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ABSTRACT 

Growing water scarcity and deteriorating quality is forcing the re-evaluation of the 

single use nature of water consumption. Consequently, water reclamation, or the 

multiple use of a water resource, is considered an effective way to extend 

resource availability. Multiple use of a water resource for direct potable water 

production requires the use of reverse osmosis (RO) membrane systems to reject 

the passage of microbiological contamination including pathogens such as virus. 

The performance of membrane systems as a barrier to protect public health must 

be routinely challenged using a surrogate for the smallest pathogen by integrity 

tests. 

The aim of this research was to develop a new integrity monitoring technique that 

could identify the rejection capacity for pressure driven membrane systems in 

real-time. The research objectives included the development of a suitable non-

microbial virus surrogate and an integrated quantification technique that identified 

the rejection performance across a membrane system in real-time with high 

resolution and reliability. Sensitivity and precision are critical to the successful 

application for any new membrane system challenge test. 

Ideally, pressure driven membranes such as RO, should provide a complete 

physical barrier to the passage of pathogens, such as enteric viruses. In reality, 

manufacturing imperfections combined with membrane ageing and damage can 

result in breaches as small as 20 to 30 nm in diameter, sufficient to allow enteric 

viruses to contaminate the treated water compromising public health. 
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Existing membrane integrity monitoring systems are limited and health regulators 

credit RO systems with only 2 log10 rejection, well below their capability. A reliable 

real-time method that can recognise the true rejection potential of membrane 

systems greater than 4 log10 rejection has not yet been established.  

Fluorescence and light scattering measurement techniques were identified and 

assessed using a selection of commercially available non-microbial surrogate 

dyes and a synthesised polymer nanoparticle. Membrane integrity challenge 

tests using these non-microbial surrogates were undertaken to determine the 

potential to measure the rejection capacity at 4 log10 or better at bench, pilot and 

full-scale. These integrity tests were compared against conventional microbial 

surrogate challenge test using MS2 bacteriophage at full-scale and an 

assessment of LRV and variability was determined. 

A new membrane integrity monitoring technique based on a synthesised 30 nm 

diameter polymer nanoparticle integrated with light scattering intensity 

measurement was shown to provide high sensitivity and better than 4 log10 

rejection with low variability. Synthesized nanoparticle measurements were 

shown to be more representative of concentration gradients across a membrane 

array when compared to fluorescent dyes such as Rhodamine WT. Nanoparticle 

measurements were also shown to be more stable than the variable nature of 

fluorescence measurements of applied dyes at LRV greater than 4 log10 rejection. 

While microbial surrogates such as MS2 bacteriophage offered the potential for 

higher LRV credits the use of a nanoparticle as a non-microbial surrogate was 

able to be detected in real-time, online; a response that microbial surrogates are 

unable to provide. Real-time measurement and monitoring of membrane integrity 
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and LRV performance using the optical properties of nanoparticles has been 

shown to provide greater precision compared to fluorescent dyes and microbial 

surrogates. The technique has the potential to provide greater confidence in high 

pressure membrane system performance and move closer to recognising their 

true performance capability. 
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Chapter 1 Introduction 

Direct or indirect potable reuse of reclaimed sewage is developing quickly as the 

security of water supplies nationally and internationally diminishes through 

human activity. The growth of this type of water substitution is increasing and 

applications of this approach to water management is becoming evident in the 

national context by the Queensland Government’s Western Corridor Recycled 

Water Project (Seqwater 2013) operating from 2009 and internationally by 

Singapore’s Public Utility Board approach to securing water supplies for the 

island state (Singapore PUB 2010).  

Applications of reclaimed water treatment are evident throughout the United 

States of America with the most recent direct potable reuse (DPR) scheme, 

reusing treated wastewater as drinking water without an environmental buffer, 

operating at Big Spring, owned and operated by the Colorado River Municipal 

Water District (CRMWD). The Big Spring DPR plant was opened in mid-2013 and 

provides 7.5 ML/d of reclaimed water to augment dwindling water supplies. The 

CRMWD started investigating the opportunity to reclaim wastewater in 2002 and 

that led to the full-scale development over a decade later. Wichita Falls, a town 

located around 400 km from Big Spring has also developed a DPR scheme that 

produces 40 ML/d that started operating during mid-2014 (Martin 2014). 

Development of new indirect potable reuse (IPR) and DPR projects continues 

with the El Paso Water Utility already operating an IPR by injecting the treated 

water into a local aquifer and is seeking approval from the state regulator to build 

the full scale facility expected to go online in 2018 (Australian Water Recycling 
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Centre of Excellence 2015). Indirect potable reuse in the US has been used for 

over 40 years at the Upper Occoquan Regional Water Reclamation Plant 

operated by the Upper Occoquan Service Authority. The plant, located in Virginia, 

started reclaiming water in 1978 at a production capacity of 40 ML/d and was 

upgraded to treat 120 ML/d and then 205 ML/d. The reclaimed water is 

discharged into Bull Run and then onto the Occoquan Reservoir that supplies 

Washington D.C. (Ostarcevic 1991). The demand for additional water supplies 

from alternative sources continues to expand. 

The United Nations World Water Assessment Programme (UNWWAP), reports 

that all sectors of production will have a greater demand for water (WWAP 2015). 

Most significantly, the UNWWAP states that a global water deficit of 40% is likely 

by 2030 under the business as usual climate scenario. The ever increasing 

pressure on fresh water resources through population growth, urbanization, 

migration and industrialization, coupled with production and consumption 

increases, are issues that are forcing the re-evaluation of the single use nature 

of consumption. Consequently, water reclamation, or the multiple use of a water 

resource, is considered as an effective way to extend the use of the resource and 

modify consumption dynamics by better resource utilisation. 

A paradigm shift is underway with a new emphasis on the use of high pressure 

membrane systems that include nanofiltration (NF) and reverse osmosis (RO) 

systems for their microbiological removal rather than the traditional applications 

to remove salts and organic material (Texas Water Development Board 2015). A 

much greater and sustained focus on treatment efficacy by health regulators 

occurs when these unit operations are employed to reclaim water resources for 
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a diverse range of end uses such as indirect and direct potable water substitution 

(Victorian Government Department of Health 2013). 

Currently, the true barrier potential of high pressure membranes is not recognised 

by health regulators and that results in additional process complexity necessary 

to provide the level of security required by health regulators to mitigate real or 

perceived risks to public health. This condition is a consequence of the lack of a 

real-time, online membrane integrity testing regime that can readily validate the 

performance of a functioning high pressure membrane system on demand with 

greater than 99% removal (2 log10 reduction) of microbiological contamination by 

virus. Membrane integrity systems to validate the performance of microfiltration 

(MF) and ultrafiltration (UF) systems exist (Victorian Government Department of 

Health 2013) and are extensively employed in the water and food industries but 

the same cannot be said for NF and RO high pressure membrane systems that 

are limited to less than 2 log10, well below their potential of 4 log10 and beyond. 

There is limited published information that provides methods to evaluate high 

pressure membrane integrity or the efficacy of NF or RO to remove 

microbiological contaminants. Several integrity testing protocols that can be 

conducted offline include the vacuum hold test and Dow’s sulphate test (Jons et 

al. 2005), however, none of these provide real-time membrane integrity 

monitoring.  

Adham et al. (1998a) considers that one of the risks associated with reclaiming 

treated sewage for either direct or indirect water substitution is the inability to 

quantify the integrity of the high pressure membrane barrier. The ability to assess 

the integrity of the principle barrier and the associated interconnections used to 
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treat water to the standards required to satisfy health regulators and consumers 

online in real-time is generally limited to conductivity and total organic carbon 

(TOC). These instrument based monitoring techniques can provide feedback on 

membrane integrity up to 2 log10 reduction, well short of the 4 log10 or greater 

removal potential of high pressure membrane systems. The national and 

international water industry, consumers and health regulators struggle with the 

issue of membrane security and the risk to public health. A number of guidelines 

that mandate membrane validation processes have been established such as 

those produced by the Department of Health, Victoria, Australia (Victorian 

Government Department of Health 2013) and the United Stated Water 

Environment Federation (WateReuse 2015) to reduce risks to consumers. 

Although there are currently no clear protocols developed for online, real-time 

membrane integrity there are several discrete testing regimes that have been 

developed recently. Generally, the testing regimes have relied on destructive 

testing by autopsy, or offline testing to determine whether the membrane element 

is compromised. Destructive testing and offline testing such as vacuum hold 

testing do not provide the necessary security required. Destructive testing is a 

measure of last resort and is performed on membranes that are known to be 

compromised rather than identifying compromised membranes in an array during 

operation. In addition, these tests consider the performance of individual 

components rather than the complete operating system that include piping and 

membrane interconnections, valves and pumping elements. 

The consequence of treatment barrier failure by breaches in membrane integrity 

and system component failure may lead to unacceptable exposure of consumers 
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to viruses and bacteria. This type of exposure is currently considered an 

unacceptable risk by most health regulators.  

Production of safe drinking water from sources such as brackish water harvested 

from groundwater, reclaimed sewage and challenged natural surface water 

treated using NF can also benefit from real-time integrity monitoring. Water 

reclamation is the principle area of application as health regulators and water 

providers require real-time monitoring to mitigate the potential risks associated 

with membrane failure. 

A report published by the American Water and Wastewater Research Foundation 

(AwwaRF) (Lozier et al. 2003) recommended, “Research should be devoted to 

identifying a more suitable non-biologic, particulate viral surrogate for cost 

effective, routine use with full scale RO/NF systems.” The present study aims to 

deliver a surrogate that can be measured in real-time. 

1.1 Water Reuse and Recycling 

As countries continue to develop and cities expand, few new water resources are 

available to support daily fresh water needs. As a result, solutions such as water 

re-use and salt water desalination have emerged as the keys to sustaining future 

generations across the globe (Greenlee et al. 2009). Water reuse is typically 

utilised to provide water for irrigation, power plant cooling water, industrial 

process water, and groundwater recharge and has been accepted as a method 

for indirect drinking water production (Greenlee et al. 2009). In 2007, the major 

use of recycled water world-wide was for agricultural purposes (Hurlimann 2007). 
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1.1.1 Uses and Benefits of Recycled Water 

Numerous applications can benefit from water recycling and re-use with its own 

particular water quality requirements to ensure that the use is sustainable and 

that no adverse effects result from the re-use (Dettrick and Gallagher 2002). 

Possible uses of recycled water include (Land & Water Australia 2009): 

 Agriculture – to grow crops, pastures, fruit, vegetables, wine grapes and 

plantation timber 

 Amenity horticulture – for watering parks, golf courses, gardens 

 Heavy industry – for washing and cooling in manufacturing, mineral 

processing and power generation plants 

 Other industries – fire-fighting, dust control, road-making, building and 

construction 

 The environment – for recharging groundwater, enhancing environmental 

flows, watering amenity landscapes, and sustaining wetlands and ponds 

 Domestic uses – flushing toilets and watering gardens 

 Drinking water – for direct or indirect potable re-use. 

 

Water recycling and re-use provides numerous benefits to consumers, industry 

and the environment (Land & Water Australia 2009). These include: 

 Potable water availability: recycling can reduce the demand for high-

quality potable water by using alternative supplies for activities that do not 

require such a high standard of water. The ‘freed-up’ water can then be 

put to better use. The amount of water extracted from the natural 

environment for human use can be reduced, decreasing the stress on 

rivers, wetlands and aquifers. 

 Additional, more secure water: in cases such as the recycling of treated 

effluent, it is possible that the users of the recycled water receive a further 

benefit – gaining a more secure and reliable supply of water that is 

independent of rainfall.  
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 Increased water use efficiency on local, regional and national scales: 

recycling means that communities and countries get more use, more 

production and more economic value from scarce water resources.  

1.1.2 Recycled Water Production, Classification and Challenges 

Potential sources of recycled water include, but are not limited to (Government of 

Western Australia 2010): untreated sewage; grey water; industrial process water; 

and stormwater. Sewage includes waste water sourced from grey water and 

black-water sources (Northern Territory Government 2009). These include toilet 

discharges (Tjandraatmadja and Diaper 2006) and other household wastewater 

from the kitchen, laundry and bathrooms. These liquid wastes are normally 

collected in a sewer system and processed in a treatment plant (ACT 

Environment and Health 1997). Stormwater is generally not designated as 

wastewater (Northern Territory Government 2009). 

Each individual source of recycled water will have different quality characteristics 

and different contaminants. In recycled water, contaminants are identified as a 

potential hazard to the environment and/or people that come into contact with the 

recycled water and may include: biological contaminants (e.g. pathogens); 

chemical contaminants (e.g. insecticides, cleaning products, endocrine 

disruptors); physical contaminants (e.g. debris); and heavy metals (NSW 

Government 2008; Northern Territory Government 2009). 

The major acute potential hazard of human contact with recycled water is 

infection and illness caused by bacteria, viruses and other pathogenic 

microorganisms. If not correctly managed, exposure to recycled water has the 

potential to adversely impact on the health of people and the environment (NSW 
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Government 2008). Direct ingestion, spray inhalation and hand to mouth contact 

are the most hazardous routes of exposure (Gold Coast City Council 2008). 

Whereas both chemical and microbiological aspects can influence human health, 

waterborne enteric diseases are more common and are the focus of most 

management strategies to minimise the risks to public health (Dettrick and 

Gallagher 2002). A review and discussion of the microbial pathogens in addition 

to chemical contaminants that can be used to define a non-microbial surrogate 

that can be used to determine membrane integrity is presented in the following 

chapter. 

1.2 Public Perceptions of Recycled Water 

Domestic and international researchers and water authorities report that there is 

no scientific or health reason that recycled wastewater cannot be safely used as 

part of drinking water supplies if it is treated properly (Australian Academy of 

Science 2006). In Victoria, Australia, the Department of Health and Human 

Services claims that the levels of heavy metals in recycled water are safe and 

endocrine disrupting chemicals in recycled water are not a risk to human health 

(Department of Health & Human Services Victoria 2015). This is because the 

amounts of these substances entering sewage are highly diluted and because 

sewage treatment processes are very effective in removing the endocrine 

disrupting chemicals that are present (Department of Health & Human Services 

Victoria 2015). 

Similarly, the levels of pharmaceuticals in recycled water are extremely low and 

are therefore not hazardous to humans. Health experts have calculated the 

highest possible levels of pharmaceuticals that could be present in recycled water 
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based on their use within our communities. Of these, the contraceptive pill and 

the painkillers paracetamol and aspirin will be present at much higher 

concentrations than any other pharmaceutical (Department of Health & Human 

Services Victoria 2015). 

Although the public is aware that recycled water is safe for many purposes, there 

is a formidable psychological reason behind the reluctance to accept it for 

drinking water. Termed the 'yuk factor' and depicted humorously in Figure 1.1, 

this perception is based on the thinking that the water in the glass in your hand 

might have started off in someone's toilet bowl (Australian Academy of Science 

2006). 

 

Figure 1.1: Cartoon showing public perception towards recycled water 

(Radcliffe 2008). 
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In the past decade, Dolnicar and Schäfer (2006) reported that the Australian 

population clearly discriminated between desalinated and recycled water with the 

quality of the latter a concern as the primary source is municipal wastewater. As 

such, it carries human excretions and household discharges from sources such 

as the kitchen and laundry and can also contain miscellaneous dumps of 

household/garden toxins and pharmaceuticals. In the survey-based study 

conducted by Dolnicar and Schäfer (2006), respondents clearly showed their 

understanding that recycled water is the more environmentally sustainable, 

whereas desalinated water is perceived as less risky from a public health point of 

view.  

Control of microorganisms in drinking water treatment and water re-use has 

always been, and continues to be, a major concern to public health and water 

treatment professionals (Adham et al. 1998a; Causserand et al. 2002). A number 

of surveys have shown that acceptance of recycled water use varies across 

communities. Generally, there is widespread support for recycling water but the 

closer the water comes to personal contact, the less acceptable the re-use option 

(Horticulture Australia Limited 2006). Positive community perceptions of recycled 

water schemes can only be achieved through wide-spread trust in the relevant 

authorities, technologies, regulatory arrangements and compliance measures 

underpinning such schemes (Natural Heritage Trust 2010). Consequently, a 

robust, reliable real-time online membrane integrity monitoring program has the 

potential to increase the trust in membrane performance and subsequent 

adoption and use of high pressure membrane water reclamation systems. 
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1.3 Significance of this Research 

Water quality security is the key outcome of an effective and timely membrane 

integrity monitoring system for wastewater recycling schemes that utilise 

membrane systems. This research can therefore mitigate the risks associated 

with the provision of direct or indirect potable water for substitution or 

supplementation of current domestic water sources. In addition, real-time integrity 

monitoring has the potential to provide greater public confidence in the treatment 

and subsequent distribution of reclaimed wastewater. 

Real-time membrane integrity monitoring can deliver service providers and health 

regulators access to a tool that enables performance of systems to be closely 

monitored, scrutinised and more importantly verified in real-time. Performance 

validation in real-time of reclaimed water systems as well as surface water 

treatment where NF membranes are employed, particularly in catchments with 

elevated risk factors, can significantly reduce the potential for exposing 

consumers to microbial contamination. Facility operators can then have the 

capability to maintain very high quality assurance and control over the complete 

production process, not just the membranes, and promptly identify and isolate 

compromised elements as well as other system components as a result of the 

real-time information provided by online membrane integrity monitoring. 

Membrane integrity can be classified into two broad categories that relate to the 

target components to be excluded, namely, chemical and microbiological 

contaminants. Chemical contaminants include compounds such as 

pharmaceutical products that can affect the human endocrine system whereas 
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virus is a microbiological contaminant. This research is specifically focussed on 

microbiological pathogens and targets the smallest virus. 

1.4 Research Objectives 

The objective of this research was to develop and test a real-time membrane 

integrity monitoring protocol that has the capacity to identify breaches in 

membranes and their associated system components small enough to allow 

passage of the smallest virus, the poliovirus, with an approximate diameter of 

30 nm (Schijven and Hassanizadeh 2000). 

Identifying a non-microbial surrogate and appropriate instrumentation to 

continuously monitor, in real-time, the integrity of high pressure RO and NF 

membranes is the cornerstone of this research and includes the following 

features: 

 Target the smallest virus, i.e. poliovirus with a diameter of 30 nm to define 

the size and nature of the surrogate, 

 A reliable and easy method of detection that can be used online and 

provide real-time feedback, 

 Is non-toxic and environmentally degradable, 

 Utilise a relatively inexpensive surrogate that may contribute less than 

$0.02/kL of the water treated, 

 Can be incorporated into new system designs (greenfield) and existing 

(brownfield) operational platforms, 

 Identify detection devices available in the market such as fluorometers, 

scanning spectrophotometers, light scattering devices, etc. that will 

achieve surrogate detection at the desired sensitivity.  

 

Overcoming these challenges will lead to a robust and reliable membrane 

integrity and surveillance technique. Pre-treatment using low pressure membrane 
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filtration greatly reduces the protozoan load and therefore virus rather than 

protozoan removal will be the key measure of this research due to the significantly 

smaller size and subsequent greater integrity challenge for size exclusion 

processes.  

An additional challenge for this research program was to determine whether real-

time integrity monitoring can be used to determine the log removal of RO and NF 

membranes. The capability to measure at least 4 log10 virus removal will indicate 

that detection sensitivity is within a suitable range (Lozier et al. 2003). 

1.5 Thesis Outline 

This introductory chapter outlined the importance of membrane integrity 

monitoring of membrane systems, not just the membrane elements by 

themselves. Membrane integrity surveillance is a critical aspect when considering 

the application of high pressure membrane systems for water reclamation and 

advanced water processing for sensitive applications. 

A comprehensive review of the literature is provided in Chapter 2 that identified 

current and potential membrane integrity systems to verify pathogen removal 

performance. The verification approach required to meet the demands of 

regulators and operators is examined and how these key issues define system 

development. This chapter also identified and discussed the key measure of 

membrane integrity, the log removal value (LRV) with its inherent limitations and 

provided a review of current membrane integrity surveillance techniques 

including fluorescence. New and innovative techniques that can be applied to 

monitor membrane integrity were critically examined with an assessment of their 

benefits and limitations. A comparison of each technique identified will be 
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compared against an ‘ideal’ membrane integrity technique and the features 

defined by the selection matrix. Chapter 2 sets the scene for chemical and non-

microbial surrogates described in Chapters 3 and 4 by addressing the key issues 

that were used in subsequent experimentation. 

Chapter 3 interprets the data collected from experiments developed to establish 

the effectiveness of a range of dyes and fluorescent chemicals selected as 

potential surrogates. The results of a series of methods developed to assess the 

performance and efficacy of these compounds to meet the features defined as 

the objectives of this research are reported and assessed against the criteria 

identified. A discussion of the outcomes and limitations of the screening process 

and a conclusion on the performance of the compounds is provided in this 

chapter.  

A similar approach was adopted to assess commercially available fluorescent 

nanoparticles (FNPs) to follow on from the screening of dyes and fluorescent 

compounds. Chapter 4 reports the results of the screening assessments of 

various FNPs in the laboratory including their sensitivity and environmental 

stability in order to measure their effectiveness as non-microbial surrogates for 

membrane integrity monitoring. A nexus to Chapter 5 where nanoparticles were 

fabricated and assessed is provided. 

Assessing the performance of nanoparticles synthesised in the laboratory is the 

cornerstone of Chapter 5. This assessment led to the development of 

nanoparticles without a fluorescent tag to determine whether they could naturally 

fluoresce to reduce the complexity and cost of production. Consequently, 

poly(methyl methacrylate) (PMMA) nanoparticle spheres were synthesised in the 
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laboratory. Additional experiments were conducted to control particle diameter to 

closely replicate the target virus size to develop a suitable non-microbial 

surrogate. This chapter provides the synthesis pathway and characterisation of 

the untagged PMMA nanoparticles and identifies the detection capacity of these 

particles. The potential to tag the PMMA nanoparticles to enhance fluorescence 

was also explored and these efforts are reported. Analysis of an observed light 

scattering phenomenon was examined and found to be the result of Rayleigh 

scattering (RS). The implication of RS to membrane integrity surveillance is 

discussed and leads to the next chapter on light scattering and detection. 

The phenomenon of RS is reported using the classical electromagnetic wave and 

quantum physics to describe the dual behaviour of light in Chapter 6. The move 

from fluorescence to light scattering to develop a sensitive and stable membrane 

integrity technique is discussed with a focus on RS as a potential analytical tool 

and monitoring technique. An important and useful feature of spectrofluorometry 

used to detect RS is addressed as it relates to the ability to monitor the 

fluorescence of natural organic matter (NOM) and use the signature as an early 

trigger for membrane integrity surveillance. Results from experiments were 

analysed to determine whether RS can satisfy the selection matrix requirements 

and compared favourably against the ‘ideal’ membrane integrity technique. 

Evaluating the PMMA non-microbial surrogates and measuring the concentration 

using the RS response at bench, pilot and full-scale after the screening conducted 

previously is also presented in Chapter 6. The methods developed to determine 

the efficacy of the synthesised non-microbial surrogate coupled with the use of 

RS to determine concentration and the results obtained from the experiments 
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using flat sheet and 4 inch membranes are reported in this chapter. The results 

are critically examined and discussed to determine whether the technique based 

on PMMA nanoparticles and RS measurements can deliver or exceed the desired 

sensitivity and stability on a consistent basis. The ability to determine the level of 

rejection by the entire membrane system in terms of log removal is discussed as 

this is one of the key outcomes required from a membrane integrity monitoring 

technique. 

