microfiltration can be applied to allow separation of Gum Arabic and water allowing reuse of both 

the Gum and water.  Fouling is a large issue.  It is hypothesised there is the formation of a highly 

cross-linked gel like layer on the membrane surface therefore regular cleaning will be required.  In 

order to minimise fouling and optimise separation a 0.2 µm membrane should be operated at low 

transmembrane pressure and high crossflow velocity.  Operation ca. 30 ⁰C allows a reduction in 

viscosity increasing the flux, but allows greater removal of Gum through rinsing with water.   

In order to clean the membrane effectively cleaning should be carried out in the presence of 

ultrasound.  A two stage chemical clean was also shown to be effective using 0.5 wt. % sodium 

hydroxide + 200 ppm sodium hypochlorite followed by citric acid.  Citric acid not only allows 

greater removal of the Gum but also allows improved separation properties for the subsequent 

cycles.  

 

9.3 Future work 

This study has gained an insight about the fouling mechanism and characteristics of the 

microfiltration of Gum Arabic, however there is further work which can be carried out to build on 

the understanding gained here. 
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9.3.1 Hybrid system 

The use of a hybrid system could be investigated to ‘polish’ the permeate leading to increased 

Gum removal.  Microfiltration was investigated here in order to maintain a high throughput, 

however it was established that the pore size was not the limiting factor for permeate flux.  The 

use of ultrafiltration systems could be investigated both for the filtration of 2.0 wt. % model 

wastewater or to polish the permeate resulting in a two stage system with the potential for 

improved separation properties.  

9.3.2 Gum pre-treatment 

The model waste stream created comprised only of spray dried Gum which had been processed.  

At Kerry Ingredients (Cam, UK) ca. 90 % of the waste comes from the spray driers, however ca. 10 

% is raw Gum obtained earlier in the process.7  A comparison study should be carried out between 

the raw and spray dried Gum to determine if they have the same separation properties and fouling 

mechanisms.  The presence of bark and sand may lead to further complications in membrane 

fouling.   

It has previously been reported that harsh conditions such as spray drying lead to alterations in 

the Gum structure.  This can lead to an increase in the aggregates formed.  Raw Gum may not 

contain aggregates and therefore its behaviour during microfiltration should be studied. 

While the work carried out in this study has focused on spray dried Gum Arabic, which has 

undergone thermal pasteurisation due to the industrial relevance for Kerry Ingredients (Cam, UK), 

there are a number of other methods used for the decontamination of Gum Arabic during 

processing.  Until this year chemical treatment with ethylene bromine has been common, 

however this has now been banned due to the harm it causes to the ozone layer.254, 255 This has 

led to the investigation of alternative decontamination methods.  Thermal pasteurisation is 

commonly used, however there are alternative methods of decontamination such as 

gamma/electron radiation.256  It is known that heat treatment can influence the structure and 

properties of Gum Arabic, and heating too much can result in denaturation of the protein.  Zaied 

et al. reported that following irradiation there is no adverse effect on the physical properties of 

the final Gum product.256  However investigations as to the influence of pasteurisation on the Gum 

structure and thus the impact on fouling of ceramic membranes would be interesting to see if 

there are any differences based on the decontamination method particularly when free radicals 

can be detected in Gum Arabic 60 days after irradiation.255   
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Pre-treatment of the Gum in terms of pH, ionic strength and peroxidation could be considered.  

These were not investigated during this study as they can prevent the reuse of Gum.  They may 

greatly reduce the fouling and lead to increased separation allowing reuse of water with a 

reduction in the requirement to clean the system.  This may lead to improved environmental 

benefits reducing the impact of the process. 

 

9.3.3 Alternative membrane systems 

Only one material was investigated in this study – α-alumina.  It was discovered that interactions 

occurred between the hydroxyl groups on the membrane surface and Gum.  The use of a 

membrane material with no charge which cannot form hydrogen bonds may lead to a reduction 

in the fouling propensity.  Gum contains many negatively charged alcohol and carboxylic acid 

groups, however it also contains metal cations.  Due to this it can form charge interactions with 

positively or negatively charged membranes.  In addition carboxylic acid groups can form strong 

hydrogen bonds.  A membrane material which prevents this may reduce fouling.  Separation may 

be affected and this also needs to be considered.   Bernat et al. reported that ceramics often lead 

to improved separation characteristics due to the adsorption phenomena.192 

Recently the development of membranes operated with electric fields or ultrasonic fields 

superimposed has showed great promise for complex or charged solutions as the separation is not 

only carried out by size exclusion, but also by charge separation.  This can allow a reduction in the 

fouling as well as increases in rejection of charged components.  A number of authors have shown 