Chapter 7 provides an opportunity to draw the research to a conclusion to 

determine whether the objectives of the research were achieved. Limitations from 

potential scope, methodological restrictions, and practical realities are discussed. 

Recommendations for future research are identified and include the use of the 

monitoring technique in other applications in addition to the use of hydraulic 

modelling to accurately predict where the integrity breach is within the membrane 

array. Chapter 7 represents the culmination of this work and reports on the 

success and limitations of the research program. 
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Chapter 2  

Current and Emerging Membrane Integrity Tests 

2.1 Introduction 

High pressure nanofiltration (NF) and reverse osmosis (RO) membranes are 

widely used for water reclamation and desalination (Bartels et al. 2005; DeCarolis 

et al. 2005; Greenlee et al. 2009). The mechanism of water transport in these 

high pressure membrane systems is based on solute transport by diffusion 

through the nonporous active membrane layer (Paul 2004; Ridgway et al. 2013). 

These membranes are, therefore, capable of rejecting particles including 

pathogens, and in the case of RO membranes, dissolved ions including salts 

illustrated in Figure 2.1. 

In reality, however, NF and RO membranes are not complete barriers to these 

contaminants (Adham et al. 1998a) and over time the integrity of membrane 

systems may be compromised due to a range of breaches that can develop in 

the system. These breaches can include the following modes: 

 Damage to the membrane layer as a result of chemical or biological 

degradation and particulate abrasion, 

 Delamination of the membrane supporting layers, and 

 Failures of O-rings, gaskets, connectors and other fittings (Crozes et al. 

2002; Kitis et al. 2003b; Lozier et al. 2003). 
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Figure 2.1: Schematic representation of membrane barrier performance 

(Modified from: http://www.hydrogroup.biz/areas-of-use/water-treatment/membrane-
filtration.html; http://www.degremont.com/en/news/special-topics/micropollutants-in-

water-treatment-processes/ for Ostarcevic, 2005 Kwatye Water Prize). 

 

In addition to these ‘in service’ failure modes, manufacturing defects such as 

incomplete glue-lines can affect the integrity of membrane elements and 

depending on the quality control processes employed are usually detected before 

membranes are shipped to customers. 

In order to ensure the quality and safety of water treated by NF or RO 

membranes, the integrity of the entire system must remain intact over the service 

life of the elements. Moreover, system operators must be able to provide 

evidence of the integrity to satisfy regulatory requirements on a regular basis 

(Victorian Government Department of Health 2013). Several integrity monitoring 

techniques have been developed for these systems and they are broadly 

classified into direct and indirect techniques (Adham et al. 1998a; Kumar et al. 

2007). In general, direct methods assess the integrity of membrane elements by 

http://www.hydrogroup.biz/areas-of-use/water-treatment/membrane-filtration.html
http://www.hydrogroup.biz/areas-of-use/water-treatment/membrane-filtration.html
http://www.degremont.com/en/news/special-topics/micropollutants-in-water-treatment-processes/
http://www.degremont.com/en/news/special-topics/micropollutants-in-water-treatment-processes/
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the application of a pressure-based test whereas indirect methods use a 

surrogate parameter measured in the permeate for assessing the integrity of the 

whole membrane system (Adham et al. 1998a; Gitis et al. 2002; Casani et al. 

2005). Direct tests are usually performed offline on individual elements but 

indirect tests can be performed on membranes during service and have a wider 

scope for online continuous monitoring. Challenge tests are a type of indirect 

technique where a surrogate species is introduced into the feed water and the 

removal efficiency is determined by the measurements of the surrogate species 

in the permeate (Gitis et al. 2002; Casani et al. 2005).  

Several reviews of high pressure membrane integrity monitoring techniques have 

been reported with a focus on existing, widely accepted methods (DeCarolis et 

al. 2006b; Kumar et al. 2007; Antony et al. 2012). In order to fully realize the 

rejection capabilities of high pressure systems, new, robust techniques that can 

be implemented in real-time and online are required. 

This chapter presents a review of existing integrity tests and focuses on emerging 

techniques that have the potential to demonstrate the online rejection capabilities 

of high pressure membrane systems. Some existing patented methods are also 

presented followed by a discussion of current methods and potential methods 

that show promise for future development.  

2.2 The Target - Poliovirus 

Human bodies are under constant attack by any number of infectious 

microorganisms in the same way that medieval castles where laid under siege by 

armies of old. Humans survive many of these attacks by developing immunity 

that promotes biochemical and cellular defence mechanisms to counter 
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pathogenic organisms (Hill 2006). Humans can avoid harmful microorganisms by 

maintaining a strong immune system, instituting good personal hygiene and good 

nutrition. Systems for drinking water treatment, sewage treatment, medical 

services, vaccination and epidemiological intervention complement wise 

ecological practices to limit the occurrences of disease epidemics. 

Unfortunately, human, animal and environmental reservoirs still harbor many 

infectious organisms that cause diseases such as diphtheria, cholera, typhoid 

fever and tuberculosis. Global travel and interconnection has seen the rise in the 

transmission of deadly organisms such as Ebola that has been widely reported 

by international media since 2013. These deadly threats still plague much of the 

world and could re-emerge if public health protection is compromised. 

Conventional treatment incorporating membrane filtration plus disinfection 

practices has been the most successful means of preventing the spread of 

pathogens in a society. Eliminating water borne pathogens by providing effective 

water treatment purification shifts the primary mode of disease transmission to 

person-to-person contact. However, if treatment facilities are compromised then 

serious consequences for public health arise. Hill (2006) observes that monitoring 

for all bacterial, viral and protozoan species that cause water borne diseases 

would be extremely expensive and a drain on operational resources so for this 

reason, a certain target species must be identified and monitored. Bacterial and 

protozoan pathogens are largely eliminated by unit operations employed 

upstream of high pressure membranes but not necessarily for virus. The 

performance of advanced water treatment operations that incorporate high 

pressure membranes is critical to the effective control of virus. 
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Monitoring for viruses is challenging and requires specialist skills and apparatus 

and is undertaken offline in a laboratory with results available sometime after the 

samples were taken. This is not conducive to timely monitoring of membrane 

integrity and somewhat akin to locking the gate after the horse has bolted. 

Consequently, the challenge is to select a target virus that a non-microbial 

surrogate can mimic in terms of size and shape. Viruses are classified into 

families, and then genera, based on many criteria, including physical and 

biological properties. The Picornaviridae (Pico meaning small) are the smallest 

of the RNA viruses (Adu 2005) and the picornaviruses are divided into four groups 

(American Water Works Association 1999); poliovirus (3 types), coxsackievirus 

(30 types), echovirus (34 types), enteroviruses (68 to 71 types). 

Poliovirus, a human enterovirus, is the smallest member of a family of viruses 

called the Picornaviridae with a shell (capsid) between 25-30 nm in diameter 

(American Water Works Association 1999; Adu 2005). The poliovirus causes 

poliomyelitis, or polio, an infectious disease that remains prevalent in Afghanistan 

and Pakistan and can result in paralysis that is often permanent. Figure 2.2 shows 

a rendered image of a poliovirus that is housed in a capsid made of protein, with 

a cross-section exposing the viral RNA. The poliovirus capsid contains a single 

molecule of ribonucleic acid, or RNA, which is the primary information used to 

replicates new particles. When the virus infects a cell, the RNA genome enters 

the cell and programs it to generate new virus particles. These particles are then 

released from the cell and go on to infect new cells. Antibiotics are ineffective 

against viral infections but immunizations careful hygiene and effective water and 

sewage treatment can prevent viral infections. To date, there is no known cure 

for the disease (Adu 2005). 
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Figure 2.2: An image of the poliovirus capsid and RNA 

from Racaniello (2004). 
 

An important characteristic of enteroviruses is their resistance to high and low pH 

and relative stability over a pH range of 3-5 for up to 3 hours (American Water 

Works Association 1999). Alcohol at 70 vol%, 1% quaternary ammonium 

compounds and other laboratory disinfectants are not effective against 

enteroviruses which are reported to be insensitive to detergents that otherwise 

destroy lipid containing viruses (American Water Works Association 1999). In 

theory, high pressure RO and some NF membranes should exclude virus size 

particles. This research will therefore adopt the poliovirus as the target virus to 

model a non-microbial surrogate that can challenge high pressure membrane 

systems. The surrogate must be detected at very low concentrations to meet the 

target of at least 4 log10 removal. 

2.3 The “Ideal” Integrity Test 

In order to evaluate individual integrity monitoring systems, it is important to 

define the characteristics of an “ideal” system. In general, an ideal system is one 

that can accurately measure the ability of a system to reject pathogens in a 
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reasonable time so that the risk of these pathogens entering the product water is 

minimised or eliminated. It should also meet economic requirements so that the 

additional cost of treating water by the system is not excessive. Table 2.1 

presents a summary of the key criteria that any potential monitoring system 

should be measured against.  

Table 2.1: Criteria for ideal integrity monitoring systems or devices. 

Criteria Requirement(s) 

Technique Considerations 

Test type  Test should be online and provide integrity performance 
(LRV) results in real-time. 

 Detection in permeate from membrane elements, individual 
pressure vessels or membrane array of complete membrane 
train. 

 System shutdown unnecessary, normal operations continue 
during integrity surveillance. 

Sensitivity  High sensitivity at low challenge species concentration. 

Selectivity  Challenge species should be representative of the smallest 
virus rather than chemical compounds, and not be subject 
to changes in detection resulting from variations in 
environmental or chemical conditions such as NOM, 

Salinity, pH and temperature. 

Output  Test should deliver minimum LRV of 4 log10 sensitivity. 

Financial considerations 

Capital cost  In the same order or less of capital cost as existing online 
real-time systems such as TOC instrumentation.  

Installation 
Integration 

 The ability to be fully integrated into existing systems as 
well as new systems seamlessly (greenfield and brownfield 

applications). 

Operation  Should require minimal training for operators. 

Running costs  Operation should not add more than $0.02 per kL of treated 
water or around 1-1.5% of the tariff charged to consumers 
on a continuous basis and depending on the frequency and 
duration at much lower levels. 

 

2.4 Direct Integrity Monitoring 

Direct monitoring techniques are used to measure the integrity of single 

membrane elements or for very small RO systems. These tests are pressure 
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based and are used to detect defects such as pinholes in membrane sheets and 

glue-line failures. Vacuum decay and pressure decay tests are the most common 

direct monitoring techniques applied to NF and RO membranes (Crozes et al. 

2002; U.S. Environmental Protection Agency 2005; ASTM 2008; ASTM 2010). 

The capital costs for instrumentation to measure vacuum or pressure decay is 

relatively low. In addition, the techniques are not able to detect holes the size that 

can permit the passage of virus sized particles except at very high pressures that 

could potentially result in damage to membrane elements.  

Electrical conductivity (EC) is generally used as an indicator of membrane 

integrity; however, the sensitivity of such measurements can be grossly distorted 

through an array. Temperature, feed concentration, pressure, position along an 

array and fouling have an effect on permeate EC. Slight fluctuations in permeate 

EC can hide compromised membranes. 

The closest instantaneous monitoring uses total organic carbon (TOC) measuring 

devices but these are prone to drift. Moreover, TOC is not representative of virus 

nanoparticles as it is a measure of soluble compounds in water that are smaller 

and because of their chemical structure can be more flexible so the compounds 

may pass through membranes where larger virus nanoparticles would be 

rejected. As a consequence, TOC monitoring will generally provide a more 

conservative LRV because the soluble compounds can be transported across the 

membrane into the permeate where virus nanoparticles would otherwise be 

rejected. The sensitivity of TOC is limited because of the low feed concentrations 

of around 60 mg/L and the resolution of the instruments at around 150 g/L which 

can only provide an LRV of around 2.6 log10. 
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Dow Filmtec (Jons et al. 2005) developed a non-destructive membrane integrity 

test that passes a short pulse of a highly rejected challenge species (either 

MgSO4 or Na2SO4). While this protocol appears promising, it does not provide 

continuous security against membrane breaches, however, it does present a 

potentially useful tool to characterise the failure mode and location in the array. 

Similarly, Veolia Water has developed an integrity test using sulphate as a 

surrogate described by (Cote et al. 2001; Cote et al. 2004). Sulphate is generally 

present in most water that requires treatment, however, the concentration can 

vary considerably. The measurement of sulphate can be achieved ex-situ and 

reported quickly but this test does not provide real-time information on the 

integrity of the membrane system and can become difficult where multiple trains 

operate in parallel. 

2.4.1 Vacuum Decay Testing 

In a vacuum decay test (VDT), the permeate tube of a membrane element is 

sealed and a vacuum is applied to the tube. A schematic representation of VDT 

equipment is provided in Figure 2.3. The basic procedure in accordance with 

ASTM D3923 (ASTM 2008) and ASTM D6908 (ASTM 2010) involves soaking the 

membrane element for a period of time in RO permeate water (usually overnight), 

draining the membrane module for a defined period of time (usually an hour) and 

sealing one end of the permeate tube using a leak tight cap. As shown in the 

schematic, Figure 2.3, the system can be integrated with a digital flow meter and 

computer to record the VDT data and generate the decay curve. 
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Figure 2.3: Schematic illustration of VDT apparatus. 

 

The rate of decay of the applied vacuum pressure is monitored over a set period 

of time. For RO elements, a decay rate of >10 kPa min-1 represents a significant 

membrane defect and this test is typically performed on elements by the 

manufacturer prior to sale (Adham et al. 1998a; Kruithof et al. 2001; ASTM 2008). 

This method can be applied to a single element or a complete pressure vessel 

containing several elements for small scale RO systems (Eriksson and Mueller 

2003). Figure 2.4 shows typical VDT results from two different commercially 

available RO membranes with one intact and one compromised. The vacuum 

pressure of the intact membrane shows only a slight decline whereas the 

compromised element shows a rapid decline indicative of a gross defect. 
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Figure 2.4: VDT results from two different RO membranes. 

from: (DeCarolis et al. 2006b). 
 

The VDT method is applicable only for the detection of mechanically damaged 

membrane elements or damaged O-rings but will not detect a chemical 

impairment that creates much smaller inconsistencies in the membrane. 

Therefore, this method is generally only useful as a screening procedure to detect 

significant defects in an RO system. However, some reports suggest that 

correlate well with the virus and TOC rejection by RO membranes and it is 

therefore a potentially useful integrity screening procedure for RO membrane 

elements (Adham et al. 1998a). Since the test is applied directly to membrane 

elements, the test cannot be performed when filtration is taking place (Casani et 

al. 2005) and this does not enable real-time membrane integrity monitoring in the 

strictest sense, but could allow frequent monitoring to identify slow degradation 

of system integrity.  
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2.4.2 Pressure Decay Testing 

In a pressure decay test (PDT), the feed and concentrate ends of a membrane 

element are sealed and compressed air is introduced. In this case, the permeate 

side remains open and the pressure decay is measured over time. This test is 

particularly useful for measuring the integrity of low pressure hollow fiber MF and 

UF membranes (U.S. Environmental Protection Agency 2005; ASTM 2010; 

Pearce et al. 2012) and although the PDT is not common for NF and RO 

membranes, one study conducted PDTs on an entire stage of RO vessels for a 

small scale RO application (Wilbert and Linton 2000). The membranes were 

drained and then the permeate side was pressurised to 600 kPa (87 psi) and 

pressure decay monitored over a 10-minute period. The study concluded that this 

method was sensitive in detecting breaches but was not practical for full-scale 

systems because the elements must be drained prior to the test. In practice, the 

main aim of the PDT for RO in most cases is to determine an LRV for relatively 

large protozoa and this only requires low pressures. Moreover, this technique, 

that has similarities to the VDT, has the potential to induce telescoping in spiral 

wound elements.  

2.5 Indirect Integrity Monitoring 

Indirect monitoring techniques measure one or more parameters in the permeate 

and when compared to the feed water, a determination of the permeate quality 

can be reported. Some types of indirect monitoring techniques can be performed 

online but the instrumentation usually lacks the sensitivity required to accurately 

evaluate permeate quality. 
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2.5.1 Challenge Testing 

In a challenge test, a surrogate species is introduced into the feed water at a 

known concentration in order to evaluate the amount of the surrogate that can 

pass into the permeate. The removal efficiency is reported as a log reduction 

value (LRV) that is calculated according to the following formula: 

LRV = log10 (Cf / Cp)  (2.1) 

where Cf is the feed concentration of challenge species, and Cp is the amount 

detected in the permeate (Bennett 2008). 

Although LRVs are widely reported and relate to the potential removal efficiency 

of pathogens including viruses for RO, the determination of LRVs is limited by the 

feed concentration of the surrogate and the detection limits of the surrogate in 

the permeate. Figure 2.5(a) shows a theoretical example of one limitation with a 

plot of calculated LRV as a function of a variable feed concentration at a fixed 

minimum permeate concentration. In Figure 2.5(b), the LRV is calculated based 

on a fixed feed concentration and variable permeate concentration. For a 

challenge test, a constant feed concentration would be more appropriate so at a 

nominal 1 mg/L feed concentration, the concentration in the permeate would 

need to be significantly low in order to achieve a reasonable LRV as shown in 

Figure 2.5(b). It is also clear that the lower the concentration in the permeate, the 

greater the increase in LRV indicating that low detection limits are critical for 

surrogate species. Conversely, increasing the feed concentration at constant 

permeate concentration has little effect on the calculated LRV over the range 

presented in Figure 2.5(a). Nevertheless, the aim of a challenge test is to report 

a removal efficiency based on the feed concentration of the surrogate so it is also 
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important to be consistent with dosing of surrogates for a given system to enable 

direct comparisons of LRVs over time. 

 

Figure 2.5: Calculated LRVs as a function of feed/permeate concentration. 

(a) variable feed concentration with constant permeate concentration 
(0.01 µg/L) and (b) constant feed concentration (1 mg/L) with variable 

permeate concentration. 

 

The principle of LRV applies to any integrity monitoring technique that has the 

capacity to enumerate the feed and permeate concentrations of the surrogate 

and is adopted as the industry standard for integrity verification. 

2.5.2 Particle Monitoring 

A typical particle monitor measures changes in light transmittance through a fixed 

volume of permeate as a result of particles blocking the light source. The 

minimum particle size these monitors can detect is ca. 0.5 µm, which is 

considerably larger than any particle that could breach an NF or RO system. As 

such, particle monitors are generally used in MF and UF systems rather than NF 
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and RO systems. In addition, air bubbles can significantly interfere with the signal 

output resulting in erroneous results. 

Online particle monitoring for RO is generally not recommended due to the high 

removal of particles by MF prior to RO treatment (Adham et al. 1998a). However, 

not all RO treatment processes utilize MF/UF pre-treatments so in general, the 

resolution for these particle monitoring systems is dependent on the type of 

pretreatment. In addition, particles large enough to be detected in particle 

counters may be present in RO permeates in events such as O-ring or permeate 

interconnector damage that are considered as gross integrity failures. 

2.5.3 Turbidity Monitoring 

The principal of turbidity monitoring is similar to that of particle monitoring 

whereby the passage of light through a sample is measured and related to the 

concentration of suspended particles. Typical nephelometric sensors also suffer 

from similar disadvantages including low sensitivity and interference. Laser 

turbidimetry, however, can reportedly measure much lower turbidity values 

(Banerjee et al. 2001; Naismith 2005) but this is limited to particles larger than 

ca. 1 µm in diameter that is in the order of thirty fold larger than the smallest 

pathogens of concern at between 25-30 nm. 

2.5.4 Sulphate Monitoring 

Sulphate monitoring can potentially be implemented online and can reportedly 

provide high resolution, provided the feed concentration is consistent and 

sufficiently high. Measurement is performed by ion chromatography and a 

resolution of 3 log10 removal has been reported with a feed sulphate 
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concentration of 140 mg/L and a detected permeate sulphate concentration of 

0.1 mg/L (Kruithof et al. 2001). However, online systems are relatively expensive 

to install and maintain with capital costs exceeding $200,000. 

As a soluble chemical species, sulphate is much smaller than the smallest 

pathogens such as viruses so this technique only offers a conservative evaluation 

of membrane integrity. Moreover, the mechanism of transport of sulphate through 

a membrane would be expected to differ significantly than that of a solid virus 

particle. In addition, biological species entrained in biofoulants on the membrane 

surface can utilise the oxygen under anoxic conditions so the measured sulphate 

concentration in the feed can be reduced thereby altering the log removal value. 

Scaling forming compounds such as BaSO4 and CaSO4 can also alter the 

measured permeate sulphate concentration as well as adversely affecting 

membrane performance and prematurely trigger the need for a clean-in-place 

(CIP) procedure to restore performance. These issues do represent a limitation 

to the efficacy of this technique. 

2.5.5 Conductivity Monitoring 

Conductivity testing can be implemented online or via intermittent probing with 

the latter providing higher sensitivity than the online technique (Adham et al. 

1998a). This is useful when the feed water contains a relatively high 

concentration of salt that is efficiently rejected by RO (DeCarolis et al. 2006b). An 

example of conductivity monitoring plot for two different RO systems installed with 

cellulose acetate and thin film composite membranes is provided in Figure 2.6. 

When damage occurred to the O-ring installed in the RO system, permeate 

conductivity spiked to detect the leak.  
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Figure 2.6: Example of conductivity monitoring for RO systems 

from Montgomery Watson (1997). 

 

Due to its ease of implementation, conductivity monitoring is a common method 

for detection of integrity breach at the full-scale for NF and RO systems. However, 

the resolution of this method is low and will provide only up to 2 log10 removal 

when feed EC is around 20,000 µS/cm and permeate EC is 200 µS/cm. Electrical 

conductivity readings are subject to fluctuations as a result of temperature, ionic 

species in the feed as well as membrane fouling. Ionic speciation can have a 

significant impact on electrical conductivity with predominantly monovalent 

species having a higher EC/TDS ratio whereas a greater proportion of divalent 

ions in the feed will reduce the EC/TDS ratio. This can be significant in industrial 

applications that have a high degree of variation in discharged wastewater 

characteristics and have the potential to cloud the log removal calculation in 

specific circumstances.  
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2.5.6 Total Organic Carbon Monitoring 

Total organic carbon (TOC) monitoring involves the oxidation of carbon and the 

detection of carbon dioxide generated during the process. The measurement of 

TOC is reported to be more sensitive than conductivity testing and particle 

counting (Adham et al. 1998a). A major limitation of this test and most other 

indirect techniques is the sensitivity of the instrumentation. A high sensitivity 

instrument is ideal to measure the parameter in the permeate where the 

concentration would be expected to be low at around 150 µg/L as witnessed at 

Orica’s GTP. It is unlikely, however, that the same instrument could reliably 

measure the same parameter in the feed where the concentration would be 

significantly higher at around 50 mg/L typical of feed water at Orica’s GTP. 