this to work with proteinacious solutions.58, 257-259  The electric field acts as an additional driving 

force along with the TMP.  This may not have an influence as it has been shown to prevent fouling 

mainly where there is a large concentration polarisation, however due to the charges associated 

with Gum Arabic this process has good potential for increased separation. The use of electrically 

enhanced membrane filtration (EMF) has been shown to reduce the formation of a surface layer 

of foulant on the membrane surface.  EMF offers the potential for extremely low fouling due to 

electrostatic repulsion between the membrane surface and foulant. pH and ionic strength allow 

control on the charge on the protein.  Since proteins carry a net electric charge an electrical field 

can be used to reduce the influence of a polarized layer.58  Sung et al. observed that as voltage 

increased, the cake layer decreased, and at critical voltage no particle deposition was observed.260 
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9.3.4 Cleaning agents 

This study only investigated a small number of cleaning agents in order to determine their 

properties and to understand the processes resulting in the foulant removal.  Investigation should 

be carried out using surfactants to gain an understanding about how these influence the foulant 

layer and subsequent removal.   

Hydrogen peroxide (H2O2) should be investigated as an oxidising agent rather than NaOCl.  H2O2  

has the advantage that it does not contain chlorine therefore is often considered environmentally 

friendly and only produces water as a by-product.  A case study for this is required with the whole 

process considered as the production of hydrogen peroxide can be energy intensive, therefore at 

the low concentrations, the required concentration of NaOCl may be more environmentally 

friendly. 
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Appendix A 

Pressure transducer calibration 
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Figure A1: P1 pressure transducer calibration. 
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Figure A2: P3 pressure transducer calibration. 
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Figure A3: P4 pressure transducer calibration. 
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Figure A4: Dry weight calibration. 
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Figure A5: FDG calibration at 40 ⁰C and flow rate 30 and 60 mL min-1 measurements average of three 

repeats.  Error bars are too small to be observed. 
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Figure A6: Calibration of shear stress measured at 20, 40 and 60 ⁰C as gauge approaches membrane 

surface.  Measured at flow rate of 60 mLmin-1.  Used to calculate distance the tip needed to be from the 

surface to apply stress of 1 – 300 Pa on membrane fouled with Gum Arabic in Section 6.4.3. 
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Appendix B 
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Figure B1: Pore blocking model fitted to 2.0 µm flat sheet data for first 5 minutes (left) and 5-60 minutes 

(right). 
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Figure B2: Pore constriction model fitted to 2.0 µm flat sheet data for first 5 minutes (left) and 5-60 minutes 

(right). 
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Figure B3: Cake filtration model fitted to 2.0 µm flat sheet data for first 5 minutes (left) and 5-60 minutes 

(right). 
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Figure B4: Intermediate blocking model fitted to 2.0 µm flat sheet data for first 5 minutes (left) and 5 – 60 

minutes (right). 
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Figure B5: Pore blocking model fitted to 0.8 µm flat sheet data for first 5 minutes (left) and 5-60 minutes 

(right). 
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Figure B6: Pore constriction model fitted to 0.8 µm flat sheet data for first 5 minutes (left) and 5 – 60 minutes 

(right). 
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Figure B7: Cake filtration model fitted to 0.8 µm flat sheet data for first 5 minutes (left) and 5 – 60 minutes 

(right). 
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Figure B8: Intermediate blocking model fitted to 0.8 µm flat sheet data for first 5 minutes (left) and 5 – 60 

minutes (right). 
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Figure B9: Pore blocking model fitted to 0.5 µm flat sheet data for first 5 minutes (left) and 5 – 60 minutes 

(right). 
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Figure B10: Pore constriction model fitted to 0.5 µm flat sheet data for first 5 minutes (left) and 5 – 60 

minutes (right). 
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Figure B11: Cake filtration model fitted to 0.5 µm flat sheet data for first 5 minutes (left) and 5 – 60 minutes 

(right). 
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Figure B12: Intermediate blocking model fitted to 0.5 µm flat sheet data for first 5 minutes (left) and 5 – 60 

minutes (right). 
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Figure B13: Pore blocking model fitted to 0.2 µm flat sheet data for first 5 minutes (left) and 5 – 60 minutes 

(right). 
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Figure B14: Pore constriction model fitted to 0.2 µm flat sheet data for first 5 minutes (left) and 5 – 60 

minutes (right). 
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Figure B15: Cake filtration model fitted to 0.2 µm flat sheet data for first 5 minutes (left) and 5 – 60 minutes 

(right). 
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Figure B16: Intermediate blocking model fitted to 0.2 µm flat sheet data for first 5 minutes (left) and 5 – 60 

minutes (right). 
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Figure B17: Pore blocking model fitted to 0.8 µm tubular ceramic cycle 1 data for first 5 minutes (left) and 5 

– 60 minutes (right). 
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Figure B18: Pore constriction model fitted to 0.8 µm tubular ceramic cycle 1 data for first 5 minutes (left) 

and 5 – 60 minutes (right). 



Appendix  

255 

 

permeate volume (mL)

1000 2000 3000 4000 5000 6000

fi
ltr

a
ti
o

n
 t

im
e

/p
e

rm
e

a
te

 v
o

lu
m

e
 (

s
m

L
-1

)

0.00

0.01

0.02

0.03

0.04

0.05

0.06

r
2
 = 0.996

permeate volume (mL)

5000 10000 15000 20000 25000 30000

fi
ltr

a
ti
o

n
 t
im

e
/p

e
rm

e
a

te
 v

o
lu

m
e

 (
s
m

L
-1

)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

r
2
 = 0.939

 

Figure B19: Cake filtration model fitted to 0.8 µm tubular ceramic cycle 1 data for first 5 minutes (left) and 

5 – 60 minutes (right). 
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Figure B20: Intermediate blocking model fitted to 0.8 µm tubular ceramic cycle 1 data for first 5 minutes 

(left) and 5 – 60 minutes (right). 
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Figure B17: Pore blocking model fitted to 0.8 µm tubular ceramic cycle 10 data for first 5 minutes (left) and 

5 – 60 minutes (right). 
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Figure B18: Pore constriction model fitted to 0.8 µm tubular ceramic cycle 10 data for first 5 minutes (left) 

and 5 – 60 minutes (right). 
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Figure B19: Cake filtration model fitted to 0.8 µm tubular ceramic cycle 10 data for first 5 minutes (left) and 

5 – 60 minutes (right). 
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Figure B20: Intermediate blocking model fitted to 0.8 µm tubular ceramic cycle 10 data for first 5 minutes 

(left) and 5 – 60 minutes (right). 
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Figure B21: Pore blocking model fitted to 0.5 µm tubular ceramic cycle 1 data for first 5 minutes (left) and 5 

– 60 minutes (right). 
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Figure B22: Pore constriction model fitted to 0.5 µm tubular ceramic cycle 1 data for first 5 minutes (left) 

and 5 – 60 minutes (right). 
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Figure B23: Cake filtration model fitted to 0.5 µm tubular ceramic cycle 1 data for first 5 minutes (left) and 

5 – 60 minutes (right). 
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Figure B24: Intermediate blocking model fitted to 0.5 µm tubular ceramic cycle 1 data for first 5 minutes 

(left) and 5 – 60 minutes (right). 
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Figure B25: Pore blocking model fitted to 0.5 µm tubular ceramic cycle 10 data for first 5 minutes (left) and 

5 – 60 minutes (right). 
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Figure B26: Pore constriction model fitted to 0.5 µm tubular ceramic cycle 10 data for first 5 minutes (left) 

and 5 – 60 minutes (right). 
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Figure B27: Cake filtration model fitted to 0.5 µm tubular ceramic cycle 10 data for first 5 minutes (left) and 

5 – 60 minutes (right). 
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Figure B28: Intermediate blocking model fitted to 0.5 µm tubular ceramic cycle 10 data for first 5 minutes 

(left) and 5 – 60 minutes (right). 
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Figure B29: Pore blocking model fitted to pre-filtered Gum through a 0.8 µm flat sheet data for first 5 

minutes (left) and 5 – 60 minutes (right). 
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Figure B30: Pore constriction model fitted to pre-filtered Gum through a 0.8 µm flat sheet data for first 5 

minutes (left) and 5 – 60 minutes (right). 
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Figure B31: Cake filtration model fitted to pre-filtered Gum through a 0.8 µm flat sheet data for first 5 

minutes (left) and 5 – 60 minutes (right). 
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Figure B32: Intermediate blocking model fitted to pre-filtered Gum through a 0.8 µm flat sheet data for first 