The need for two complex and expensive instruments limit the use of this 

technique to large treatment plants that produce large volumes of treated water 

for direct or indirect potable use applications. Additionally, changes in organic 

and inorganic carbon dioxide (CO2) composition within the feed, in temperature 

and fouling conditions may result in higher or lower than anticipated organic 

rejections resulting in inaccurate integrity results. Currently, TOC detection is 

rated for similar log reduction values as conductivity with an LRV of 2.5 reported 

at Orica’s GTP. Online total organic carbon (TOC) monitoring has been 

implemented online for continuous integrity monitoring of RO systems. Online 

TOC analyzers are currently installed at Orange County Water District’s 

groundwater replenishment system to monitor TOC before and after the RO 

system. Two different systems are utilised to measure TOC in the RO feed (< 50 

mg/L) and RO permeate (> 4 µg/L). 
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Online TOC monitoring at the full-scale has also been implemented at the 

NEWater plant in Singapore to monitor the integrity of an RO system installed for 

IPR applications. A Sievers 820 online TOC instrument with a detection limit of 

150 g/L is installed at this facility (Seah 2012) and also used in the Western 

Corridor indirect potable reuse scheme in Queensland, Australia. Changes in 

organic composition in the feed may lead to variations in TOC rejection as specific 

organic species may result in greater or reduced transport across the membrane 

system and such variations in organic feed composition may interfere with LRV 

detection. 

2.5.7 Periodic Testing 

Periodic monitoring methods include conductivity profiling, conductivity probing 

and UV-254 probing. Conductivity profiling involves sampling permeate from 

each pressure vessel and analysing the conductivity, allowing this method to 

detect a breach in a particular pressure vessel. Conductivity probing is widely 

used to determine the location of a leak within a pressure vessel and is usually 

combined with conductivity profiling (Hydranautics 2012). This method, therefore, 

helps determine whether the integrity breach is in the membrane element, end 

connectors or interconnectors (Montgomery Watson 1997). Probing for UV 

absorbance at the 254 nm wavelength has also been reported (Wilbert and Linton 

2000) but the method is limited because it can only achieve low resolution which 

depends on the concentration of UV active species present in the RO feed water.  

An illustration of a conductivity probing setup is presented in Figure 2.7 and 

Figure 2.8 shows an example of a spike in conductivity which clearly indicates 

breaches in membrane integrity. 
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Figure 2.7: Schematic representation of conductivity probing setup 

from DeCarolis et al. (2005). 
 

 

Figure 2.8: Conductivity probing of breached pressure vessel 

from: DeCarolis et al. (2005). 

 

An example of the results obtained from conductivity probing of a suspected 

vessel at Orica’s GTP is shown in Figure 2.9. In this case, the probing process in 

the suspected vessel identified one significant integrity breach. Notice that the 

Vessel 6 (Stage 2)

Interconnector 6
Element 6

Interconnector 5/6 Interconnector 4/5
Element 5 Element 4

Interconnector 4

Copper
Sampling
tube

Clear PVC
tube (to drain)

Sampling
points 1 2 3 4 5 6 7 8 9 10 11 12 13

0

50

100

150

200

250

300

350

400

450

0 20 40 60 80 100 120 140

Distance from element 6 end connector (inches)

C
o

n
d

u
c
ti

v
it

y
 (

m
ic

ro
m

h
o

s
/c

m
)

Stage 2

Element 4

Stage 2

Element 5
Stage 2

Element 6

1

3

2

4

5

7

6

8 9

10

1 11

1 1312

Integrity Breach #2

Integrity Breach #1



Chapter 2 37 

permeate EC average was approximately 550 µS/cm whereas membrane A2 

permeate EC was in excess of 15,000 µS/cm so the membrane integrity breach 

was heavily masked by the flow from the other five membranes producing 

permeate. The difference between the average permeate EC and the 

compromised membrane permeate EC represents less than 1.5 log10. 

 

Figure 2.9: Permeate EC profile from a fourth stage RO. 

 

2.5.8 Dye Testing 

Chemical tracers have been used widely to study flow patterns in a range of water 

and soil systems (Harden et al. 2003; Binet et al. 2007). These include the use of 

fluorescent dyes such as Fluorescein (Ford and Thornton 1983; Gitis et al. 2002; 

Harden et al. 2003; Chua et al. 2007) and Rhodamine WT (RWT) (Stanbro and 

Pyrch 1979; Harden et al. 2003; Binet et al. 2007; Chua et al. 2007) and synthetic 

food dyes such as Brilliant Blue FCF (Flury and Fluehler 1995; Reinken et al. 

1996). 
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The fluorescent dyes are particularly useful as water tracers due to their high 

sensitivity of detection and selectivity when contained in systems with other 

fluorescent compounds. Detection limits for these compounds are in the region 

of 100 ng/L levels so only small amounts are needed (Chua et al. 2007). 

Rhodamine WT is a non-toxic fluorescent chemical that was specifically 

developed as a water tracing dye (Smart and Laidlaw 1977; Sutton et al. 2001). 

As such, it is reported to be stable under a range of saline conditions (Stanbro 

and Pyrch 1979; Magal et al. 2008) and has shown potential for use in RO 

integrity monitoring (Kitis et al. 2003b) with a minimum detection limit of 

approximately 10 ng/L (Ford and Thornton 1983). Instrumentation for measuring 

fluorescent tracers, including online commercial probes for measuring RWT, are 

readily available (YSI Environmental 2001; Aqualab 2004). 

Integrity monitoring using RWT has been widely reported for RO systems in order 

to assess virus removal or to determine LRVs (Kitis et al. 2003a; Kitis et al. 2003b; 

Lozier et al. 2003; U.S. Environmental Protection Agency 2005; DeCarolis et al. 

2006b; ASTM 2010; AWRCoE 2011; Lozier et al. 2011; Lozier et al. 2013; 

Ostarcevic et al. 2013; Victorian Government Department of Health 2013). In 

addition to its high sensitivity, RWT was also reported to be stable under a range 

of environmental conditions and not to be readily adsorbed onto membrane 

surfaces. 

However, the fluorescence can be affected by the presence of chlorinated 

oxidizing agents, UV light and temperature. Under full scale and pilot testing using 

RWT, LRVs of >4 log10 have been achieved for several RO membranes (Kitis et 

al. 2003a; Lozier et al. 2013; Ostarcevic et al. 2013). As a soluble chemical, 
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however, the correlation between RWT and solid particles such as viruses and 

other pathogens is limited, with RWT providing a conservative estimate of 

pathogen LRV. Table 2.2 presents a summary of several RWT field or laboratory 

tests and LRVs obtained. In most cases, high LRVs can be achieved with low 

concentrations of RWT in the feed. 

Table 2.2: Summary of reported RWT integrity tests. 

Feed concentration (type*) LRV Reference(s) 

0.1-1 mg/L (C) 3.5-5.3 (Kitis et al. 2003a) 

1-2 mg/L (C) 3.9 (Kitis et al. 2003b) 

1 mg/L (C) 2.7-3 (Lozier et al. 2003) 

0.1-1 mg/L (C) 2-5 (Lozier et al. 2013) 

0.1 mg/L (C) 2.6 (Lozier et al. 2011) 

5-10 mg/L (P) >4 (Ostarcevic et al. 2013) 

*type: C = continuous, P = pulse 

2.5.9 Microbial Surrogates 

Microbial surrogates include the MS2 bacteriophage that is adopted as a 

substitute for pathogenic viruses (Victorian Government Department of Health 

2013). It is often used in membrane integrity testing due to its similar shape, size 

and composition to some common enteric viruses (Jacangelo et al. 1991; Mi et 

al. 2004). Standard methods or protocols for performing challenge tests using 

MS2 seeding have been developed and the results of pilot and full scale tests are 

widely reported (Adham et al. 1998b; Colvin et al. 2000; Acker et al. 2001; 

California Department of Public Health 2001; Lozier et al. 2003; Mi et al. 2004; 

U.S. Environmental Protection Agency 2005; DeCarolis et al. 2006a; DeCarolis 
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et al. 2006b; Jacangelo et al. 2006; MWH 2007; Victorian Government 

Department of Health 2013). In one example, an LRV > 5 was reported for the 

removal of MS2 by intact RO membranes (Mi et al. 2004). 

Unfortunately this technique is inherently difficult to implement in full scale plants 

due to high costs, sampling preparation and preservation, and the potential for 

false positive results (Gitis et al. 2002). Moreover, there are some potential health 

risks associated with using live bacteriophage particularly at the relatively high 

concentrations required for challenge tests. The use of this testing protocol to 

determine the integrity of an operational high pressure membrane system is 

limited by this risk and implementing this testing procedure online is not likely. In 

addition, enumerating the MS2 bacteriophage must be done in a laboratory and 

this time consuming assessment does not provide for a real-time integrity 

assessment of the operating membrane plant. 

2.5.10 Non-microbial Surrogates 

The use of non-microbial surrogates removes some of the risk involved in 

performing challenge tests with high concentrations of bacteriophage. Other than 

fluorescent dyes, non-microbial surrogates include fluorescent latex micro- and 

nano-spheres (Acker et al. 2001; Kitis et al. 2003a; Kitis et al. 2003b; Mi et al. 

2004; Gitis et al. 2006; Pontius et al. 2009; Ostarcevic et al. 2013), gold 

nanoparticles (Gitis et al. 2006) and magnetic nanoparticles (Deluhery and 

Rajagopalan 2008; Guo et al. 2010), and other readily detectable particles (Choi 

et al. 2011). These particles offer the potential for real-time and online monitoring 

which is one of the key criteria for NF/RO integrity testing established for this 

research.  
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Most nanoparticle challenge tests do not consider the effects of surface chemistry 

and other factors that may influence rejection. For example, some nanoparticles 

have been reported to aggregate and foul the surface of membranes 

(Lohwacharin and Takizawa 2009) and that can improve the rejection of similar 

sized particles resulting in higher LRVs than clean membranes thereby providing 

an overestimate of system integrity. Other disadvantages include the costs 

associated with the production of fluorescent nanoparticles on a large scale. 

Although fluorescence detection instruments are widely available and relatively 

inexpensive, fluorescent nanoparticles can be very expensive and large 

quantities would be required for full scale operations. 

Fluorescence can also be quenched in the presence of salt, organic species, 

oxidants and several other chemicals and under certain environmental 

conditions. In addition, depending on how the fluorescent markers are attached 

to the latex particles, they can leach from the surface into the surrounding carrier 

solution. This can lead to detection of the dye marker in the permeate which 

would otherwise reject the intact particle, thus biasing the LRV determination. 

Magnetic nanoparticles can potentially be recovered and reused, but the 

instrumentation to detect these particles would add considerable cost to existing 

and new plants. Magnetic resonance relaxometers used to detect magnetic 

nanoparticle are commercially available as bench top relaxometers, however, the 

relaxometer and MR scanner are impractical due to their high cost that results 

principally from the large magnets employed and lack of miniaturised electronic 

components (Koh and Josephson 2009). 
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Silver nanoparticles have recently shown some promise for integrity monitoring 

with particles of 62 ± 10 nm used to challenge used RO membrane elements 

(Lawler et al. 2013). In these tests, the feed concentration was > 8 mg/L and the 

maximum LRV obtained was 2.57 log10 although higher LRVs for UF and MF 

membranes have been reported for similar particles (Antony et al. 2012). In 

addition, the detection technique used was inductively coupled plasma with 

optical emission spectrometer that restricts this method to offline analysis in a 

laboratory like environment. 

2.5.11 Spiked Integrity Monitoring 

A relatively new technique, the spiked integrity monitoring (SIM) test is performed 

intermittently and online by dosing or injecting a challenge species into the feed 

(Kruithof et al. 2001; van Hoof et al. 2003). In these cases, powdered activated 

carbon (PAC) was used as the challenge species that was detected using particle 

counters and relatively high LRVs achieved depending on the dose of the PAC 

added to the feed. Although this technique is applicable to MF/UF membranes, it 

could be applied to NF and RO systems providing the PAC is sufficiently small 

and monitoring systems are available to detect small particles. However, the 

potential for sub-micron PAC particles to agglomerate with biofoulants can result 

in artificially high LRVs and premature fouling coupled with increased biological 

activity in the large surface area to volume PAC particles.  

2.5.12 Pulse Integrity Test 

The pulse integrity test (PIT) is similar in principal to the SIM and involves the 

addition of a short pulse of a highly rejected chemical species such as 

magnesium or sodium sulphate (Jons et al. 2005). The sulphate is monitored in 
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the permeate over time then compared to known profiles representing intact and 

compromised membranes. Defects such as holes and glue-line leaks present 

distinct sulphate profiles which can also be attributed to different locations in a 

membrane module. 

This technique has the potential to be used online and in real-time providing the 

test is calibrated for each system although this would be complicated, time 

consuming and expensive for large installations. There is also a potential to 

develop this technique further using other tracer species such as RWT which 

could increase the detection limits and also enable a concurrent LRV 

determination. However, as previously discussed, the limitations of using 

sulphate as a surrogate include contributing to biological fouling and chemical 

scaling. Both of these conditions would reduce the sulphate available to migrate 

across a membrane and would artificially improve the apparent LRV. Unlike a 

challenge test, the membrane is only subjected to the RWT for a very short period 

minimizing the contact and potential absorption on the membrane surface. The 

estimated LRV using this technique was ca. 3.7 log10. 

2.5.13 TRASAR® Testing 

The TRASAR® system is based on the addition of fluorescent chemical with 

antiscalant compounds in order to monitor and control antiscalant dosing in RO 

systems and to prevent overdosing (Zeiher et al. 2003). Monitoring the 

fluorescent marker that is part of the antiscalant chemical can be used as a 

potential integrity monitoring system. Fluorescence is measured in the permeate 

with LRVs up to 6 log10 when the chemical is added in a spiked dose and 2 log10 
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when added with antiscalant (DeCarolis et al. 2006a; DeCarolis et al. 2006b; 

MWH 2007). 

In principal, the system is similar to that of the dye test except that in the case of 

the TRASAR® system, the fluorescent compound is a larger molecule than 

typical fluorescent dyes with a molecular weight ca. 610 Daltons. It would 

therefore be expected that the sensitivity of the TRASAR® would be lower than 

a dye such as RWT so much higher concentrations would be needed to achieve 

an LRV of 6 log10. In addition, the use of the TRASAR® fluorescent chemical 

compound would detect integrity breaches from chemicals of concern such as 

endocrine disruptors that are smaller than virus particles, however, this is a 

departure from the main focus of this research. 

2.6 Integrated and Multi-Parameter Monitoring Systems 

A range of other techniques for monitoring the condition of low and high pressure 

systems have been reported. Some of these techniques offer the potential for 

real-time monitoring while others are more qualitative and require integration with 

other instruments. Online hybrid systems can offer multiple detectors in a single 

unit that can increase sensitivity of these units and reduce the need for separate 

instrumentation. 

2.6.1 Small Sensor Cell Membrane Testing 

A micro sieve sensor membrane is placed in the permeate side of the crossflow 

stream of a high pressure system. A change in the TMP of the sensor membrane 

is detected as an integrity breach but it can take more than one hour to detect 

even a very small breach. In addition, the system is sensitive to the flux so to 
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overcome this, a second sensor membrane can be added (Fane 2009). This 

technique has shown promise at both the bench- and pilot-scale but a limitation 

using this technique is the long delay before an integrity breach is detected. 

2.6.2 Binary Gas Integrity Testing 

The binary gas integrity test (BGIT) measures the diffusion of a select pair of 

gases injected into the feed of a low pressure membrane system. For a 

membrane with an integrity breach, the low permeating gas is detected in the 

permeate using mass flowmeters and the composition determined using infrared 

spectroscopy (Giglia and Krishnan 2008). This technique is reported to be highly 

sensitive and has been well correlated to virus removal (Giglia and Krishnan 

2011). However, the sensitivity can be limited by the minimum detectable excess 

flow and a range of intrinsic membrane factors can influence the measured gas 

diffusion rate. In this case, normalization to a baseline measurement would be 

necessary to compare membrane performance over time. In addition, the need 

for multiple gases and detectors limits the applicability and practicality of this 

technique. There may be some potential to apply this technique to high pressure 

membranes at the small scale but the complexity associated with larger systems 

would generally preclude its adoption. 

2.6.3 ZAPS LiquID Station 

The Zero Angle Photo-Spectrometry (ZAPS) LiquID Station offers real-time water 

quality monitoring based on an entirely optical system utilizing three simultaneous 

techniques to measure a wide range of water quality parameters (Optimos 

Solutions 2012; ZAPS Technologies Inc. 2013b). It uses absorption, fluorescence 

and reflectance measurement techniques with a single sensor which eliminates 
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the differential drift of multi-sensor devices. In addition, it uses no reagents, and 

is self-cleaning and self-calibrating. It is typically used to monitor source water, 

drinking water treatment and distribution systems, wastewater treatment and re-

use and industrial water systems (ZAPS Technologies Inc. 2012b; ZAPS 

Technologies Inc. 2012a; ZAPS Technologies Inc. 2013a). The parameters it 

measures include TOC, UV254 transmission, specific UV absorbance, nitrate + 

nitrite, turbidity, BOD and COD. The detection ranges of the TOC and BOD alone 

can enable LRVs of ca. 5.7 and 6.5 log10 respectively.  

In addition to the monitoring of standard indicator compounds present in the water 

sample, the system is capable of detecting E. coli by proxy. Since enteric 

pathogens cannot occur without the presence of enteric bacteria, testing for these 

bacteria can be used to monitor pathogen risk. The ZAPS system detects 

tryptophan that is a highly fluorescent amino acid that bacteria and other living 

microorganisms utilize to manufacture proteins. The E. coli bacterium maintain 

high concentrations of tryptophan as part of their cellular structure so this 

chemical can, therefore, be used as a biomarker to detect their presence. 

However, tryptophan is a common amino acid in many proteins and is not unique 

to E. coli and that may limit its sensitivity for detecting this species.  

2.7 Pathogen Detection Systems 

The ability to detect and quantify potentially hazardous pathogens in food and 

water is increasingly important to prevent and minimize the proliferation of 

infectious diseases (Ivnitski et al. 1999). The development of biosensors has 

grown rapidly over the past few decades with a range of devices available 

commercially and as prototypes (Pejcic et al. 2006; Irudayaraj 2009; Mukundan 
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et al. 2009). Some of these show promise in terms of developing membrane 

integrity monitoring techniques where the removal of viruses and other pathogens 

is critical.  

2.7.1 BioSentry Device 

The BioSentry device is a commercially available instrument that can detect 

chemical and biological contamination in water and report detected problems 

continuously in real-time with online capabilities. The device measures unique 

bio-optical signals of particles and compares them to those in its library to identify 

microbial contaminants such as E. coli, Giardia and Cryptosporidium (Adams 

2009). In addition to microbial species, the device is reported to detect chemical 

contamination in drinking water so it has the potential to be adapted to monitor 

membrane integrity. 

The system uses multiple sensors to measure a range of quality indicators and 

also uses a multi-angle light scattering detector at 660 nm to determine the size, 

shape, and internal structure of detected particles. However, the current 

configurations of the system limit size analysis to particles greater than 400 nm 

(JMar 2011) and that is an order of magnitude larger than the required resolution 

to be able to detect virus with an average size between 25-30 nm. 

2.7.2 Real-time Polymerase Chain Reaction Monitoring 

The real-time polymerase chain reaction (RT-PCR) technique is based on the 

detection of part of the viral genome (Langlet et al. 2007). Although the technique 

is relatively fast, it requires specialised sampling, testing and analysis and is 

therefore an expensive test that at present must be performed offline in a 
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laboratory environment. In addition, the technique cannot differentiate between 

infectious and non-infectious viruses which can complicate the results (Shirasaki 

et al. 2009). 

2.7.3 Evanescent Wave Fiber Optic Sensors 

Evanescent wave fiber optic sensors (EWFOS) use a laser spectrofluorometer to 

detect a laser derived evanescent wave that is excited over a sample (Lee and 

Thompson 1996; Lim 2003; Taitt et al. 2005; Byrne et al. 2009). These sensors 

can be highly customised to detect a range of pathogens and can be integrated 

into existing systems enabling the potential for online testing using flow-through 

systems. Although these EWFOS systems are currently susceptible to 

interference due to complex background matrices, it is expected that future 

biosensors could be increasingly sensitive measuring concentrations as low as 

1 CFU/mL (Taitt et al. 2005) but this may not be sensitive enough to measure low 

permeate concentrations to provide a high LRV. 

2.7.4 Surface Generated Acoustic Wave Biosensors 

In a surface generated acoustic wave (SGAW) biosensor, metal electrodes 

mechanically generate acoustic waves through a substrate such as a liquid 

medium (Bisoffi et al. 2008). Biochemical interactions with target pathogens result 

in changes in the acoustic wave that are detected and then analysed with output 

signals related to the type and concentration of pathogen in the medium. The 

SGAW biosensors offer rapid, real-time, label-free analyses which are claimed to 

be cost effective and easy to use although they are not currently available 

commercially and some require long incubation times (Rocha-Gaso et al. 2009). 
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At present, reports on these systems are limited so they do not address potential 

issues such as diffusion and detection of pathogens in large volumes of water. 

2.7.5 RAPTOR Fiber Optic Biosensors 

The RAPTOR fiber optic biosensor is a type of EWFOS that monitors complex 

formation by evanescently exciting surface-bound tracer antibody fluorophores 

with a diode laser (Anderson et al. 2000; Byrne et al. 2009). The assay is 

achieved in less than 10 minutes in a fully automated, portable unit with few 

moving parts and long lasting probes. This system has been successfully 

demonstrated in food safety applications (Nanduri et al. 2006) and for the 

detection of pathogens in irrigation and recreational waters (Kramer and Lim 

2004; Leskinen and Lim 2008). A major limitation of the system is the need for 

replacement of the fiber probes and fluorescent reagents as soon as a positive is 

obtained, although up to four antibody probes can be used to detect multiple 

pathogens (Anderson et al. 2000). 

2.7.6 Block II Chemical Biological Mass Spectrometer 

The Block II chemical biological mass spectrometer (CBMS) is an integrated 

system that can identify chemical and biological contaminants in a single unit 

(Griest et al. 2000). The US military developed the CBMS, that is similar to the 

RAPTOR biosensor system, primarily for the detection of threats and as such, 

the instrument is portable and robust. The CBMS system can only use a single 

detection mode at any time but the instrument has the ability to rapidly switch 

between detectors. This detection system has potential as a membrane integrity 

device but it is not commercially available. 
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2.7.7 Miniaturised Portable Biosensors 

This technique uses a miniaturised gold electrode biosensor to detect pathogens 

by immobilization of antibodies onto the bio-functionalised electrode. An 

electrochemical technique based on impedance spectroscopy, the test can take 

several hours to complete and is currently only being developed for clinical 

purposes (Diouani et al. 2008). At present the device has been developed to 

detect different strains of the avian influenza virus but it has the potential for 

further development to detect other similar viruses, however, the time to develop 

data and the technical capacity to operate and maintain the instrumentation limits 

its application in the field for membrane integrity surveillance. 

2.7.8 Microarray Biosensors 

A microarray biosensor uses an automated concentration system to detect 

pathogens in water using a range of detectors including fluorescence (Byungchul 

et al. 2009) and other optical techniques (Weller 2005). Systems can be 

configured for online integration and although offering rapid analyses, these tests 

generate minor quantities of waste products (U.S. Environmental Protection 

Agency 2009). Moreover, the detection limits of typical bacteria are relatively high 

in the order to 105 CFU/mL for E. coli so it is unlikely that high LRVs could be 

achieved with these sensors. 

2.7.9 Surface Plasmon Resonance Biosensors 

Surface plasmon resonance (SPR) biosensors offer qualitative and quantitative 

label-free detection and analysis of biomacromolecules including proteins and 

nucleic acids in real-time (Homola et al. 1999; Wei et al. 2007; Bedford et al. 
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2012; Li et al. 2012). There is a wide range of configurations for various 

applications but the general principal of SPR biosensors is based on the change 

in refractive index of a metallic surface irradiated with a light source. Light is 

reflected at an angle defined by the type and amount of target bacteria in the 

solution that are bound to the metallic surface that is measured and quantified. 

Although most configurations are capable of detecting large molecules, some 

sandwich assays and competitive inhibition assays can detect much smaller 

molecules and the presence of gold nanoparticles can also enhance SPR signals 

(Li et al. 2012). Utilizing this technique in the field for membrane system integrity 

surveillance may be challenging because of the environmental exposure of the 

instrumentation. 

2.7.10  Quantum Dot Based DNA Nanosensors 

These ultrasensitive nanosensors use quantum dots (QDs) linked to DNA probes 

to capture and concentrate DNA from specific targets. The detection is based on 

fluorescence resonance energy transfer (FRET) to detect DNA at low 

concentrations which is capable of generating a distinct, highly detectable FRET 

signal (Zhang et al. 2005). Single QD-based sensors have also been developed 

to detect multiple virus strains in a single assay (Zhang and Hu 2010). Although 

typically used for clinical tests, there is a potential for other applications such as 

direct integrity monitoring for pathogen transport through membrane systems. 

The system requires specialised personnel to operate the bench scale systems 

and it is a relatively expensive technique that limits the potential application in 

membrane integrity surveillance. 
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2.7.11 Laser Scanning Cytometry 

Online laser scanning cytometry (LSC) can be used to detect and enumerate 

microspheres in feed and permeate samples (Ladner et al. 2007). The LSC 

technique is based on fluorescence using a fixed laser light source but on a fixed 

membrane sample rather than in a flowing solution such as a permeate sample. 

At present the technique is only applicable to micron sized particles using a 

bench-scale prototype instrument, although there is a strong potential to develop 

more sensitive, portable instruments providing the costs can also be reduced. 

2.7.12 Microfluidic Biochip Systems 

Microfluidic systems for detecting pathogens cover a range of miniaturised 

devices utilizing techniques to measure DNA, protein and pathogen cells in 

integrated biochip devices (Mairhofer et al. 2009). Microfluidic biochips can utilize 

the detection systems of a range of techniques including RT-PCR for DNA 

analysis, protein/enzyme sensing, and cell-based assays to identify and quantify 

different cellular systems. In general, these systems offer high surface to volume 

ratios in microchannels which increases the probability of pathogen interaction 

and cell capture at the sensor surfaces allowing for the rapid identification of small 

amounts of pathogens (Anderson et al. 2000). A wide range of commercial 

examples of these systems are available that can target different pathogens such 

as viruses and bacteria (Mairhofer et al. 2009). Rapid developments in 

technologies such as these could ultimately lead to developing these systems for 

membrane integrity monitoring (Anderson et al. 2000), however, there have not 

been any recent developments that further the prospects for this technique for 

membrane integrity surveillance. 
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2.8 Emerging Techniques 

Developments in nanotechnologies over the past few decades have required new 

techniques for the detection of synthetic nano-sized particles in a range of media 

(Sanvicens et al. 2009; Herrmann et al. 2012; Carr and Wright 2013). Most 

viruses and many bacteria fall within the nanometer size range so techniques 

used to detect nanoparticles in water are readily applicable to NF and RO integrity 

monitoring, particularly where high sensitivity at low concentrations are available. 

The ability to detect single virus particles in a solution is perhaps the ultimate 

challenge for a membrane integrity test and there are several recent attempts to 

achieve this goal.  

2.8.1 NanoSight Particle Tracking 

The NanoSight nanoparticle tracking analysis (NTA) system was first 

commercialised in 2004 and covers a range of biological and biochemical 

applications (Carr and Wright 2013). Not unlike conventional zetasizer 

instruments, the NTA system can measure the particle size and zeta potential of 

nanoparticle suspensions. In addition to these analyses, the NTA system can 

measure fluorescence and the concentration of particles in solution in the size 

range 10-2000 nm diameter (NanoSight 2013). A report of the application of NTA 

technologies was recently published detailing a wide selection of examples of the 

versatile system in use, including uses in virology and vaccines, nanoparticle 

systems, and drug delivery (Carr and Wright 2013). The potential for scaling the 

system to a robust, portable, online instrument is not clear and this may limit its 

use to offline assays only. 
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2.8.2 Online Chemical Oxygen Demand 

AquaDiagnostic Pty Ltd produces an online system to measure chemical oxygen 

demand (COD) of water samples (AquaDiagnostic 2013). Results can be 

obtained in less than 5 min using a robust, portable instrument that can perform 

a direct measurement of absolute COD that avoids the need for calibration. The 

minimum detection limit is reported to be 0.2 mg/L with a working COD range up 

to 350 mg/L, but some consumables and reagents are required. Table 2.3 shows 

results of a test performed using the COD analyser on the first and second pass 

RO permeates from a water recycling plant in Victoria, Australia. The COD results 

clearly show the sensitivity of the technique to measure low levels of organics 

and the test was also able to demonstrate a significant difference between the 

first and second pass RO membranes. Although the COD of the RO feed was not 

measured, the RO feed had a TDS of 3,160 mg/L so the 2nd pass permeate had 

an apparent LRV of 3.1. 

Table 2.3: Example COD results of 1st and 2nd stage RO permeates. 

RO Permeate TDS (mg/L) COD (ppm) 

1st pass 48.2 1.57 

2nd pass 2.4 0.27 

 

The challenge for the online COD technique is to differentiate between chemical 

compounds and biological material that both exert a chemical oxygen demand. 

The data provided by the COD instrumentation is similar to that provided by the 

more expensive TOC instrument and has similar limitations based on the 

vagaries of feed concentration and the interferences and inhibitions arising from 

heavy metal contamination and chloride ion concentrations. 
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2.8.3 Whispering Gallery Microlasers 

Whispering gallery mode (WGM) microlasers are a type of evanescent wave 

sensor that detects discrete changes in the resonance frequency of a WGM 

excited in a microspherical cavity. The resonance shift is detected in response to 

the presence of bound single virus particle such as the influenza virus (Vollmer 

et al. 2008). The WGM concept is based on the observation that sound waves 

could travel around a concave surface first discovered in the late 1800’s in the 

whispering gallery of St Paul’s Cathedral (Quinten 2011). The relatively recent 

development of WGM microresonator systems based on this acoustic 

phenomenon offer label-free detection of single viral pathogens but is currently 

only available as bench-scale systems (Vollmer 2010; Zhu et al. 2010; He et al. 

2011). In addition, only very small volumes can be measured so this may limit its 

applications to low throughput applications. 

2.8.4 Fluorescence Emission Excitation Matrices 

Typical fluorescence emission excitation matrix (EEM) spectroscopy scans 

present emission fluorescence signals as a function of incremental changes in 

excitation wavelengths (Johnson et al. 1977). The result is a three dimensional, 

or contour, plot which highlights areas of high fluorescence intensity (Senga and 

Minami 1991). In water and wastewater samples, these areas are related to 

dissolved organic matter (DOM) in water samples with specific regions attributed 

to distinct components including proteins and organic acids. Fluorescence EEMs 

are widely used to monitor water quality (Yan et al. 2000; Baker 2002b; Stedmon 

et al. 2003; Carstea et al. 2010; Hambly et al. 2010a), to track effluent flows 

(Baker 2001; Baker 2002a), and to monitor recycled water schemes (Bieroza et 
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al. 2010; Hambly et al. 2010a; Hambly et al. 2010b; Galinha et al. 2011). In most 

cases, qualitative data is obtained but in some cases, semi-quantitative data can 

be obtained and changes in organic species can be monitored (Singh et al. 2009).  

Figure 2.10 shows examples of EEMs from the RO feed and first stage RO 

permeate from a water recycling plant in Victoria, Australia. The RO feed clearly 

shows regions of fluorescent organics (Figure 2.10a)) that are not present in the 

first stage RO permeate.  

(a) 

 

(b) 

 

Figure 2.10: Examples of EEMs from RO feed and permeate 

(a) feed and (b) 1st pass permeate. 
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Some reports have claimed the use of fluorescence EEMs to characterize RO 

permeates from multiple pass systems (Singh et al. 2012). In this report, 

qualitative and qualitative analyses of EEMs could distinguish between the 

different stages with a general trend towards lower organic fluorescence across 

the stages. Recently, a direct evaluation of the use of fluorescence EEMs for RO 

integrity monitoring compared the technique to conductivity testing (Pype et al. 

2013). The results outlined a procedure for analysing the EEMs and the results 

suggest that the fluorescence technique is more sensitive than conductivity 

testing with DOM rejections of >99.9% obtained or better than 3 log10 removal. 

Quantifying the capacity to reject DOM can be used to infer the integrity of a 

membrane system and will generally understate the case as low molecular weight 

DOM can pass through a high pressure membrane where virus nanoparticles will 

be rejected leading to a more conservative LRV for the system being tested. The 

ability to identify the log removal potential of a membrane system using EEM is 

suitable where DOM is the principle measure, however, where nanoparticles 

such as virus are the primary concern, then this technique provides an inferred, 

qualitative surveillance capacity. 

2.8.5 Quantum Dots 

Many types of quantum dots (QDs) are reportedly highly detectable with strong 

fluorescence at low concentrations (Knappenberger et al. 2007; Borisov et al. 

2008; Ni 2008; Zhang et al. 2010; Zhang and Liu 2010; Schneider et al. 2011). 

Typical QDs are formed using cadmium or zinc with the latter preferred due to its 

lower toxicity to humans and the environment (Geszke et al. 2011). Due to their 

high sensitivity and their ease of synthesis, QDs could potentially be used for 
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challenge tests providing the size of the particles could be extended beyond the 

relatively small sub-10 nm range to virus sized particles in the order of 20 nm 

(Pandey et al. 2006). 

More recently, a new class of QD has emerged based on carbon. Nano-diamonds 

or carbon QDs are reported to be biocompatible, highly fluorescent, easy to 

synthesize and can be formed in a range of sizes (Mochalin and Gogotsi 2009; 

Wee et al. 2009; Hu et al. 2010; Bourlinos et al. 2011; Boudou et al. 2013; Havlik 

et al. 2013; Tan et al. 2013). These materials are now finding applications in the 

medical field as tracers and biomarkers (Liu et al. 2012; Liang et al. 2013) and 

due to their apparent compatibility with biological systems, they may offer a new 

type of safe, highly sensitive membrane integrity challenge test. The use of nano-

diamonds to detect the presence of brain tumours in humans has been reported 

by researchers at Sydney University (Boulet 2015) where targeted drug delivery 

methods to destroy tumour growths are being developed. The technique is still 

primarily focused on human therapies but has potential to monitor membrane 

integrity as the nano-diamonds are reported to be relatively inexpensive although 

this report was on the basis of medical treatments so the relativity may be heavily 

biased and may be very expensive in terms of water industry.  

2.9 Patented Integrity Monitoring Techniques 

There are many patented techniques for integrity monitoring, although most are 

related to the integrity of porous hollow fiber MF/UF membranes. Of the patents 

relating to NF/RO membranes, the techniques vary from pulsed integrity test 

(Jons et al. 2010) to the detection of a pressurised gas (Jons 2011). None of the 



Chapter 2 59 

current techniques satisfies the thesis objectives to develop a real-time high 

pressure membrane integrity monitoring technique. 

2.10 Discussion – Potential Techniques for Further Development 

Table 2.4 presents a summary of current and emerging techniques for NF/RO 

membrane integrity monitoring. The advantages and limitations are presented 

with a brief description of the test and the general application of the test to 

membrane systems. It is evident from the data presented in this Chapter that 

there are numerous techniques that are already available to be fully explored as 

options for online integrity monitoring and others that could be further developed. 

However, the limitations reported and the complexity of some of the techniques 

reduces the opportunities considerably. The membrane integrity techniques 

presented in Table 2.4 are colour coded with red signifying techniques not 

considered suitable to meet the objectives of this research. Techniques shaded 

in green are considered to have some potential and are assessed to determine 

whether they meet the objectives of this research. 
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Table 2.4: Summary of current and emerging integrity monitoring methods. 

Monitoring 
Technique 

Membrane 
Applications 

Mode Description Scale Advantages/Limitations References 

Existing Techniques – Direct Monitoring 

Vacuum Decay 
Testing 

NF and RO 
membranes 

Offline Element soaked with RO 
permeate water overnight, 
drained then capped, 
vacuum applied, decay 
monitored over 1 min, fail at 
>10 kPa/min decay 

Post-manufacturing, 
bench- and pilot-
scale 

Applies only to individual 
elements and not to the 
entire system 

(Adham et al. 1998a; 
California Department of 
Public Health 2001; Lozier et 
al. 2003; ASTM 2010) 

Pressure Decay 
Testing 

MF, UF, NF, 
and RO 
membranes 

Offline One side of the membrane 
pressurised, pressure loss 
over time monitored 

Bench- and pilot-
scale, can be used 
for entire stage of NF 
and RO systems 

Not practical for full-scale 
elements due to drainage 
requirement; pressurizing 
permeate side can cause 
damage to NF/RO 
membrane; therefore, not 
widely used for these 
systems 

(Adham et al. 1995; Wilbert 
and Linton 2000; California 
Department of Public Health 
2001; ASTM 2010) 

Existing Techniques – Indirect Monitoring 

Particle 
Monitoring 

MF and UF 
membranes 

Online Particle concentration 
measured in feed and 
permeate 

Pilot-scale Good for low-pressure 
membranes but not for 
NF/RO as particle size is 
too large; resolution 
dependent on particle 
concentration in feed 
water 

(Wilbert and Linton 2000) 

Turbidity 
Monitoring 

MF and UF 
membranes 

Online Similar to particle, 
monitoring, concentration 
measured in feed and 
permeate 

Full- and pilot-scale Minimum particle size is 1 
µm, low resolution 

(Banerjee et al. 2001) 
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Monitoring 
Technique 

Membrane 
Applications 

Mode Description Scale Advantages/Limitations References 

Sulphate 
Monitoring 

NF and RO 
membranes 

Offline Sulphate concentrations 
measured in feed and 
permeate 

Full-scale; can be 
used for entire stage 
of NF and RO 
systems 

Expensive to monitor 
continuously using ICP 

(DeCarolis et al. 2006b) 

Conductivity 
Monitoring 

NF and RO 
membranes 

Online Conductivity of feed and 
permeate monitored 

Bench, pilot, full-
scale; can be used 
for entire stage of NF 
and RO systems 

Low resolution; removal 
limited to 2 log10 for water 
reuse applications, 
probing more effective 
than online monitoring 

(Montgomery Watson 1997) 

TOC Monitoring NF and RO 
membranes 

Online TOC concentrations 
measured in feed and 
permeate 

Full-scale; can be 
used for entire stage 
of NF and RO 
systems 

Used in several 
installations but 
equipment to detect very 
low levels are expensive 

(Montgomery Watson 1997; 
DeCarolis et al. 2006b) 

Periodic Testing NF and RO 
elements, 
trains 

Online Can involve multiple tests 
including conductivity 
probing and UV-254 

Full-scale of NF and 
RO systems 

Offers multiple, periodic 
testing, can locate defects 
but is complex to 
implement in full scale 
application 

(Montgomery Watson 1997) 

Challenge Tests 

Dye Testing NF and RO 
membranes 

Online Log removal of dye 
measured by calibrated 
absorbance or fluorescence 
at optimum wavelength 

Pilot- and full-scale Can provide up to 4 log10 
resolution; fouling can be 
an issue for some dyes 
but not Rhodamine WT 

(Wilbert and Linton 2000; 
DeCarolis et al. 2006b) 

Biological 
Surrogates (e.g. 
MS-2 Bacteria-
phage, E. coli) 

MF, UF, NF, 
and RO 
membranes 

Offline High concentrations 
surrogate introduced into 
feed and concentration 
measured in permeate 

Pilot- and full-scale Seeding required since 
MF/UF pretreatment will 
remove most surrogates; 
can be expensive 

(California Department of 
Public Health 2001) 
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Monitoring 
Technique 

Membrane 
Applications 

Mode Description Scale Advantages/Limitations References 

Fluorescent 
Microspheres 

MF and UF 
membranes 

Offline Microsphere concentration 
in feed and permeate 
measured by fluorescence 

Pilot- and full-scale Up to 4 log10 removal 
reported but expensive 
due to cost of particles 

(DeCarolis et al. 2006b) 

Spiked Integrity 
Monitoring 

MF and UF 
membranes 

Online PAC particles injected in 
feed side and particle 
concentration measured in 
permeate 

Full-scale Applicable only for micron 
size particles 

(van Hoof et al. 2003) 

Pulse Integrity 
Test 

NF and RO Online Measures a pulse of highly 
rejected species (i.e. 
sulphate) 

Pilot scale Can locate defects if 
calibrated 

(Jons et al. 2005) 
 
 

TRASAR® NF and RO 
membranes 

Online Fluorescent molecules 
injected with antiscalant. 
Fluorescence measured in 
permeate using trace leak 
detection 

Full-scale; can be 
used for entire stage 
of NF and RO 
systems 

Up to 6 log10 removal 
reported with non-
continuous spikes; 2 log10 
when used with 
antiscalant 

(DeCarolis et al. 2006b) 

Integrated and Multi-Parameter Monitoring Systems 

Small sensor 
cell with 
collection 
membrane 

MF and UF 
membranes 

Online Microsieve sensor 
membrane placed in 
permeate side stream; 
change in TMP of sensor 
membrane detects breach 

Bench- and pilot-
scale 

Can take > 60 minutes to 
detect very small breach 

(Fane 2009) 

Binary Gas 
Integrity Test 
  

MF and UF 
membranes 

Online Diffusivity of low 
permeating gas detected in 
permeate using mass 
flowmeters and 
composition with FTIR 

Bench-scale Complex to implement in 
larger membrane 
systems. Gas 
permeability may be an 
issue as would the cost of 
inert gases required. 

(Giglia and Krishnan 2008) 
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Monitoring 
Technique 

Membrane 
Applications 

Mode Description Scale Advantages/Limitations References 

ZAPS LiquID 
Station 

General water 
quality 
monitoring 
device; could 
be applicable 
for MF, UF, NF 
and RO 

Online Measures multiple optical 
parameters simultaneously 

Full-scale Can potentially report high 
LRVs for TOC and BOD. 
Already being used in a 
limited way but presents 
challenge to quantify 
system LRV as it uses 
tryptophan, a common 
amino acid in many 
proteins not unique to 
E. coli and that may limit 
its sensitivity  

(ZAPS Technologies Inc. 
2013b) 

Pathogen Detection Systems 

BioSentry 
Device 

General water 
quality 
monitoring 
device; could 
be applicable 
for MF, UF, 
NF, and RO 

Offline Multi-angle light scattering 
at 660 nm used to 
determine particle size, 
shape, and internal 
structure 

Bench-scale Valid only for particles 
greater than 0.4 micron 

(JMar 2011) 

Real-Time 
Polymerase 
Chain Reaction 
(RT-PCR) 

Water quality 
monitoring 
specifically for 
viruses 

Offline Feed and permeate 
collected and virus 
detected using various 
assays and a sequence of 
centrifugation, filtration, and 
enumeration techniques 

Bench-scale Requires specialised 
personnel, sample 
preparation, and long time 
periods for results; 
expensive 

(Shirasaki et al. 2009) 

Evanescent 
Wave Fiber 
Optic Sensor 

Detection of 
pathogens 

Online Laser derived evanescent 
wave is excited over 
sample and fluorescence 
measured using laser 
spectrofluorometer 

Bench-scale Long detection time 
(several hours) 

(Lee and Thompson 1996; 
Lim 2003; Byrne et al. 2009) 
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Monitoring 
Technique 

Membrane 
Applications 

Mode Description Scale Advantages/Limitations References 

RAPTOR Fiber 
Optic Biosensor 

Detection of 
pathogens 

Online Monitors complex formation 
by evanescently exciting 
surface-bound fluorophores 
with a diode laser 

Bench-scale Portable, results in less 
than 10 minutes 

(Anderson et al. 2000) 

Miniaturised 
portable 
biosensor 

Detection of 
pathogens 

Online Electrochemical technique 
(impedance spectroscopy) 
used to detect virus by 
immobilization of antibodies 
onto biofuntionalised gold 
electrode 

Bench-scale Long detection time 
(several hours) 

(Diouani et al. 2008) 

Microarray 
Biosensor 
Instrument 

Detection of 
pathogens 

Online Automated Concentration 
System (ACS) uses 
advance array biosensor to 
detect pathogens in water 

Bench-scale Laboratory scale. (U.S. Environmental 
Protection Agency 2009) 

Surface Plasmon 
Resonance 
Biosensors 

Detection of 
pathogens 

Online Illumination of a metallic 
surface by visible or near-
infrared radiation from a 
monochromatic light source 
via a hemispherical prism; 
electromagnetic waves are 
generated and detected 

Bench-scale Not currently available as 
a commercial technique 
for field applications. 

(Wei et al. 2007) 

Quantum Dot 
Based DNA 
Nanosensors 

Detection of 
pathogens 

- Ultrasensitive nanosensor 
based on fluorescence 
resonance (FRET) for 
detecting DNA 

Bench-scale Requires specialised 
personnel; expensive 

(Zhang et al. 2005) 

Laser- Scanning 
Cytometry (LSC) 

Detection of 
pathogens 

Online LSC used to detect 
microspheres in feed and 
permeate samples 

Bench-scale Only applicable for micron 
sized particles 

(Ladner et al. 2007) 
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2.11 Towards a New Membrane Integrity Monitoring Technique 

The techniques identified in the review of the literature presented in this Chapter 

were distilled down fluorescent chemical compounds and tagged nanoparticles. 

In the proceeding chapters, a selection of dyes, fluorescent chemicals and 

fluorescently tagged nanospheres will be assessed to determine whether the any 

of these materials can be used as reliable surrogates and can provide the level 

of detection required to meet the objectives of this research. Techniques based 

on light scattering of particles, which are relatively unexplored in the literature but 

which present a potentially new and innovative detection method, will also be 

explored. 

This research will develop a robust non-microbial surrogate representative of the 

polio virus, the smallest enterovirus used as the target to challenge membrane 

integrity. In isolation, this would not meet the objectives of this research that 

requires the development of an integrated membrane integrity technique and that 

demands a detection system that has the sensitivity to provide an LRV 

performance up to and potentially beyond 4 log10. Accordingly, light scattering 

was used to detect and enumerate a non-microbial surrogate. 
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Chapter 3  

Screening Food Grade Dyes and Fluorescent 

Compounds 

3.1 Preamble 

In the quest to identify suitable non-microbial surrogates for membrane integrity 

testing, it is essential that any surrogates meet the minimum requirements of a 

challenge species as outlined in Table 2.1. Inherent to these minimum 

requirements is stability across a range of conditions that may represent varying 

feed water chemistries and environmental parameters. In this Chapter a range of 

food grade and fluorescent tracer dyes were tested under various conditions to 

identify the influence on fluorescence by those conditions.  