5 minutes (left) and 5 – 60 minutes (right). 
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Figure B33: Pore blocking model fitted to Gum through a 0.5 µm flat sheet pre-treated with citric acid data 

for first 5 minutes (left) and 5 – 60 minutes (right). 
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Figure B34: Pore constriction model fitted to Gum through a 0.5 µm flat sheet pre-treated with citric acid 

data for first 5 minutes (left) and 5 – 60 minutes (right). 
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Figure B35: Cake filtration model fitted to Gum through a 0.5 µm flat sheet pre-treated with citric acid data 

for first 5 minutes (left) and 5 – 60 minutes (right). 
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Figure B36: Intermediate blocking model fitted to Gum through a 0.5 µm flat sheet pre-treated with citric 

acid data for first 5 minutes (left) and 5 – 60 minutes (right). 
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Figure B37: Pore blocking model fitted to Gum through a 0.5 µm flat sheet pre-treated with sodium 

hydroxide/sodium hypochlorite data for first 5 minutes (left) and 5 – 60 minutes (right). 
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Figure B38: Pore constriction model fitted to Gum through a 0.5 µm flat sheet pre-treated with sodium 

hydroxide/sodium hypochlorite data for first 5 minutes (left) and 5 – 60 minutes (right). 
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Figure B39: Cake filtration model fitted to Gum through a 0.5 µm flat sheet pre-treated with sodium 

hydroxide/sodium hypochlorite data for first 5 minutes (left) and 5 – 60 minutes (right). 
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Figure B40: Intermediate blocking model fitted to Gum through a 0.5 µm flat sheet pre-treated with sodium 

hydroxide/sodium hypochlorite data for first 5 minutes (left) and 5 – 60 minutes (right). 
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Appendix C 

Example calculations 

C1: Example flux calculation 

Flux was calculated using Equation 2.3 as follows: 

𝐽 =  
∆𝑉

𝐴𝑚∆𝑡
=  

(37.7)

(0.244)(0.00139)
=  111000 𝑔𝑚−2ℎ−1 

This could be converted into L m-2 h-1 by dividing by the density of solution e.g. 992.2 kg m-3 for 

water at 40 ⁰C 

(111000)

(992.2)
= 112 𝐿𝑚−2ℎ−1 

Reported fluxes (unless otherwise specified) are produced from triplicate experiments with the 

average and standard deviation used as the measure and error. 

 

C2: Example resistance calculation 

The membrane resistance was calculated using Equation 4.2 as follows: 

1.5 bar = 1.5 x 105 N m-2 

112 L m2 h-1 = 3.11 x 10-5 m s-1 

𝑅𝑇 =
∆𝑃

𝐽𝜇
=  

(1.5 𝑥 105)

(3.11 𝑥 10−5)(0.653 𝑥 10−3)
= 7.38 𝑥 1012 𝑚−1  

 

C3: Example calculation for Reynolds number 

The Reynolds number has been calculated using Equation 4.1 as follows: 

𝑅𝑒 =  
𝑢𝐿

𝜇
 

L is the effective channel hydraulic diameter where a is the channel height and b is the channel 

width: 
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𝐿 =  
2𝑎𝑏

𝑎 + 𝑏
=  

(2)(4 𝑥 10−3)(4 𝑥 10−3)

(4 𝑥 10−3)  + (4 𝑥 10−3)
= 4 𝑥 10−3 

𝑅𝑒 =  
𝑢𝐿

𝜇
=  

(2.3)(4 𝑥 10−3)

6.58 𝑥 10−5
= 13900  

 

C4: Example calculation for flux recovery 

The flux recovery was calculated using Equation 6.1 as follows: 

% 𝐽𝑟 =  (
𝐽𝐶

𝐽𝑊
)  𝑥 100 =  (

4657

5418
)  𝑥 100 = 86 % 

 

C5: Example calculation for zeta potential 

Streaming potential measurements were carried out through the pores.  The streaming current 

was measured at 5 different TMP through the pores.  The streaming current through the pores 

formed a linear correlation to pressure allowing the finite differential in the Helmholtz-

Smoluchowski equation to be obtained.  From this the apparent zeta potential through the 

membrane pores can be calculated. 
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Figure C1: Raw streaming current data plotted against TMP (data for 0.8 µm fouled membrane). 
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Table C1: Calculated apparent zeta potential from the streaming current/pressure gradient data in Fig. C1 

pH (-) Slope (mVbar-1) ζ- potential (mV) 

7.7 -15.86 -3.54 
6.9 -18.93 -4.09 
6.3 -12.81 -2.91 
5.3 -10.84 -2.57 
4.7 -7.55 -1.85 
4.0 -3.99 -1.12 
3.6 -2.1 -0.79 
3.0 -0.47 -0.34 

 

𝜁 =
∆𝐸

∆𝑃

𝜇𝑘

𝜀0𝜀𝑟
= (−15.86)𝑥 

(0.8904)(173.75)

(78.4)(8.854)
=  −3.54 

Where ΔE/ΔP is the slope, µ is the solution viscosity, k is the conductivity. ɛ0 is the permittivity of 

a vacuum and ɛr is the dielectric constant of water. 

 