3.2 Introduction 

Chemical tracers are widely used to study flow patterns in a range of water and 

soil systems (Harden et al. 2003). Synthetic food dyes are a popular choice for 

tracing water flow patterns due to their high visibility and detection and 

importantly, low toxicity to the environment (Flury and Fluehler 1995; Reinken et 

al. 1996). Hydrological tracers are typically sourced from the class of 

triarylmethane dyes and this class includes dyes that are mostly red, violet, blue, 

or green in colour (Mon et al. 2006). An ideal dye to trace the movement of water 

should move conservatively with minimal interaction with the solid phase and 

without decaying during the time period of the tracer test (Mon et al. 2006). 

Brilliant Blue FCF and other similar dyes are used successfully because they are 
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relatively inert and are not toxic to the environment (Flury and Fluhler 1994; Flury 

and Fluehler 1995; Reinken et al. 1996; Ketelsen and Meyer-Windel 1999; 

Schwartz et al. 1999; Germán-Heins and Flury 2000; Kasteel et al. 2002; Nobles 

et al. 2004; Mon et al. 2006; Amoozegar et al. 2008; Morris et al. 2008; Nobles et 

al. 2010). 

In addition to the range of food dyes used as tracers, several fluorescent dyes 

are often used to study flow patterns in water and soil systems with compounds 

such as fluorescein (FL) (Ford and Thornton 1983; Gitis et al. 2002; Harden et al. 

2003; Chua et al. 2007) and Rhodamine WT (RWT) (Smart and Laidlaw 1977; 

Stanbro and Pyrch 1979; Shiau et al. 1993; Laenen and Bencala 2001; Sutton et 

al. 2001; Harden et al. 2003; Binet et al. 2007; Chua et al. 2007) commonly used 

for this purpose. The fluorescent dyes are particularly useful due to their high 

sensitivity and selectivity (Harden et al. 2003; Binet et al. 2007; Chua et al. 2007). 

The use of RWT as a potential surrogate for use in RO integrity monitoring has 

been widely reported (Kitis et al. 2003a; Kitis et al. 2003b; Zornes et al. 2010; 

Lozier et al. 2011; Lozier et al. 2013) with detection limits as low as 0.01 ppb 

(Ford and Thornton 1983). Moreover, the use of RWT for high pressure integrity 

testing is specified in both ASTM D6908 (2010) and the US EPA Membrane 

Filtration Guidance Manual (U.S. Environmental Protection Agency 2005). 

As potential surrogates for membrane integrity monitoring, any tracer dye should 

be stable over a wide range of physicochemical feed water parameters. 

Temperature, for example, is a parameter that can vary significantly with different 

feed waters and can potentially affect the sensitivity and detection of tracer dyes. 

Fluorescent dyes in general are sensitive to changes in temperature with high 
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temperatures resulting in lower fluorescence intensities (Smart and Laidlaw 

1977). Salt is known to quench the fluorescence of some compounds (Verity and 

Bigger 1996) so any tracer dye must either be resistant to this effect or be 

subjected to adequate calibration over an expected salt concentration range. The 

effect of UV light on the absorbance of the tracer dyes is also important in terms 

of storage and preservation to avoid degradation.  

This chapter identifies a range of food and fluorescent dyes that could potentially 

be used as tracer compounds for membrane integrity monitoring. The dyes are 

screened for their overall detectability and sensitivity when subjected to a range 

of water conditions including various temperatures, pH values, salt content and 

the presence of potentially interfering compounds. 

3.3 Fluorescence 

Fluorescence is the process where the introduction of energy by physical 

(absorption of light), mechanical (friction), or chemical mechanisms on receptive 

molecules creates electronically excited states that then emit light. Fluorescence 

is the property of some atoms and molecules to absorb light at a particular 

wavelength and to subsequently emit light of longer wavelength after a brief 

interval, termed the fluorescence lifetime. 

The fluorescence process is governed by three important events, absorption, 

excitation and emission. Light energy is absorbed by a susceptible molecule and 

excites the energy levels within the molecule. The result of the excitation is the 

desire to stabilize the energy state that results in the emission of a longer 

wavelength photon and the return of the molecule to the ground state. Figure 3.1 

illustrates the process of fluorescence where light in the UV visible range between 
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400 nm and 750 nm is incident on susceptible molecules and is absorbed 

resulting in the emission of fluorescence with a longer wavelength than the 

incident light. Figure 3.2 illustrates the variety of responses resulting from the 

interaction of light incident on a molecule or particle. 

 

Figure 3.1: Energy interaction with a molecule creating fluorescence 

from (Osterhus 2013). 

 

 

Figure 3.2: Interaction of light with a molecule or particle 

adapted from (Seinfeld and Pandis 2012). 
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British scientist Sir George G. Stokes first described fluorescence in 1852 and 

named the phenomenon after the blue-white fluorescent mineral fluorite 

(fluorspar) (Stokes 1852). Stokes also discovered the wavelength shift of 

fluorescence to longer values in emission spectra that bears his name.  

3.4 Screening Methods 

3.4.1 Potential Surrogates 

A series of compounds including food-grade and fluorescent dyes were selected 

in accordance with the initial screening criteria and their structures and properties 

are listed in Table 3.1. 

3.4.2 Surrogate Detection Limit and Calibration 

Stock solutions of the dyes were prepared at natural pH using deionized (MilliQ) 

water. The minimum detection limits and sensitivities were determined by either 

UV spectroscopy (Shimadzu UV/vis spectrophotometer, Model UV-1800) or 

fluorescence spectroscopy (Shimadzu spectrofluorometer, Model RF-5301) and 

calibration curves were prepared from low to high concentrations for each dye 

accordingly at 25°C and pH 7. 
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Table 3.1: Properties of food and fluorescent dyes selected for screening 

Dye Formula and MW Structure Properties  

Allura red 
C18H14N2Na2O8S2 

496 g/mol 

 

 λmax 504 nm 

 $508/kg 

 red food dye 

Brilliant Blue 
C37H35N2Na2O9S3 

793 g/mol 

 

 λmax 625 nm 

 $3,182/kg 

 food colourant, water 
tracer dye 

 also known as Brilliant 
Blue FCF, Food Blue 
#2 

Fast green 
C37H31N2Na2O10S3 

828 g/mol 

 

 λmax 427-622 nm 

 $6,424/kg 

 food dye 

Indigotine 
C16H8N2Na2O8S2 

466 g/mol 
 

 λmax 602 nm 

 $1,474/kg 

 food dye and pH 
indicator 
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Dye Formula and MW Structure Properties  

Ponceau S 
C18H9N4Na5O13S4 

732 g/mol 

 

 λmax 520 nm 

 $1,632/kg 

 food-grade dye, used 
for protein staining 

Sunset yellow 
C16H10N2Na2O7S2 

452 g/mol 

 

 λmax 482 nm 

 $1,734/kg 

 food colouring dye 

Tartrazine 
C16H9N4Na3O9S2 

534 g/mol 

 

 λmax 425nm 

 $275/kg 

 food colouring dye 

Vitamin B12 
(RB) 

C63H88CoN14O14P 
1355 g/mol 

 

 λmax 361 nm 

 $1,355/kg 

 heat stable slowly 
loses activity when 
exposed to light, 
oxygen and acid 

 also known as 
cyanocobalamins 
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Dye Formula and MW Structure Properties  

Quinine (QN) 
C20H24N2O2 
324 g/mol 

 

 λex/λem 331/383 nm 

 $18,768/kg 

 common 
pharmaceutical 
chemical 

 max. dimensions (Å): 
9.7113 
9.1211 
8.0024 

Rhodamine WT 
(RWT) 

C29H30N2Na2O5 
532 g/mol 

 

 λex/λem 566/582 nm 

 $105/kg 

 synthetic red to pink 
dye with brilliant 
fluorescent qualities 

 used as a water 
tracing dye, can stain 
organic materials 

 also known as Acid 
Red #388 

 CAS # 37299-86-8 

 max. dimensions (Å): 
14.9676 
13.4641 
11.9723 
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Dye Formula and MW Structure Properties  

Riboflavin (RF) 
C17H20N4O6 
376 g/mol 

 

 λex/λem 365/550 nm 

 $1,210/kg 

 poorly water soluble 

 decomposes in light 

 also known as Vitamin 
B2 

 max. dimensions (Å): 
13.2986 
13.1015 
11.9068 

Uranine (UR) 
C20H12Na2O5 

378 g/mol 

 

 λex/λem 480/510 nm 

 $244/kg 

 Also known as Acid 
yellow #73, 
Fluorescein sodium 
salt 

 max. dimensions (Å): 
11.0268 
10.4798 
10.2407 
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Dye Formula and MW Structure Properties  

1,3,6,8-pyrene-
tetrasulfonic 
acid 
tetrasodium salt 
(PyTS) 

C16H6Na4O12S4 
610 g/mol 

 

 λex/λem 360/380 nm 

 $109/gram 

 also known as 
TRASAR® (Sabnis 
2015) 

 Currently only 
available as a 
proprietary antiscalant 
system 

 CAS #59572-10-0 

 max. dimensions (Å): 
14.4199 
10.6294 

 10.5210 
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3.4.3 Effect of Temperature 

Changes in the UV absorbance or fluorescence intensity of the selected 

surrogates were measured over the range 10-30°C at 5°C increments at constant 

pH (7) and no added salt. The same sample was heated by immersing a beaker 

containing the surrogate into a water bath or ice bath. For measurements above 

ambient room temperature, samples were heated 2-5°C higher than the target 

and for measurements above room temperature, samples were cooled 1-3°C 

lower to allow for cooling/heating in the measurement period respectively. Once 

the desired temperature was reached, the sample was immediately transferred 

to the appropriate cuvette and the absorbance or fluorescence reading taken. For 

consistency, samples were normalised to the measurement taken at 10°C. 

3.4.4 Effect of Sample pH 

The effect of pH on selected surrogates was measured over the pH range 5.5-

7.5 at increments of 0.5 and at constant temperature (25°C) and no added salt. 

In this case, the pH was adjusted by adding small volumes of 0.1 M HCl or NaOH 

and the measurements were normalised by comparing the absorbance or 

fluorescence to a sample that was diluted with the same volume of water at the 

natural pH of each solution. 

3.4.5 Effect of UV Light Exposure 

Samples were exposed to a UV light source (UVA) for up to 24 h to determine 

the effect of exposure. The absorbance or fluorescence of the solutions were 

measured before treatment and after 1, 3, 6, 12 and 24 h of UV exposure. The 

data were normalised to the measurements taken before exposure. 
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3.4.6 Effect of Water Chemistry 

Other potential interfering compounds, such as salts, organic compounds and 

oxidants, were tested alone or in combination with the dyes and these are listed 

in Table 3.2. In each case, samples were compared to solutions diluted with the 

same volume of MilliQ water as the test solution. 

Table 3.2: Interfering agents used for surrogate screening 

Compound Concentration/ppm 

Sodium chloride, NaCl 500-16000 

Calcium chloride, CaCl2 500-6000 

Acetic acid 10-50 

Residual chlorine 0-3 

Chloramine 0-1 

Hydrogen peroxide 5 

Polysaccharide (dextran, neutral polymer) 10 

Protein (bovine serum, anionic polymer) 10 

Polysaccharide (sodium alginate, anionic 

polymer) 
10 

Polyethyleneimine (cationic polymer) 12 

 

3.4.7 Bench-scale Continuous Dose Dye Testing 

Subsequent to the screening process, two fluorescent dyes were selected for 

further testing. The fluorescent dyes that provided high sensitivity and that were 

widely used in the water industry were used in a bench scale challenge test to 

compare between continuous and pulsed application of the dye. In both cases, 

the bench scale test rig was comprised of a Sterlitech CF042 stainless steel cross 

flow cell with an active membrane surface area of 42 cm2. Permeate samples 

were collected and tested for the presence of the dyes using a Perkin Elmer LS50 
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spectrofluorometer. A flow-through cell was constructed and used to continuously 

monitor the fluorescence of the permeate for some samples. Dow Filmtec BW30 

membranes were used in all experiments. 

Figure 3.3 shows the schematic representation of the continuous dose 

membrane filtration cell. An initial dye concentration of 1 mg/L in the feed was 

used with the concentrate recycled. The low recovery rate of 40% combined with 

the small loss of fluorescent dye in the permeate had a small influence on the 

applied concentration over the duration of the test, and this was considered to be 

negligible. This feed concentration was determined using 10 ng/L as the limit of 

detection in order to capture up to 5-log10 LRV resolution if possible.   

 

Figure 3.3: Schematic diagram of continuous dose dye challenge test. 

 

 

3.4.8 Bench-scale Pulsed Dose Dye Testing 

A schematic of the pulsed dose setup is shown in Figure 3.4. In this test, 

concentrations of 1-10 mg/L were used with various volumes dosed via a 3-way 
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switching valve in order to introduce a fixed volume of dye over a known period 

of time. During the pulsed dose, the concentrate was collected separately to avoid 

dye from entering the main feed vessel and it was switched back following the 

removal of the dye from the system.  

 

Figure 3.4: Schematic diagram of pulsed dye challenge test. 

 

Several membrane defects were simulated on sections of flat sheet membrane 

samples. These included an O-ring defect that was simulated by cutting the O-

ring and removing a 1 mm section of the material to provide a pathway for 

contaminants to enter the permeate directly from the feed side of the membrane. 

Scratching the surface of the membrane sheet with a 0.8 mm hypodermic needle 

simulated mechanical damage of the membrane. Puncturing the membrane with 

the same hypodermic needle simulated a pinhole integrity breach. A glue-line 

leak was simulated by removing the inner O-ring and a further membrane sample 

was oxidised by exposure to 1000 mg/L of hypochlorite for 1 h.  
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3.4.9 Dye Absorbance 

In addition, experiments to measure the potential absorbance of fluorescent dyes 

on a membrane surface were performed. Visual data of any stained membrane 

material was recorded, however, quantifying the mass of dye absorbed by the 

membrane was not possible with the bench scale equipment. A stained 

membrane indicated that some of the rejection was the result of absorbance 

rather than direct rejection.  

3.5 Results and Discussion 

Initial screening tests were performed to determine the optimum measurement 

UV wavelengths or fluorescence emission/excitation wavelength pairs on the 

various potential surrogates to identify one or more compounds that have the 

potential for use to measure membrane integrity. Continuous and pulsed 

challenge tests were conducted using two fluorescent dyes selected based on 

the performance during the screening tests.  

3.5.1 Food Dye Screening 

For the selected food dyes, the optimum wavelengths measured by UV-vis 

spectrophotometry are presented in Figure 3.5.  
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Figure 3.5: Optimal wavelengths for selected food grade dyes. 

 

The corresponding calibration curves for these dyes is shown in Figure 3.6 and it 

is clear that the blue/green dyes are more sensitive than the red/yellow dyes 

which is a function of the wavelength of their measurement. Based on this 

observed higher sensitivity of the blue/green dyes, only Brilliant Blue (BB) and 

Fast Green (FG) dyes were selected for further assessment. Figure 3.7 indicates 

that FG is slightly more sensitive than the BB dye but the absorbance is 

significantly reduced for samples in the mg/L range. This suggests that a dose in 

excess of 100 mg/L would be required to provide an LRV of 2 log10. 
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Figure 3.6: Calibration curves for selected food grade dyes. 
 

 

Figure 3.7: Calibration curve of FG and BB dyes. 

 

As shown in Figure 3.8, BB is more stable that FG across a pH range between 

5.5 and 7.5 that is the typical range for RO feed water. Fast Green can be 

effective below pH 6.5 but is less stable as the pH increased up to pH 7.5. The 
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stability of FG at elevated pH conditions introduces a confounding effect if this 

dye was used as a surrogate in an integrity test, as pH conditions can change 

across a membrane depending on the water chemistry. The effect of dissolved 

gases such as carbon dioxide can result in either an elevation or decrease in 

permeate pH based on feed water pH and temperature that would lead to lower 

LRVs than would otherwise be the case. 

 

Figure 3.8: Effect of pH on FG and BB dyes. 

 

As illustrated in Figure 3.9, BB and FG are relatively stable across a range of 

temperatures. Temperature variations are expected in many water reuse 

schemes as a result of diurnal and seasonal influences and using FG as a 

surrogate based on a standard calibration has the potential to marginally over 

state membrane integrity although the impact is small. Varying temperature 

conditions does impact both dyes with an observed reduction in detection by 

around 5%.  Although BB is a marginally better surrogate dye under varying 

temperature conditions, the low sensitivity of both dyes limits their application. 
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Figure 3.9: Effect of temperature on FG and BB dyes. 

 

Exposure to UV light has a marked impact on both BB and FG with a non-linear 

response from FG but a major reduction in absorbance for BB as shown in Figure 

3.10. The detection of the latter is reduced by around 25% after 24 hours of UV 

exposure while FG has deteriorated by around 15% in a non-linear fashion. 

Developing a calibration curve for potential UV exposure for both dyes severely 

limits and challenges their applicability as membrane integrity surrogates. 

Figure 3.11 shows that BB is stable when exposed to chloramine but its detection 

is reduced by around 5% by the addition of residual chlorine as sodium 

hypochlorite at a dose rate of 1 mg/L. Chloramine moderately affects FG with a 

6% reduction in detection but this is reduced by 10% when exposed to 1 mg/L of 

chlorine. The application of BB appears viable where disinfection in the form of 

chloramination is adopted otherwise both dyes are challenged where chlorine 

residuals are evident. It is common to dose chloramine into NF and RO feed water 

to reduce differential pressure increases as a result of biological fouling. 
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Figure 3.10: Effect of UV exposure on FG and BB dyes. 

 

 

Figure 3.11: Effect of oxidants on FG and BB dyes. 

 

The summary of responses shown in Figure 3.12 suggest that BB is less 

challenged by the range of additional environmental exposures compared to FG. 

It is clear from these results that the food grade dyes in general did not meet the 

requirements of the established selection criteria matrix (see Table 2.1). On this 

basis, it is evident that the selected food grade dyes are not suitable surrogate 
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candidates for membrane integrity monitoring. This is primarily due to the nature 

of the detection method that has a much higher minimum threshold concentration 

for detection than required. 

 

Figure 3.12: Effect of environmental conditions on FG and BB dyes. 

 

3.5.2 Fluorescent Dye Screening 

The use of RWT as a potential surrogate for membrane integrity testing has 

shown some promise in comparison with microbial and particle dyes surrogates 

(Kitis et al. 2003b). Recently, the use of UR has also been reported with the 

development of a pulsed marker membrane integrity monitoring system which 

demonstrates LRVs of greater than 4-logs (Frenkel and Cohen 2014; 

Surawanvijit et al. 2015). In this study, RWT and UR compounds were partially 

screened for temperature and pH effects (Frenkel and Cohen 2014). 

The calibration curves of the fluorescent dyes are shown in Figure 3.13. Under 

the conditions tested, the (Vitamin B12) RB and (Quinine) QN chemicals showed 

relatively poor sensitivity with high concentrations required to elicit a strong 

fluorescence response (Figure 3.13 (a)). Of the other dyes tested, the PyTS dye 
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shows the highest sensitivity followed by RWT then UR (Figure 3.13 (b)) and in 

all cases, detection in the µg/L range was possible using the Shimadzu RF-501 

instrumentation. Calibration would need to be repeated for new fluorescence 

detectors These results are in contrast to those reported by Frenkel and Cohen 

(2014) with UR showing higher sensitivity than RWT. 

 

Figure 3.13: Calibration curves of fluorescent dyes. 

 

The effective detection limits for the fluorescent dyes appear to be greater than 5 

µg/L for UR, around 2 µg/L for RWT and <1 µg/L for PyTS. On this basis it 

appears that PyTS provides a better sensitivity at moderate fluorescence levels 

compared to RWT and UR. Given that QN and RB offered considerably weaker 

fluorescence of the five dyes tested, these were excluded from further screening. 

The fluorescence intensity of the dyes was then tested over a temperature range 

10-30°C with the results normalised to 10°C. Figure 3.14 shows the effect of this 

temperature increase for the dyes and in each case, the intensity decreases with 

increasing temperature. This effect is similar for PyTS and UR with decreases of 

up to 18% and 21% in fluorescence intensity respectively. The effect on RWT is 
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more significant with a decrease of 37% over the tested temperature range. 

However, since the observed trend in intensity is linear, this effect can be 

addressed by preparing multiple calibration curves at various temperatures. This 

may be considered onerous in an operating environment and may limit the 

application of these dyes under operation conditions, however, this could be 

compensated by a software programme to provide updated calibration based on 

temperature feedback. 

 

Figure 3.14: Effect of temperature on dye fluorescence. 

 

The normalised fluorescence intensity of the dyes as a function of pH was 

measured and the results are shown in Figure 3.15. No change was observed for 

PyTS and RWT over the pH range tested but a significant change was observed 

for UR. In this case, a substantial increase in fluorescence intensity occurred over 

the pH range 5-7.5, equivalent to an increase of 235%. Again, this effect is linear 

so additional calibrations can be used to account for this effect. The stability of 

RWT with pH was also reported by Frenkel and Cohen (2014), however, they 



Chapter 3 89 

also reported relative stability for UR with pH. In their study, high concentrations 

of the dyes were tested that could be considered outside the range of quantitative 

fluorescence with concentration at 2.5 mg/L, very close to the expected feed 

concentration, and potentially in the range where self-quenching could occur 

(Jones and Rahman 1994). 

 

Figure 3.15: Effect of pH on dye fluorescence. 

 

Measuring pH in permeate with low salinity presents challenges and requires 

frequent calibration of the secondary parameter to ensure that the primary 

parameter, fluorescence, this may be considered onerous in an operating 

environment and may limit the application of UR under operational conditions. 

Uranine alone in aqueous solution occurs in cationic, neutral, anionic and 

dianionic forms making its absorption and fluorescence properties strongly pH 

dependent (Song et al. 2000; Gholivand et al. 2008). It, therefore, exhibits intense 

fluorescence in alkaline solutions (Pirillo et al. 2008) and this drops very sharply 

at pH values below 5.5 (Turner Designs Solutions 1998).  
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The normalised fluorescence intensity of the dyes in the presence of salts at 

different concentrations is shown in Figure 3.16 and Figure 3.17 for NaCl and 

CaCl2 respectively. In the case of NaCl, Figure 3.16, the effect on PyTS and RWT 

is negligible but a significant increase in fluorescence intensity is observed with 

increasing salt concentration for UR. This trend is similar to the change in pH for 

UR but in this case, a lower increase in 43% is observed over the salt 

concentration range. In the case of both pH and NaCl changes, the concentration 

of sodium is increasing which may be responsible for the observed changes as 

UR as sodium and oxygen are on terminal branched ends of the compound as 

illustrated in Table 3.1. In the presence of increasing CaCl2 concentrations 

(Figure 3.17), there is no significant change in the normalized fluorescence for 

RWT or PyTS with only a slight increase in that of UR (<10%) and this may be 

attributed to the structure of the compound as previously discussed. 

 

Figure 3.16: Effect of NaCl on dye fluorescence. 
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Figure 3.17: Effect of CaCl2 on dye fluorescence. 

 

Figure 3.18 shows the effect of residual chlorine on the fluorescence intensities 

of the dyes respectively. The presence of residual chlorine significantly 

decreases the normalised fluorescence for PyTS and RWT, however, the 

fluorescence intensity for UR increases by up to 20% in a non-linear manner and 

again, the addition of sodium ions may be responsible for this increase. The 

presence of free chlorine in the feed water may therefore be indicated by a sharp 

decrease in RWT intensity or an increase in UR intensity. This may trigger further 

investigation to ensure free chlorine does not come into contact with the 

polyamine membrane layer and cause oxidative damage (Sandin et al. 2013). It 

appears that the presence of residual chlorine would limit the use of these 

fluorescent dyes as effective surrogates. 
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Figure 3.18: Effect of residual chlorine on dye fluorescence. 

 

In the case of chloramine shown in Figure 3.19, both PyTS and RWT show no 

significant change in normalised fluorescence intensity with increasing 

concentration but UR increases by >100%. Although it would not be expected 

that free chlorine would be present in the feed water, it is reasonable to expect 

the presence of chloramine so the use of UR may provide a higher log reduction 

due to the elevated bias under moderate chloramine residuals. 
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Figure 3.19: Effect of chloramine on dye fluorescence. 

 

The effect of UV light exposure on normalised fluorescence intensity is shown in 

Figure 3.20. Over the time period tested, the intensity of RWT and PyTS 

decreased with the decrease more significant for PyTS (30% in 9 h) but for UR, 

a slight increase was observed (<10%). Although RWT remains relatively stable 

for at least 6 hours of UV exposure, the fluorescence diminishes by around 20%. 

In the case of PyTS, the emission/excitation wavelengths are closer to that of the 

UVA light source so this may impact on the fluorescence intensity. It is typical for 

fluorescent dyes to be packed and shipped in amber or opaque bottles so to 

minimize the exposure to UV light so this is a challenge for their use under 

operational conditions.  
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Figure 3.20: Effect of UV exposure on dye fluorescence. 

 

It is clear that for any membrane challenge test, the surrogate species is 

introduced into feed water then detected in the resulting permeate. Depending on 

the feed water composition, there may be other fluorescent compounds or 

quenching species including those screened in this work. A sample of RO feed 

water was obtained from a local plant producing tertiary treated water using 

activated sludge processes and UF with each dye separately spiked into samples 

and compared to a similarly spiked sample into the RO permeate from the same 

plant. Figure 3.21 shows the normalised fluorescence intensities of these 

samples and in each case the fluorescence increases in the RO feed water 

compared to the permeate. For RWT and PyTS, the increases were 10% and 

25% respectively but for UR, a substantial increase of 220% was observed. This 

may suggest some interaction between UR and the organic matter and or the 

sodium concentration present in the RO feed water, but since the organics and 

sodium species will be rejected by the membrane process, it is not clear whether 
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the increased fluorescence intensity will be reflected in the permeate. The control 

for each sample was a permeate sample collected at the same time from the 

treatment facility. 

 

Figure 3.21: Change in fluorescence of dyes in RO feedwater. 

 

Table 3.3 shows a summary of the screening results for each of the fluorescent 

dyes and provides a qualitative assessment of the observed effect with each 

screening variable. In some cases, a significant effect was observed that 

challenges the stability of the proposed chemical surrogate. It is possible to 

account for these effects but the key issue is the stability of the surrogate across 

a variety of water chemistries expected in feed water. The ability to calibrate for 

certain conditions is only useful where the feed water chemistry remains constant 

and this is not generally the case. An example in point is that the change in 

temperature and pH may be easily accounted for by preparing multiple 

calibrations and/or by online measurements, however fluctuations during the 

testing procedure may invalidate the integrity results.  
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Of the dyes, UR is the least stable fluorescent compound where the fluorescence 

intensity invariably increases under many of the test conditions. Both PyTS and 

RWT are relatively stable with PyTS marginally more stable but potentially 

problematic to obtain and use for integrity testing. 

Table 3.3: Summary of screening results. 

Screening variable RWT UR PyTS 

Availability    

Sensitivity    

Temperature    

pH    

NaCl    

CaCl2    

Residual chlorine    

Chloramine    

UV light    

RO feed water    

 

Key 

Excellent/no effect  

Good/minimal effect  

Average/moderate effect  

Poor/significant effect  

 

3.6 Bench-scale Challenge Test Results 

The screening process detailed previously and summarized in Table 3.3 above 

indicated that PyTS offered the greatest stability and sensitivity of the three dyes 

tested. However, RWT and UR were selected for further challenge testing 

because PyTS is a component of a proprietary antiscalant formulation and was 

commercially unavailable. Even though PyTS has been assigned a specific CAS 

number (CAS #59572-10-0) it is not readily available as a concentrated 
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compound but rather in a diluted form as part of an antiscalant product. A local 

supplier provided a cost of $109/gram but even with a significant discount of 50% 

this represents a cost of $54,500/kg, or $54.50/kL of treated water, clearly beyond 

the ability of any service provider to implement. The dilution and integration with 

an antiscalant formulation may significantly reduce the sensitivity of PyTS 

fluorescent dye. The concentrated PyTS fluorescent dye that was available was 

used in the continuous and pulsed challenge tests. 

3.6.1 Continuous Dosing Challenge Test 

Under continuous dosing of 1 mg/L of each of the selected fluorescent dye 

solutions, RWT and UR, through an intact membrane, high LRVs were obtained 

as shown in Table 3.4. The rejection values determined for RWT and UR show 

that UR offered a slightly lower LRV due to the reduced sensitivity of this dye at 

low concentrations as was evident during the initial screening tests reported 

previously. The rejection value for PyTS is considerably higher and this confirms 

that the dye has greater sensitivity at low concentrations but is not available as 

the concentrated solution that was used during the continuous and pulsed 

challenge tests. The LRVs for the three fluorescent compounds are reported in 

Table 3.4 and indicate that PyTS provided a better indicator of membrane 

impairment than RWT followed by UR. 

Table 3.4: Average LRV for continuous dosing of fluorescent dyes 

Dye Average LRV 

RWT 4.19 ± 0.13 

UR 3.96 ± 0.10 

PyTS 4.59 ± 0.18 
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These data indicate that the fluorescent dyes achieved a threshold LRV greater 

than 4 log10 for PyTS and RWT whereas UR fell just short of the sensitivity 

benchmark. 

3.6.2 Pulsed Dosing Challenge Tests 

The pulsed dose challenge tests required optimising the pulse involved, 

assessing the concentration of the dye, the volume used for the pulse, and the 

length of time taken to observe the output fluorescence. It was important to collect 

an adequate number of data points to capture the peak fluorescence as the 

pulsed dose passed through any imperfections in the membrane. This would be 

particularly important in the case of a compromised membrane element where 

the permeate flux may be high. 

A flow-through cell connected to the fluorescence spectrophotometer was ideal 

as it continuously monitored the fluorescence wavelengths corresponding to a 

particular dye. A plastic fluorescence cuvette was modified for these experiments 

to enable the flow of permeate through the cell from the bottom and out the top 

with the instrument set to capture data points at 1 s intervals. Initially, 1 mg/L 

solutions were tested but this dose did not offer the level of sensitivity in the pulse 

to enable a representative LRV determination so it was clear that a longer pulsed 

dose would be required. A higher pulsed dose rate of 10 mg/L was selected with 

pulses between 10 s to 1 min used representing volumes of 200 mL to 1.2 L, 

respectively, through the system. The total volume processed using the pulsed 

dose challenge test represented 0.5-3 swept volumes of the 2.5-inch membrane. 

The observed data suggested that duration of the pulse performed better at 3 

swept volumes but this metric must be determined for each membrane array. The 
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monitoring duration should be extended until no further fluorescent dye was 

evident in the permeate and that varied depending on the fluorescent dye used 

with RWT taking longer than other dyes. 

Figure 3.22 shows a typical trace of fluorescence in the permeate versus time for 

RWT dosed for 10 s at 10 mg/L. In this case, a peak was observed after 5 s and 

the fluorescence signal returned to the baseline value of zero confirming that all 

the residual soluble RWT remaining had been removed from the system. Based 

on the peak fluorescence value, the LRV for this test was 4.6 log10, a higher result 

than that reported for the continuously dosed value of 4.19 log10. 

 

Figure 3.22: Concentration of RWT with time for 10 mg/L pulsed dose. 

 

In Figure 3.23, a similar plot of concentration in the permeate versus time for UR 

using a 30 s pulsed dose is presented. In this case, the peak value of 0.9 µg/L in 

the pulse corresponded to an LRV of 4.04 log10 that is slightly higher than that 

obtained from the continuous dosing at 1 mg/L of 3.96 log10.  
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Figure 3.23: Concentration of UR with time for 10 mg/L pulsed dose. 

 

Figure 3.24 shows the concentration in the permeate versus time plot for the 

pulsed dose of PyTS at 10 mg/L for 60 s. The peak value of 0.12 µg/L in this 

pulse corresponded to an LRV of 4.92 log10 that is also higher than the value of 

4.59 log10 obtained by continuous dosing the UR at 1 mg/L. For each of the 

pulsed dose curves, a sharp increase in concentration is observed in the seconds 

after the pulse is introduced followed by a peak and a more gradual decline in the 

concentration until no further dye is present in the permeate. 

These curves show a similar profile that may be indicative of a typical profile for 

an intact membrane, the decay length over time increased for the longer pulsed 

doses. The profile for the RWT test presented a slightly different shape, however, 

and this may be due to the shorter pulse time resulting in fewer data points. It is 

important to consider the duration of the pulsed dose relative to the overall time 

taken to pass the membrane to ensure the membrane was fully covered by the 

dye throughout the cycle. A continuous challenge test at full scale may require at 
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least three swept volumes of the membrane array to stabilise the system followed 

by up to six swept volumes to ensure a stable permeate concentration was 

achieved to determine the rejection capacity of the high pressure membrane 

system. The pulsed dose challenge test duration required between two and three 

swept volumes applied for a well-defined peak to be developed. 

 

Figure 3.24: Concentration of PyTS with time for 10 mg/L pulsed dose. 

 

A comparison of the LRV results obtained for the continuous and pulsed 

application of the three fluorescent dyes is shown in Figure 3.25. The data 

indicates that the pulsed dose challenge test invariably produced higher rejection 

values but required ten times the concentration of fluorescent dye. While the 

concentration of fluorescent dye applied was ten times the concentration applied 

for the continuous test the total mass differential depended on the duration of the 

continuous test compared to the duration of the applied pulse. The comparison 

between the dosed integrity tests showed that the pulsed dose required 
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approximately three times more fluorescent dye than the continuous dose, an 

unexpected result but certainly noteworthy. 

 

Figure 3.25: Comparison of pulsed and continuous dose LRVs. 

 

The information provided by the pulsed dose challenge tests indicated that this 

type of membrane challenge might be more efficient and representative than the 

implementation of a continuous challenge test that may continue for longer and 

have lower sensitivity. 

3.6.3 Pulsed Dosing on Applied Defects 

The time/concentration traces of RWT, PyTS and UR for the pulsed dose tests 

are shown in Figure 3.26 (a), (b) and (c) respectively. Each fluorescent dye 

appeared to show unique characteristics that have the potential identify a 

particular membrane defect or breach in small-scale experiments. No 

fluorescence signal was observed for any of the dyes used with the intact 

membrane under the test conditions, therefore, limiting the calculated LRV to a 
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nominal value of 5 log10 based on the feed concentration of 10 mg/L at a 

resolution of 0.1 µg/L. The concept used to limit the LRV to the feed concentration 

is the same adopted for the MS2 bacteriophage determination of LRV when no 

PFU are enumerated in a permeate sample so the denominator of one unit is 

used because less than unity as a detection limit does not translate to a 

calculated LRV (Victorian Government Department of Health 2013). 

 

Figure 3.26: Pulse dose curves for (a) RWT, (b) UR, and (c) PyTS. 

 

The LRVs determined for each of the defects are summarised in Table 3.5 with 

high values between 4 log10 and 5 log10 for O-ring, glue line failure and surface 

scratch defects and lower values were recorded between 2.7 log10 and 3.4 log10 
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for the pinhole and chlorine damaged membranes. Relatively high LRVs were 

obtained for the glue-line leak but in this case, the defect was difficult to simulate 

in the small scale apparatus and a true glue-line leak would clearly result in much 

lower LRVs (Jons et al. 2005). The corresponding flux values measured for each 

dye and defect are shown in Table 3.6. 

Table 3.5: LRVs calculated from pulse dose tests. 
 

Intact Glue-line 
leak 

O-Ring Pinhole Chlorine Surface 
scratch 

RWT 5.0 5.0 5.3 3.2 3.4 5.2 

UR 5.0 4.0 4.2 2.9 2.7 4.0 

PyTS 5.0 4.2 4.5 3.0 3.0 4.2 

 

Table 3.6: Specific flux values for pulse dose tests. 
 

Intact Glue-line 
leak 

O-Ring Pinhole Chlorine Surface 
scratch 

RWT 5.66 6.72 5.68 8.32 5.09 5.89 

UR 5.92 6.78 5.71 7.34 4.65 5.56 

PyTS 5.57 6.91 6.52 8.07 4.73 5.15 

Units: (kg/m2/h/bar) 

Performance of the fluorescent dyes reported under the conditions of the tests 

indicated that UR was detected at a greater concentration across the majority of 

impaired conditions followed by PyTS and then RWT. The rejection potential was 

also closely related to the physical size of the compounds previously reported in 

Table 3.1 that also records the three-dimensional structure for each of the 

fluorescent dyes.  The physical size developed by computer simulated models 

indicated that the size of the molecules from largest to smallest was RWT > PyTS 
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> UR as shown in Table 3.7. The physical size reflected the rejection and 

sensitivity observed during the pulsed dose challenge tests at a pilot scale. 

Table 3.7: Average dimensions of fluorescent dyes. 

Fluorescent Dye Size in nm 

RWT 1.5 x 1.35 x 1.2 

UR 1.1 x 1.1 x 1 

PyTS 1.4 x 1.1 x 1.1 

 

Further evaluation of the dye performance in terms of rejection showed that the 

rejection from highest to lowest was RWT (532 g/mol) > PyTS (610 g/mol) > 

Ur (378 g/mol) that corresponded closely to the molecular weight of each of the 

fluorescent dyes previously reported in Table 3.1. The MW coupled with the 

larger, more complex structure of RWT made it more likely to be rejected more 

than PyTS as shown by the data in Table 3.7 above.  

3.6.4 Dye Adsorption 

Using continuous dosing challenge tests, dyes may be expected to adsorb on the 

membrane surface and could potentially lead to blockages similar to a foulant 

layer. Experiments using 1 mg/L RWT were performed in order to quantify the 

amount of dye adsorbed on a membrane surface after several hours of 

continuous dosing. Under a constant pressure of 15 bar, the permeate was 

recirculated back into the feed solution which was temperature controlled using 

a chiller. Samples of the feed solution were taken at 15 minute intervals for 3 

hours and quantified following dilution. 
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Figure 3.27 presents a photograph of the membrane after 3 hours’ recirculation 

in 1 mg/L RWT against a new reference membrane. There was evidence of pink 

staining on the membrane that was substantial around the edges where the inner 

O-ring was in contact with the membrane.  

 

Figure 3.27: Photograph of (a) stained and (b) new reference membrane. 

 

Figure 3.28 shows the concentration of the undiluted feed solution as a function 

of time. There was no significant change in the RWT concentration after 3 hours 

suggesting that the staining occurred with minimal RWT. There may also be a 

high level of error associated with the measurement that involved a substantial 

dilution of the feed solution to obtain a reasonable fluorescence result. Under a 

pulsed integrity test, minimal dye adsorption would evident due to the reduced 

contact of the dye with the membrane even though higher concentrations were 

used.  

(a) (b) 
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Figure 3.28: Concentration of RWT over 3 hours continuous dosing. 

 

Continuous dosing of a fluorescent dye for prolonged periods to complete a 

membrane integrity test challenges the criteria of cost and also increases the 

likelihood that loss through adsorption may occur. Fluorescent dyes that adsorb 

onto, and within, the membrane material may bias the results of a challenge test 

and call into question the veracity of the results obtained because the 

concentration of the dye in the permeate was reduced. Consequently, the 

concentration of the feed solution was less than that applied and that has some 

significance for the calculated LRV where the numerator was less than expected. 

One alternative is the use of a pulsed dose challenge test where a known volume 

of a dye solution is introduced over a short period with the permeate monitored 

for the presence of the dye. This offers advantages including the ability to apply 

a higher pulsed dose concentration that can improve sensitivity and also provide 

the possibility to provide a diagnostic tool that defines the type of defect in a 

system. The potential to develop a hydraulic modelling tool to identify the location 
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of defects in large membrane arrays would provide a considerable benefit to 

operators. 

Overall, the results of these experiments show that the LRVs obtained for an 

intact system are higher than those obtained via continuous dosing with a 10-fold 

increase in feed concentration for the pulsed system over a short duration. 

Adsorption experiments with RWT showed visible staining of the membrane 

under continuous dosing after 3 h although this was not reliably defined. 

The disadvantage associated with the use of RWT or any other soluble chemical 

surrogate is that they do not satisfy the selection criteria (see Table 2.1). In 

particular, a surrogate for the smallest virus would require a larger particle rather 

than a soluble chemical compound that is at least twenty fold smaller than the 

target virus. The value of these compounds could be in the screening for 

chemicals of concern such as endocrine disruptors, however their specific 

limitations must be accounted for when results are assessed. Given that the cost 

of the surrogate should not add more than $0.02/kL of water treated, these 

surrogates would fail the application cost criteria. 

3.7 Conclusions  

The results clearly demonstrate that the food grade dyes are not suitable 

surrogate candidates for membrane integrity monitoring. The UV detection 

method used to quantify the dyes has a much higher minimum threshold 

concentration for detection than fluorescence, thereby limiting their use as 

surrogate compounds. Table 3.3 highlights the view that none of the three 

fluorescent compounds offer a completely stable platform that can be used as a 

surrogate across a wide range of operating and environmental conditions to 
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monitor membrane integrity.  The implications of the screening tests performed 

on the fluorescent dyes brings into question what is actually being measured in 

the permeate. Increased temperature affected RWT by significantly reducing 

fluorescence and while temperature fluctuations are seasonal the comparison of 

LRV across seasons without any compensation for the applied dose may alter 

the perception of performance related to the sensitivity of the dye and the limit of 

detection. In effect, a higher dose rate would be required to compensate for the 

higher detection limit as a consequence of lower fluorescence. 

Greater emphasis is required to determine whether the environmental or 

chemical conditions have any significance for LRV determination but there does 

not appear to be sufficient attention to these conditions on the reliable 

interpretation of results. These screening tests to determine the effect of each 

environmental/process parameter were completed separately, but the implication 

of a variety of conditions occurring simultaneously was not developed and may 

result in different performance outcomes. 

The sensitivity of PyTS and RWT was clearly in the desired range that would 

afford the opportunity to determine at least a 4 log10 removal efficiency. However, 

the stability of these compounds represents a challenge to consistently report the 

membrane integrity across a number of chemical and environmental conditions. 

Of the dyes tested, UR represents the least attractive fluorescent compound as 

it was unstable across several screening variables while RWT and PyTS were 

susceptible to some instabilities and reduced fluorescence under some 

conditions. This may lead to a poorer integrity response that would potentially 
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affect decisions made on the basis of the results obtained from the surveillance 

program. 

While RWT is used as the default fluorescent dye to determine the integrity of 

high pressure membranes, there are a number of issues that relate to the stability 

and repeatability of membrane integrity testing and reporting identified by the 

screening tests. The stability of these fluorescent compounds across temporal 

and chemical characteristics of the carrier fluid used to perform the tests is shown 

to be poor under certain circumstances. The instability of these fluorescent 

compounds does not provide adequate assurance to quantify the integrity of high 

pressure membranes. 

The search for an alternative surrogate using fluorescent polymer nanoparticles 

is the subject of the next chapter. Using nanoparticles can more effective as a 

viable non-microbial surrogate rather than a chemical compound that is much 

smaller than the target virus. Some fluorescent chemicals can demonstrate 

greater stability when encapsulated or otherwise entrapped in a polymer matrix. 

Chapter 4 presents the results of the analysis of a range of fluorescently tagged 

nanoparticles in order to determine whether they are able to provide a stable 

surrogate that could be used to accurately and precisely measure the rejection 

capacity of high pressure membranes. 
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Chapter 4  

Fluorescent Polystyrene Nanoparticles 

4.1 Preamble 

Fluorescent dyes such as RWT are capable of providing an indication of 

membrane integrity, however, they provide more conservative membrane 

integrity responses because they are typically twenty times smaller than the 

smallest virus. Fluorescent dyes are able to exploit transport mechanisms into 

permeate that nano-sized particles are unable to by virtue of their size. 

Consequently, the use of fluorescent chemicals provides a more conservative 

LRV for high pressure membranes because dye is able to pass through 

membranes that may have imperfections that would not otherwise allow transport 

of virus into the permeate. Therefore, the measured LRVs with dyes are more 

sensitive to membrane imperfections than an LRV determined for virus. 

The search to identify suitable non-microbial surrogates for membrane integrity 

testing that represent virus sized particles leads to the assessment of nano-sized 

particles. In the same manner as the fluorescent dyes, it is essential that any 

surrogates meet the minimum requirements of a challenge species as outlined in 

Table 2.1. In this chapter, selected fluorescently tagged nanospheres were 

subjected to a range of chemical and environmental conditions that may 

represent varying feed water characteristics to determine their stability and 

sensitivity. 
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4.2 Introduction 

The concept of adopting nanospheres to detect membrane integrity breaches is 

an extension to the fluorescent chemicals and depending on the diameter of the 

particles, these may serve as a better surrogate for virus. Nanoparticles with a 

similar diameter to that of poliovirus at around 30 nm have a similar physical form 

and would undergo similar modes of transport across and through impaired high 

pressure membrane processes. This chapter examines whether fluorescently 

tagged particles of a similar size to the target virus can be used to determine the 

nanoparticle rejection performance, and therefore membrane system integrity. 

The attenuation of fluorescence intensity is critical in the development of a 

sensitive and particle selective membrane integrity monitoring technique. 

Chemical compounds that were examined in Chapter 3 have a different transport 

mechanism through high pressure membranes that are based on size exclusion 

characteristics of the membrane rather than only from a breach in the integrity of 

the membrane itself. Consequently, nanoparticles are seen as a more viable 

method of detecting the ability of a high pressure membrane to reject virus 

particles (Gitis et al. 2006). As previously reported in Chapter 3, NF membranes 

would not readily reject chemical compounds with typical MWCO values between 

1,000 and 2,000 Da, whereas tight NF and RO membranes with MWCO below 

500 Da would have a better virus rejection rate. Similarly, aged membranes that 

have been oxidised will exhibit a poorer rejection of fluorescent chemical 

compounds indicating a low LRV but the membrane’s capacity to reject virus may 

be unaffected leading to a higher LRV (Jacangelo et al. 2015), This discrepancy 

in rejection performance can adversely affect membrane integrity that may lead 
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to early replacement of membranes unnecessarily or report reduced 

effectiveness of the membrane system tested. 

The use of nanoparticles has been adopted in a wide range of applications that 

include pharmaceutical, medical imaging and cosmetics such as sunscreen 

lotions (Salata 2004), and can be readily purchased from a range of companies 

(e.g. Sigma-Aldrich, EPRUI nanoparticles and microspheres Pty Ltd, Applied 

Nanotech etc.). Nanoparticles are generally defined as particles that range 

between 1-100 nm across the largest dimension of the material and this closely 

mirrors the size range of enteric viruses that are targeted by membrane integrity 

surveillance programs. Gitis et al. (2006) and Lozier et al. (2003) report that the 

size and surface charge characteristics of some fluorescently tagged PS 

nanoparticles are similar to enteric viruses. Consequently, fluorescently tagged 

nanoparticles have been identified as potential surrogates for enteric viruses 

used in membrane integrity surveillance programs (Gitis et al. 2006). 

Polystyrene (PS) or latex microspheres can be obtained in a range of uniform 

sizes and with various surface characteristics (Pontius et al. 2009). Fluorescent 

microspheres can be prepared with a variety of dyes including RWT allowing 

them to be enumerated using fluorescence detectors (Pontius et al. 2009). 

Moreover, the fluorescent dye allows them to be detected against background 

particles in relatively low concentrations (Becker et al. 1999). To maximize the 

fluorescence signal the surface should be smooth and without noticeable defects 

(Liao et al. 2004) since variations in surface area can cause apparent changes in 

sensitivity and can contribute to false positive and negative results. Gold 

nanoparticles (Gitis et al. 2006; Borisov et al. 2008) and magnetic particles 
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(Deluhery and Rajagopalan 2008; Yang et al. 2010) have attracted considerable 

interest due to the high sensitivity of these particles and the wide availability of 

particle counters but are expensive to use as part of a regular membrane integrity 

monitoring program. 

Polystyrene microspheres are negatively charge-stabilised colloidal particles that 

vary significantly with respect to charge and hydrophobicity depending on the 

manufacturing processes (Sigma-Aldrich Pty. Ltd. 2011). The particles can be 

prepared with a variety of functional groups on the outer surface and carboxylated 

microspheres, for example, have –COOH functional groups conjugated to their 

surfaces. These are generally produced by the polymerization of the monomer 

styrene via spontaneous coalescent bead formation and are provided as 

suspensions of polymer particles and water, with small amounts of surfactant and 

other salts (Sigma-Aldrich Pty. Ltd. 2011). In addition, they can be further 

functionalised by the addition of fluorescent tags on their surface. Microspheres 

that include fluorescent tags have found uses in biomedicine (Fluorescent 

Microsphere Center 1999; Farquar and Leif 2009) as well as in process 

monitoring (Kaplan et al. 1999; Lozier et al. 2003; Bohrerova et al. 2005; 

Bielefeldt et al. 2010) and other tracer studies (Kaplan et al. 1999; Hammer et al. 

2001; Gitis et al. 2002; Juck et al. 2005). 

Polystyrene microspheres have been used as tracers due to their size, uniformity 

and surface characteristics (Pontius et al. 2009). Becker et al. (1999) reported 

the use of fluorescently dyed PS microspheres as colloid tracers and discussed 

the use of the microspheres in terms of their perfect spherical shape, size, 

availability, resistance to biodegradation, stability at temperatures up to 100°C 
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and various physical properties such as the specific gravity of 1.06 that favours 

an aqueous suspension. Becker et al. (1999) further explained the ability of 

microspheres to be impregnated with fluorescent dyes which allows them to be 

detected against background particles. However, fluorescent microspheres have 

been found to be a poor phage surrogate in MF and UF studies (Pontius et al. 

2009) and in addition, they are expensive and the fluorescent tag has a relatively 

short lifetime (Kitis et al. 2003a; Kitis et al. 2003b; Lozier et al. 2003). 

Gold nanoparticles have been cited by a number of researchers as tracers in 

biological systems and Gitis et al. (2006) demonstrated their use as non-microbial 

surrogates for UF integrity testing. A log removal of approximately 4.5 was 

achieved using an initial dose of 5.2 mg/L using the gold nanoparticles to 

challenge uncompromised cellulose ester and cellulose acetate ultrafiltration 

membranes with a MWCO of 10 kDa and 20 kDa, respectively (Gitis et al. 2006). 

Lozier et al. (2003) reported that the passage of viruses can be favourably 

compared to the decrease in LRV provided by PS microspheres migrating 

through compromised membranes with micron-sized membrane holes. A 

membrane integrity test was performed using a solution containing 24 nm PS 

microspheres dosed into an RO test unit which provided an LRV greater than 4 

for uncompromised RO membranes and an LRV of around 2 for a compromised 

membrane with a 300-500 μm pinhole. These researchers demonstrated that the 

use of PS microspheres can provide similar LRV results when compared with 

MS2 as the virus surrogate (Lozier et al. 2003). 

Research into inorganic nanoparticles in sunscreens (Cross et al. 2007) and in 

wastewater (O'Malley 2015) has investigated the potential toxicity of 
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nanoparticles that are available as non-microbial surrogates for membrane 

integrity surveillance. Colvin (2003) and Dreher (2004) have reported on the 

environmental and toxicological assessment of manufactured nanoparticles and 

raised some concerns regarding their potential toxicity. Until recently, the major 

drawbacks to the adoption of fluorescently tagged nanoparticles as potential 

surrogates for the quantification of membrane integrity in high pressure 

membranes has been the limited commercial availability and relatively high cost. 

Nevertheless, Behrens et al. (2001) reports that fluorescently tagged PS 

nanoparticles and other tracers such as gold nanoparticles have been used to 

characterise movements in surface and groundwater systems because they are 

considered to be non-toxic and highly stable in water systems. 

Recent improvements in quality control throughout the manufacture of 

fluorescently tagged nanoparticles may provide a useful alternative to the current 

range of membrane integrity monitoring methods. It is important to carefully 

consider the commercial availability at a reasonable cost, toxicity and membrane 

fouling potential of nanoparticles if they are to be successfully applied to 

membrane integrity testing for high pressure membranes. In order to identify the 

suitability of selected PS fluorescent particles as surrogates for membrane 

integrity monitoring, this chapter aims to screen a range of commercially available 

fluorescent nano- and micro-spheres in accordance with the methods described 

in Chapter 3. 

4.3 Materials and Methods 

Experiments were performed using several types of fluorescent spheres in 

various sizes purchased from Sigma-Aldrich Pty. Ltd. (2011) and Polysciences 
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Inc. (2009) as shown in Table 4.1. The spheres were supplied as 2.5% aqueous 

solutions and were stored in the refrigerator (<4°C) to deter microbial growth in 

accordance with the manufacturer’s instructions.  

Table 4.1: Characteristics of nano/microspheres studied. 

 Code Size (µm) Details 

Sigma particles 

LB0780 FB 0.05 

 amine modified 

 λex/λem: 360/420 nm 

 fluorescent blue 

L5155 FY 0.03 

 carboxylate modified 

 λex/λem: 470/505 nm 

 fluorescent yellow/green 

L9777 FR 0.50 

 sulphate modified 

 λex/λem: 575/610 nm 

 fluorescent red 

L9904 FO 0.10 

 amine modified 

 λex/λem: 520/540 nm 

 fluorescent orange 

Polysciences particles 

Carboxylic YG YG 0.05 

 3.64 x 1014 particles/mL 

 λex/λem: 441/486 nm 

 fluorescent tag: Uranine 

Carboxylic BB BB 0.05 

 3.64 x 1014 particles/mL 

 λex/λem: 360/407 nm 

 fluorescent tag: Coumarin 

Polychromatic Red PR 0.50 

 3.64 x 1011 particles/mL 

 Vivid orange under UV 

Bright red under 475-490 nm filter 

Yellow under 545-610 nm filter 

 fluorescent tag: Phycoerythrin 

 

Figure 4.1 shows an SEM image of the larger Polysciences PR microspheres and 

it is clear that the spheres are relatively uniform in size with an average 0.44 µm 

diameter. Similar to the fluorescent compounds screened in the previous chapter, 
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the fluorescent microspheres must have a high sensitivity at low concentrations 

and must be stable over a range of environmental conditions. These conditions 

include variations in pH, temperature, salinity and the presence of other 

chemicals that may increase or decrease their fluorescent intensity as illustrated 

by the previous work reported in Chapter 3. 

 

Figure 4.1: SEM image of PR microspheres. 

 

Solutions of the various microspheres were prepared initially for calibration and 

then known concentrations of microspheres were prepared from the stock 

solution supplied using deionised water. The fluorescence intensities were 

measured using a Shimadzu RF501 spectrofluorometer in accordance with the 

screening methods used for the fluorescent dyes presented in Chapter 3 in order 

to determine the fluorescence responses under various chemical and 

environmental exposure. 

 

 



Chapter 4 119 

4.4 Results and Discussion 

4.4.1 Calibration and Screening 

Figure 4.2 shows the linear calibration curves of the Sigma particles but it is clear 

from this data that the sensitivity of the particles is relatively low in the mg/L range 

rather than µg/L range of typical fluorescent compounds. The particles from this 

manufacturer were therefore excluded from further testing. 

 

Figure 4.2: Calibration curves of Sigma nanoparticles. 

 

The calibration curves of the three Polysciences fluorescent nanoparticles are 

shown in Figure 4.3 with the concentration plotted on a log scale to better 

discriminate between the respective sensitivities. The smaller sized particles 

were significantly more sensitive than the larger particles, with the microsphere 

PR having an order of magnitude lower sensitivity that the BB and YG 

nanoparticles across the range of measured intensities. The fluorescently tagged 

50 nm nanoparticles have a higher fluorescence potential when compared 
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against the larger 500 nm PR microspheres because the greater exposed surface 

area for an equal mass provides more sites for fluorescent tags. The surface area 

to volume ratio for 50 nm nanoparticles is an order of magnitude greater than that 

provided by microspheres with a diameter of 500 nm, therefore, this represents 

a greater opportunity to support more fluorescent tags on the nanoparticles. The 

calibration curves illustrated in Figure 4.3 indicate that PR is around ten times 

less sensitive that either of the other fluorescently tagged nanoparticles. 

 

Figure 4.3: Calibration curves of Polysciences nanoparticles. 

 

As shown in Table 4.1, the YG nanoparticles are tagged with Uranine dye and 

this enables a comparison between the particles and the previously screened UR 

chemical (see Chapter 3). The fluorescence calibration curves of UR and YG, 

with the concentration expressed on a log scale to better differentiate sensitivity, 

is illustrated in Figure 4.4 and it is evident that for a similar fluorescence intensity, 

the mass of YG particles required to achieve the same intensity value as UR 

would be around two orders of magnitude. This would mean that at least one 
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hundred times the applied dose rate would be requird to achieve a similar 

intensity response from the fluorescently tagged nanoparticles. 

 

Figure 4.4: Calibration curves of UR dye and YG nanoparticles. 

 

It is clear that the sensitivity of the fluorescently dyed nanoparticles is significantly 

lower than that of the soluble fluorescent chemicals and this attenuation in 

fluorescence is the result of the relative mass of fluorescent dye used to coat the 

PS nanoparticle and the fluorescent dye as a soluble compound. In addition, the 

PS polymer will attenuate the exposure of other fluorescently coated particles 

due to shielding, and therefore the passage of the excitation light will be affected 

thereby further reducing the signal intensity. 

Figure 4.5 shows the effect of varying the pH from acidic to alkaline conditions. 

Invitrogen (2004) state that carboxylate-modified microspheres should be used 

at a pH greater than 5, otherwise the charge groups on these particles may be 

neutralised, leading to agglomeration. The results show that at relatively low pH, 
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the YG and BB are quite stable but as the pH increased, the fluorescence 

intensity slightly increased. As illustrated by the data reported in Chapter 3, the 

fluorescence properties of UR are strongly pH dependent (Song et al. 2000; 

Gholivand et al. 2008). Although UR exhibits intense fluorescence in alkaline 

solutions (Pirillo et al. 2008), this drops very sharply at pH values below 5.5 

(Turner Designs Solutions 1998) as shown previously. The fluorescence intensity 

of the PR, the larger 500 nm micro-spheres, remained relatively stable over the 

tested pH range.  

 

Figure 4.5: Effect of pH on nanoparticle fluorescence. 

 

The charge of the nanoparticles was analysed by measuring the zeta potential 

over a range of pH values to further investigate the effect of pH. This was 

performed in order to identify any conditions of pH where the particles may be 

inclined to adsorb onto a membrane surface and/or agglomerate into larger 

particles. In Figure 4.6 the change in zeta potential with pH is shown which 

confirms that the particles are all negatively charged over the pH range 2-12. 
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Although the YG particles are close to neutrally charged at around pH 2, the 

strong negative charge on the particles suggests good separation in aqueous 

suspension at pH values >2. The surface charge of carboxylate modified 

microspheres ranges between 0.1 and 2 milliequivalents/g and was stable in 

relatively high concentrations of electrolytes (up to 1 M univalent salt). However, 

they will adsorb proteins and other biomolecules, although much less strongly 

than hydrophobic microspheres. It is also easier to further reduce nonspecific 

binding by the introduction of additives such as BSA or dextrans (Molecular 

Probes Inc. 2004). This has the potential to alter the fluorescence response given 

that BSA and some dextrans can fluoresce. 

 

Figure 4.6: Effect of pH on nanoparticle surface charge. 

 

Figure 4.7 shows the variation of fluorescence intensities with temperature for the 

nanoparticles. The results suggest that the fluorescence of the YG nanoparticles 

decreased slightly with increasing temperature, while the other two remained 

relatively stable. A similar observation was reported for UR and the other dyes in 
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the previous chapter, and would facilitate the need for calibrations at various 

temperatures.  

 

Figure 4.7: Effect of temperature on nanoparticle fluorescence. 

 

Figure 4.8 shows the effect of sodium chloride concentrations up to 16,000 mg/L 

and CaCl2 concentrations up to 6,000 mg/L on the fluorescence intensities of the 

nanoparticle solutions. The results show that in both cases PR and YG are 

relatively unaffected by the presence of either salt over the concentration range. 

Conversely, both salts have a dramatic impact on the BB particles with a 3-fold 

increase in the fluorescence in the presence of NaCl and an even greater 

increase of nearly 20-fold in the presence of CaCl2. The active fluorescent 

compound in the BB nanoparticles, Coumarin, is derived primarily from plant 

sources and is readily conjugated to form different compounds with variable 

fluorescence properties (Jones and Rahman 1994). 
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Figure 4.8: Effect of salts on nanoparticle fluorescence 

in the presence of (a) NaCl and (b) CaCl2. 

 

Uranine is a highly fluorescent xanthene dye molecule (Szabelski et al. 2010), 

and like many fluorescent chemicals and dyes, it can be highly sensitive to UV 

light (Turner Designs Solutions 1998). Figure 4.9 shows that the intensity of all 

three fluorescent nanoparticles significantly decreased with increasing UV 

exposure times. In this case, BB was the most severely affected with around 50% 

of its fluorescence dissipated over the first hour. The PR particles were the most 

stable but were completely ineffective after 6 h whereas the YG particles 

maintained around 30% of their original fluorescence after the 6 h test. These 

results suggest that the particles must be used cautiously and stored 

appropriately in amber bottles or in a dark place at all times but do have a finite 

shelf life. 
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Figure 4.9: Effect of UV exposure on fluorescence intensities. 

 

In addition to the screening tests presented, the nanoparticles were further 

exposed to a range of other chemicals identified in Chapter 3. These included 

acetic acid, a common surrogate for NOM, ionic species that can result in a 

change of the overall charge of the water, and disinfectants. Figure 4.10 shows 

the effect that 10-50 mg/L of acetic acid has on the emission intensity of the 

fluorescently tagged particles. It is clear from the data that YG was not affected 

by the presence of acetic acid whereas the fluorescence intensity increased 

marginally for BB and decreased marginally for PR. Practically, all three of the 

tagged particles exposed to acetic acid performed well and were not significantly 

affected by the presence of acetic acid. 
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Figure 4.10: Effect of acetic acid exposure on fluorescence intensities. 

 

The fluorescently tagged particles were subjected to a number of other 

compounds that were considered surrogates for NOM such as BSA as a protein 

surrogate, polyethyleneimine (PEI), dextran and sodium alginate. In addition to 

these organic surrogates, the tagged particles were exposed to oxidising 

compounds such as residual chlorine, chloramine and peroxide. These organic 

and oxidising compounds were chosen to reflect the likely feed water 

characteristics that the tagged particles would be exposed to, and to assess the 

impact that they have on fluorescent intensity. Figure 4.11 indicates that PR was 

the most stable across the range of organic and oxidising compounds with only 

slight effects from exposure to chloramine and PEI. While this performance 

against these compounds indicates a positive outcome, it is outweighed when the 

sensitivity and size comparison of PR eliminates it as a potential non-microbial 

surrogate. The most variable performance from exposure to the NOM and 

oxidising agents was the UR coated nanoparticle, YG. Exposure to PEI 
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significantly increased the fluorescence intensity by around 265% and in a range 

of 10% – 20% for all other challenge compounds with the exception of around 

15% reduction in intensity when exposed to chloramine. These data clearly 

indicate that YG does not perform well under individual interfering compounds 

and is not considered stable enough when other characteristics are included in 

the assessment such as exposure to UV and varying pH conditions. 

 

Figure 4.11: Effect of interfering agents on fluorescence intensities. 

 

4.4.2 Toxicity and Costs 

Since the mid-seventies nanoparticles have been progressively used in many 

industrial and medical applications with increased regularity. Polymeric 

nanoparticles are used extensively in medical therapy where they may allow more 

effective targeting of drugs at the cellular and subcellular level, as well as polymer 

imaging and diagnostics (Cupaioli et al. 2014). Polymeric nanoparticles have 

been used in food and drug preparations for direct consumption and many are 
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accepted in the food and medicine sectors as non-toxic. Other non-microbial 

surrogates based on metals are the subject of further toxicity including quantum 

dots based on Cd (Fan et al. 2011) and other nanoparticles based on Ti (Dreher 

2004; Cross et al. 2007). The fluorescent nanoparticles screened in this study are 

claimed to be non-hazardous and non-toxic (Polysciences Inc. 2009).  

Perhaps the most prohibitive aspect limiting the use of fluorescently tagged 

nanoparticles is that they are very expensive in comparison to the fluorescent dye 

costs presented in Table 3.1 from the previous chapter. The indicative cost to 

introduce fluorescent nanoparticles as a non-microbial surrogate as part of a 

membrane integrity monitoring program would equal or exceed the cost of water 

provided by the operator. The prices for one kg of fluorescently tagged 

nanoparticles would add, at a minimum, a cost of $1.50/kL of treated water. The 

cost of fluorescently tagged nanoparticles alone is sufficient to eliminate them 

from further assessment, however, their low sensitivity adds to their lack of 

suitability. 

4.4.3 Screening Summary 

Table 4.2 presents a summary of the effects of the screening variables on the 

fluorescence intensity of the nanoparticles. Screening the YG particles, with a UR 

coating, under the test conditions was similar to that of the fluorescent dye UR as 

reported in Chapter 3. The challenge with the UR coated nanopraticle is that the 

sensitivity is two orders of magnitude lower than the fluorescent dye. The UR 

coated particles are one of the more common fluorescent probes with a very high 

molar absorptivity in the visible region, large fluorescence quantum yield, and 

high photo stability (Gholivand et al. 2008). Overall, the PR nanoparticles appear 
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to be the most stable under all of the conditions tested although these are clearly 

too large to be considered a viable NF/RO membrane virus surrogate as they are 

an order of magnitude greater than the target virus size. 

Table 4.2: Summary of screening results. 

Screening variable YG BB PR 

Sensitivity    

Size    

NaCl    

CaCl2    

pH    

Temperature    

UV light    

Residual chlorine    

Chloramine    

Acetic Acid    

NOM Surrogates    

Toxicity    

Cost    

 
Key 

Excellent/no effect  

Good/minimal effect  

Average/moderate effect  

Poor/significant effect  

Unknown  

 

The use of these fluorescent nanoparticles can now be eliminated as a potential 

non-microbial surrogate on the basis of the measured performance across a 

range of environmental and chemical conditions. 

4.5 Conclusions 

Sensitivity remains the key challenge that must be overcome before fluorescently 

tagged nanoparticles can be adopted as part of an integrated membrane integrity 
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monitoring and surveillance system. Sensitivity of fluorescently tagged 

nanoparticles is at least two orders of magnitude lower than that demonstrated 

using fluorescent dye compounds and therefore does not offer a plausible 

replacement that can be used as a non-microbial surrogate. 

The conditions against which the fluorescently tagged nanoparticles were 

subjected included variations in pH, temperature, salinity and the presence of 

other chemicals.  It is clear that the fluorescent microspheres tested did not have 

a high sensitivity at low concentrations and were not stable over a range of 

environmental conditions. The performance of the proposed surrogates showed 

that a variety of conditions had a significant effect on the measured intensity and 

the only stable commercially available product, PR, but it was far too large to be 

considered as a viable, virus like, surrogate. While PR was stable, its sensitivity 

in the order of 10 mg/L was far too high to be considered viable, as it would 

require at least 10,000 mg/L to provide a 4 log10 removal capacity.  

Table 4.2 compares the performance of the fluorescently tagged nano-and micro-

spheres against acceptable benchmarks required so that they could be used as 

a non-microbial surrogates in membrane integrity survelliance program. It is clear 

that none of the tested particles could be used as non-microbial surrogates as 

they all performed poorly against more than one of the several screening 

challenges. The performance of the fluorescently tagged particles failed the 

primary test of sensitivity so their applicability in membrane integrity survelliance 

was curtailed. The fluorescent dyes, assessed in Chapter 3, provided much better 

senstivity but were too small at around 1.5 nm, or more than an order of 
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magnitude smaller, to properly replicate virus particles and therefore provided a 

more conservative membrane integrity measurement.  

The concept of using nanosized particles, as a surrogate for enteric virus, 

remains valid but the use of commercially available fluorescently tagged 

nanoparticles that were tested has been shown to be unsuitable due to the 

sensitivity limitations and the dose required to show 4 log10 removal capacity. 

Therefore, the objective identified in Section 4.2 remains, that is, to find a 

nanoparticle that must have a high sensitivity at low concentrations and must be 

stable over a range of environmental conditions. 
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Chapter 5  Synthesis of PMMA Nanoparticles 

5.1 Preamble 

Commercially available fluorescent nanoparticles were selected and screened as 

potential surrogates for integrity monitoring in the previous chapter. There are 

clearly several limitations associated with using fluorescently tagged 

nanoparticles with the cost of implementing these at full scale, sensitivity and 

stability presenting significant challenges. The synthesis of a wide range of 

polymeric nanoparticles can be achieved readily in most laboratories and 

fluorescent tags can be introduced by further chemical treatment. In this chapter, 

poly(methyl methacrylate) (PMMA) nanoparticles were synthesised and 

characterised to develop an inexpensive, highly detectable, virus like, non-

microbial surrogate for membrane integrity monitoring.  

5.2 Introduction 

The standard definition of a nanoparticle is one that has two or more dimensions 

in the order of 1 to 100 nm (ASTM 2006; ISO 2008). Other definitions of 

nanoparticles include particles that have a diameter that is less than 1,000 nm in 

size (Kreuter 2000), however, when the nanoparticles are used to mimic the size 

of enteric viruses the more suitable standard definition of less than 100 nm may 

be successfully argued. Based on the definition of a nanoparticle it is clear that 

some of the nanoparticles screened in the previous chapter do not meet the 

definition of nanoparticles and are rather more accurately defined as 

microparticles. 
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Nanoparticles are present in the environment and natural sources include 

volcanic eruptions and forest fires. Other sources include pollution from the 

exhaust of burning processes in car motors or industry. Nanoparticles are also 

synthesised for a range of uses including pharmaceuticals such as drug delivery 

and many scientific and industrial applications. Examples of nanoparticle use 

include zinc oxide nanoparticles in coatings to reduce UV exposure, iron 

nanoparticles used to treat ground water pollutants, and fluorescent 

nanoparticles used for imaging in biomedicine.  

Nanoparticle surfaces can be customised with various types of functionalities by 

incorporating desired functional monomers to the polymerization recipe. Among 

the physical interactions, electrostatic attraction is common because the nano-

solid matrix is usually charged and the surface has a high affinity to an oppositely 

charged dye. An example of this selectivity is where negatively charged silica 

particles can embed a positively charged dye to form fluorescent silica 

nanoparticles (Wang et al. 2011b). 

5.2.1 Poly(methyl methacrylate) (PMMA) 

Poly(methyl methacrylate) is known commonly as acrylic and is widely used as a 

glass substitute and in a wide range of applications. A typically transparent 

thermoplastic, PMMA is routinely produced by emulsion polymerization with the 

use of free radical initiators. Although the methyl methacrylate (MMA) monomer 

used in production of PMMA is toxic, the polymer is non-toxic and has good 

compatibility with biological systems (Bernardy et al. 2010). The structure of MMA 

and the resulting PMMA polymer are shown in Figure 5.1 with the C=C bond the 

site of polymerization. 
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(a) 

 

(b) 

 

Figure 5.1: Structures of (a) MMA and (b) PMMA. 
 

5.2.2 Synthesis of PMMA 

Poly(methyl methacrylate) nanoparticles can be synthesised into a wide range of 

sizes with various properties as illustrated by the different methods identified in 

Table 5.1. Varying polymerization conditions such as temperature, monomer 

concentration, and adding other components such as surfactants or solvents can 

significantly alter the size and properties of the resulting PMMA nanoparticles. 

The monomer methyl methacrylate (MMA) is used and this is typically produced 

with a small amount of inhibitor to prevent self-polymerization. Table 5.1 also 

shows that there are techniques to purify the monomer but in some cases PMMA 

is used without treatment. 

The synthesis of PMMA nanoparticles is usually performed in water and may be 

aided with additives such as surfactants and co-solvents. The MMA monomer is 

slightly water soluble so nucleation occurs mainly in the water phase (He et al. 

2003a). In a typical surfactant emulsion process, the initiator decomposes into 

free radicals in the water phase and first attacks the monomer to form radicals 

that grow in the water phase before precipitating. These precipitates, which are 

surrounded by surfactant, then become polymer precursors or seeds. Radicals in 

the precipitated polymer will continue to grow by accepting monomers from the 

water phase until termination occurs. Small particles are formed if a critical 

amount of surfactant is available to aid the generation of other seed particles 

and/or to cover the newly formed surfaces (He et al. 2003a). 
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Table 5.1: Methods to produce PMMA micro- and nano-particles. 

Monomer treatment Initiator Temperature 
(°C) 

Additives Particle 
Size (nm) 

Comments Ref. 

Nitrogen distillation 2,2’-Azobis[2-(2-
imidazolin-2-
yl)propane)]dihydro-
chloride 

60 PEG copolymer 135-285  (Chen et al. 2000) 

Nitrogen distillation Potassium 
persulphate 

70   300 rpm stirring 
rate 

(Lee et al. 2000) 

Distillation Azo-bis-
isobutyronitrile 

80   >25 reaction time (Huang and Brittain 
2001) 

Nitrogen distillation Azo-bis-
isobutyronitrile 

80 Fluorescent tags >300 2 h reaction time (Bosma et al. 2002) 

Rectification Potassium 
persulphate 

70-90 Sodium dodecyl 
sulphate 

17-33 3-5 h (Dan et al. 2002) 

Nitrogen distillation Azo-bis-
isobutyronitrile 

 Fluorescent tags <600 Synthesizes 
fluorescent 
monomer 

(Jardine and 
Bartlett 2002) 

As received Ammonium 
persulphate 

75-85 Sodium dodecyl 
sulphate 

<20 Differential micro-
emulsion 
polymerization 

(He et al. 2003a) 

Purified Ammonium 
persulphate 

 Transition metal 
catalysts 

<100 400 rpm (Sahoo and 
Mohapatra 2003) 

Reduced pressure 
distillation 

Potassium 
persulphate 

70 Acetone 45-215 Microwave 
irradiation 
polymerization, 
200 rpm 

(Bao and Zhang 
2004) 

Nitrogen distillation Azo-bis-
isobutyronitrile 

80 Fluorescent tag 150-1000 Cross-linked 
particles 

(Dullens et al. 
2004) 

Reduced pressure 
distillation 

Potassium 
persulphate 

70 Sodium dodecyl 
sulphate 

17-27 Modified micro-
emulsion 

(Jiang et al. 2004) 
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Monomer treatment Initiator Temperature 
(°C) 

Additives Particle 
Size (nm) 

Comments Ref. 

Inhibitor removal 
column 

Azo-bis-
isobutyronitrile 

60-80 Sodium dodecyl 
sulphate 

49.5-118.8 Mini-emulsion with 
RAFT agent 

(Shim et al. 2004) 

As received Azo-bis-
isobutyronitrile 

70 / 4-48 h   Cauliflower-like 
particles 

(Wang et al. 2004) 

As received Potassium 
persulphate 

90 toluene 100-400 Argon atmosphere (D'Amato et al. 
2006) 

Alkaline wash, purified 
& dried 

Ammonium 
persulphate 

60 Silica seed particles 120-330 Raspberry-like 
particles 

(Min et al. 2006) 

Reduced pressure 
nitrogen distillation 

Potassium 
persulphate 

65 Rhodamine 6G 190-960 p-styrene sulfonate 
for stabilization 

(Nagao et al. 2006) 

Reduced pressure 
distillation 

Azo-bis-
isobutyronitrile 

70 Sodium lauryl 
sulphate 

60-180 atom transfer 
radical 
polymerization 

(Pan and Yi 2006) 

Inhibitor removal 
column 

Potassium 
persulphate 

70-80 2-vinyl-4,4’- 
dimethylazlactone 

various Polymerisable 
surfactant 

(Stanek et al. 2006) 

Vacuum distillation Potassium 
persulphate 

Reflux 
temperature 

 255-301 Self-assembly of 
photoionic crystals 

(Gu et al. 2007) 

As received  60-95 Rare earth 
complexes 

 Fluorescent 
particles 

(Guanming et al. 

2007) 
As received Azo-bis-

isobutyronitrile 
70 Sodium dodecyl 

sulphate 
20 Nitrogen purge (Norakankorn et al. 

2007) 
Reduced pressure 
distillation 

Redox system 40-60  165-223  (Chiu and Don 
2008) 

Alkaline wash, purified 
& dried 

Ammonium 
persulphate 

85 Sodium dodecyl 
sulphate 

220 PMMA shell, 
alumina core 

(Liu et al. 2008) 

Inhibitor removal 
column 

t-butyl 
hydroperoxide 

80 / 3h   Composite 
particles for rubber 
coating 

(Sunintaboon et al. 
2009) 

As received Potassium 
persulphate 

70 Sodium stearate  Nitrogen purge, 
700-750 rpm 

(Arora et al. 2010) 
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Monomer treatment Initiator Temperature 
(°C) 

Additives Particle 
Size (nm) 

Comments Ref. 

As received Ammonium 
persulphate 

75 Acetone 32-75 3 h reaction time, 
sealed vessel 

(Camli et al. 2010a) 

As received Ammonium 
persulphate 

75 Acetone, ethylene 
glycol methacrylate 

<100 3 h reaction time, 
cross-linked 
particles 

(Camli et al. 2010b) 

Gas phase Ammonium 
persulphate 

75 Sodium dodecyl 
sulphate 

18.4 Nitrogen purge, 
400 rpm 

(Chen et al. 2010b) 

Vacuum distillation Potassium 
persulphate 

60 /210 min Sodium dodecyl 
sulphate 

75-80 Tunable 
fluorescent dyes 

(Chen et al. 2010a) 

As received Ammonium 
persulphate 

75 Sodium dodecyl 
benzene sulfonate 

10 (shell 
thickness) 

Magnetic hollow 
spheres 

(Wang et al. 2010) 

Alkaline wash, 
distillation 

Benzoyl peroxide 80 Sodium dodecyl 
sulphate 

 Silica core (20 
nm), nitrogen 
purge 

(Zheng et al. 2010) 

Reduced pressure 
distillation 

Azo-bis-
isobutyronitrile 

70 / 12 h Polyacrylic acid >3 μm Methanol co-
solvent 

(Chen et al. 2011) 

Alkaline wash, 
distillation 

Potassium 
diperiodatocuprate 
(III) 

25-45 Chitosan graft 54-350 Nitrogen purge (Liu et al. 2011) 

As received  Potassium 
persulphate (-ve), 
azo-bi-
isobutylamidine 
hydrochloride (+ve) 

70 Fluorescent tags  Fluorescein, 
Rhodamine 6G &B 

(Wang et al. 2011b) 

As received Potassium 
persulphate (-ve), 
azo-bi-
isobutylamidine 
hydrochloride (+ve) 

70 Luminescent tags  Ru(bpy)3Cl2, 
nitrogen purge 

(Wang et al. 2011a) 
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5.2.3 Free Radical Polymerization 

Free radical polymerization is a technique by which a polymer forms by the 

successive addition of free radical building blocks. Free radicals can be formed 

via a number of different mechanisms that usually involve separate initiator 

molecules. The initiating free radical adds monomer units and thereby grows the 

polymer chain. Initiation involves two main steps: 

 Radicals are created from the initiating molecules, then 

 Radicals are transferred from the initiator molecules to the monomer 

units’ present forming the polymer chain. 

Radical formation by thermal decomposition occurs when the initiator is heated 

until a bond is homolytically cleaved, producing two radicals. Polymerization is 

the process of increasing the polymer chain length, or propagating. After the 

radical initiator is formed, it attacks a monomer such as styrene, also known as 

ethenylbenzene, shown in Figure 5.2 via molecular bonds. The ethene monomer, 

for example, holds one electron pair securely between the two carbons in a sigma 

bond with another more loosely held in a π bond. The free radical uses one 

electron from the π bond to form a more stable bond with the carbon atom. The 

other electron returns to the second carbon atom, turning the whole molecule into 

another radical thus beginning the polymer chain. 

 

Figure 5.2: Radical initiator attack on a monomer to start a polymer chain. 
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Once a chain has been initiated, the chain propagates until the monomer has 

depleted via living polymerization or until termination occurs. In the case of living 

polymerization, propagation can continue if more monomer is added to the 

reaction. If longer chains are desired, the initiator concentration should be kept 

low; otherwise, many shorter chains will result. Chain termination can occur by 

the following: 

 Chain termination – the combination of two active polymer chain ends, 

i.e. poly(vinyl chloride) (PVC), which couple together to form one long 

chain (Figure 5.3): 

 

 

Figure 5.3: Termination by the combination of two polymers. 

 

 Radical disproportionation - occurs when a hydrogen atom from one 

chain end is moved to another, producing one polymer with a terminal 

unsaturated group and another with a terminal saturated group illustrated 

in Figure 5.4. 

 

 

 

Figure 5.4: Termination by disproportionation of PMMA. 
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 Radical termination occurs by combination of an active chain end with an 

initiator radical as illustrated by Figure 5.5. 

 

 

Figure 5.5: Termination of PVC by reaction with radical initiator. 

 

In emulsion polymerization, the polymer blocks prefer to adopt the lowest energy 

level that is in the form of a sphere. Bulk polymerization can also be used to 

create other forms and shapes, typically with the use of moulds. In this synthesis, 

the spherical form is the desired shape as it closely mimics the shape of the target 

virus and therefore represents a better surrogate form. 

5.2.4 Surfactant Aided Emulsion 

Surfactants have a very valuable property because they decrease the surface 

tension between the boundaries of two phases, and surfactants can therefore 

form oriented, stabilizing films. A surfactant is comprised of a hydrophilic head 

that is usually charged and a hydrophobic tail that is not charged. The hydrophilic 

heads prefer to be in the aqueous phase, while the hydrophobic tails prefer to be 

in the oily phase of a mixed solution. Figure 5.6 shows how surfactant molecules 

stabilize oil droplets and prevent them from coalescing, thus making the emulsion 

much more dispersed (ACT Government 2007). Moreover, anionic surfactant 

results in emulsion droplets with an overall negative charge. In the case of PMMA 

synthesis, the monomer is the oily phase that is dispersed in water. 
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Figure 5.6: Schematic representation of a stabilised surfactant emulsion. 

5.3 Aims 

The aim of this phase of work was to produce a nanoparticle of similar size as 

the smallest enteric virus, poliovirus at around 30 nm, and use this as a non-

microbial surrogate. Establishing a consistent and reliable pathway to synthesise 

polymeric nanoparticles by optimizing the synthesis pathway conditions to obtain 

PMMA nanoparticles of known, monodisperse particle sizes and uniform 

spherical morphology.  The specific aims were to investigate the following 

manufacturing variables on nanoparticle size PMMA particles: 

 The effect of processing variables (temperature, time, stirring speed) 

 The effect of monomer concentration 

 The effect of additives (surfactant, acetone co-solvent), and 

 The effect of tagging with fluorescent dyes (RWT, Quinine) 

 

Additionally, the detection of low concentrations of nanoparticles using 

fluorescence spectroscopy was also investigated. It was considered that the 

ability to optimise fabrication and detection conditions should result in an 

inexpensive but very effective non-microbial surrogate. 
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5.4 Materials and Methods 

5.4.1 Materials 

All materials were purchased from Sigma-Aldrich (Sydney, Australia). The 

monomer, methyl methacrylate monomer, was used as received without further 

purification. The initiators, ammonium persulphate (APS) and 2,2'-azobis(2-

methylpropionamidine) dihydrochloride (azobis), the surfactant sodium dodecyl 

sulphate (SDS), and co-solvent acetone were used as received. De-ionised water 

(MilliQ water, Ω>18 MOhm) was used throughout all experiments. 

5.4.2 Preparation of PMMA Nanoparticles 

The polymerization process was conducted in single or multiple neck round 

bottom flasks fitted with a water-cooled glass condenser (Nowbray Glass) to 

prevent evaporation. A series of flasks of different sizes were used including 25, 

50, 100 and 500 mL capacity flasks (Jena Glass, Germany and Nowbray Glass). 

During the process, the flask was immersed in a water bath that was heated using 

a stirrer-hotplate (IKA-RCT basic safety control) with magnetic stirrer. All 

compounds were introduced through a neck of the flask that was hermetically 

closed with stoppers. A range of egg/oval shaped, Teflon coated, magnetic 

stirrers were used to optimize the emulsion in the flask and these were purchased 

from Pro-Sci-Tech, Sydney Australia. 

In most experiments, polymerization was performed under nitrogen atmosphere 

where the nitrogen entered through a long needle and exited through a short 

needle passing through a septum in the top of a condenser then to a bubbler to 

monitor flow. Aluminium foil was used to cover the water bath to help minimize 
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temperature fluctuations. The top of the condenser was hermetically sealed using 

paraffin and after every run the flasks were cleaned with deionised water. Figure 

5.7 (a) shows a photograph of a typical experimental setup and a schematic 

representation is given in Figure 5.7 (b). 

(a) 

 

 (b) 

  

Figure 5.7: PMMA polymerization apparatus 

(a) photograph and (b) and schematic. 

 

A typical PMMA nanoparticle synthesis reaction was performed according to the 

following polymerization procedure. 

 Deionised water was added to a 25 mL single neck round bottom flask 

and heated in a temperature controlled water bath under stirring and a 

slow flow of nitrogen until it reached the temperature of 70°C. 

 The surfactant was introduced to the water under rapid stirring and after 

1 min, the monomer (MMA) was added. 
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 When the emulsion reached 70°C again and the conditions were stable, 

the initiator was introduced. 

 A milky white suspension was observed as the polymerization proceeded 

and after 2 hours, the condenser was removed, stirring was stopped and 

the PMMA dispersion was stored in a sealed tube. 

The effects of monomer, initiators, acetone and surfactant on the particles were 

studied in accordance with the conditions detailed in Appendix A. A total of 104 

experiments were performed in order to fully assess and optimise the synthesis 

conditions. 

5.4.3 PMMA Characterization 

The nanoparticles were examined for their average size, charge, surface, 

polymer functional groups and fluorescence behaviours. The size was 

determined from images of the nanoparticles obtained using a JOEL NeoScope 

(JCM-5000) scanning electron microscope. A drop of the PMMA suspension was 

placed on an aluminium sample holder, dried and coated with up to 6 nm of gold 

using a NeoCoater (MP19020NCTR) coater prior to obtaining the SEM images. 

In some cases, the suspensions were diluted prior to mounting on the sample 

holder. The images were acquired at magnifications up to 40,000x under high 

vacuum and using an accelerating voltage of 10 kV. 

The resolution of the SEM used during this work was not adequate to present a 

stable image when the particles were too small (sub 100 nm) so dynamic light 

scattering measurements were performed using a Zetasizer Nano ZS (Malvern 

Instruments). The particle charge was also measured using the Zetasizer. All 

samples for the Zetasizer and the zeta potential were prepared by diluting the 

particle dispersion in deionised water by a ratio of up to 1:1000. 
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Fluorescence measurements were performed using a Shimadzu 

spectrophotometer (RF-5301). Samples for fluorescence were serially diluted up 

to concentrations of parts per billion and samples were measured in plastic or 

quartz cuvettes to obtain EEMs. Acquisition of the EEM data was obtained by 

scanning the range of emission (y) wavelengths at constant, incremental 

excitation (x) wavelengths. Data were recorded for each series of excitation 

wavelengths and the resulting fluorescence and scattering intensity (z) indicated 

as a particular colour on the 2D plot across a range of 200 nm and 900 nm 

wavelengths. The intensity scale shown in conjunction with each EEM plot 

represents the enumeration of photons detected by the sensor in counts per 

second (cps) and the intensity is normalised to show the relative difference across 

the excitation and emission spectra as an image. 

The functional groups of some of the particles were measured with an FTIR 

spectrophotometer (Shimadzu IRAffinity-1). Dried nanoparticles were mounted 

on an ATR crystal prior to measuring the FTIR spectrum. All measurements were 

conducted at room temperature. 

5.5 Results and Discussion 

Poly(methyl methacrylate) nanoparticles with different average diameters were 

synthesised using emulsion polymerization. The operating conditions used to 

obtain all 104 samples and the mean diameters of selected samples are 

presented in Appendix A. 
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5.5.1 General PMMA Synthesis 

The first PMMA samples were prepared according to a published standard 

procedure (CTG Marine Systems 2002). Figure 5.8 shows an SEM image of a 

typical example of PMMA produced in the first series of experiments. The SEM 

picture shows particles of different sizes and a bigger piece that appears to be 

fused. It is clear from this image that most of the nanoparticles are spherically 

shaped. The presence of the larger fused piece and a strong odour of MMA 

monomer after the reaction was terminated were evidence of an incomplete 

polymerization process. Any remaining monomer is able to continue the free 

radical emulsion polymerization, even at lower temperatures, resulting in larger 

particles (Peng et al. 2012). The processing time was extended to complete the 

polymerization process to overcome the incomplete synthesis reaction.  

 

Figure 5.8: SEM image of typical PMMA sample. 
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5.5.2 Effect Polymerization Time 

Figure 5.9 to Figure 5.12 show SEM images of samples synthesised using four 

different reaction times at a temperature of 70°C, 16 vol% MMA, 1,200 rpm 

stirring speed, and either APS or azobis initiators. These figures show that the 

particle sizes are relatively constant and after a running time of 3 h (Figure 5.12) 

there was no detectable monomer odour suggesting the polymerization was 

complete. For the samples with shorter run times (Figure 5.9 and Figure 5.10), 

there was clearly monomer present that can result in continued polymerization. 

The sample reacted for 120 min (Figure 5.11) contained only a trace of monomer 

odour. The use of different initiators and concentrations also resulted in slight 

variations in the particles size; however, this was not the focus of this set of 

experiments but rather to verify the polymerisation time. 

 

Figure 5.9: SEM image of sample polymerised for 40 min 

using 3 vol% azobis initiator. 
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Figure 5.10: SEM image of sample polymerised for 90 min 

using 1.5 vol% azobis initiator. 

 

 

Figure 5.11: SEM image of sample polymerised for 120 min 

using 1.5 vol% APS initiator. 
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Figure 5.12: SEM image of sample polymerised for 180 min 

using 3 vol% azobis initiator. 

 

A runtime of 120 min was further selected with a reduction in monomer 

concentration to 3 vol% in order to ensure the process was completed in a timely 

manner, that the monomer was consumed before the process ends, and to 

decrease the particle size. Some researchers recommend reaction times in 

excess of 24 h (Huang and Brittain 2001) but this would clearly add undue 

expense to the PMMA synthesis, particularly if the monomer is consumed within 

a few hours. Figure 5.13 shows an SEM image of PMMA produced using 3 vol% 

MMA at a temperature of 70°C, 1,200 rpm stirring speed, and 1.5 vol% APS 

initiator confirming that this adjustment was successful. The illustration also 

indicates that the PMMA produced using a run-time of 120 minutes were 

monodisperse and had a relatively uniform diameter between 140 and 180 nm 
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Figure 5.13: SEM image of PMMA polymerised for 120 min 

using 3 vol% MMA, 70°C, 1,200 rpm stirring speed, and 1.5 vol% APS. 

 

5.5.3 Effect of Processing Temperature 

The literature reported in Table 5.1 show a range of temperatures can be used to 

polymerize PMMA nanoparticles. Temperature is a critical process variable that 

promotes the reactivity of the heat activated initiators. The effect of temperature 

on the polymerization process was therefore explored and Figure 5.14 to Figure 

5.16 show SEM images of samples polymerised at temperatures of 60, 80 and 

70°C respectively using 16 vol% MMA, 3 vol% azobis and 1,200 rpm stirring 

speed. 
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Figure 5.14: SEM image of PMMA polymerised at 60°C. 

 

 

Figure 5.15: SEM image of PMMA polymerised at 80°C. 
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Figure 5.16: SEM image of PMMA polymerised at 70°C. 

 

Figure 5.14 demonstrates that the temperature of 60°C is not high enough for 

complete polymerization of PMMA. A strong monomer odour was present in this 

sample and the SEM picture also shows highly fused particles. Figure 5.15 was 

prepared at a temperature of 80°C and the resulting spheres are varying sizes 

with many larger particles that could be the result of a very fast reaction or the 

presence of excess monomer is the vapour phase causing larger particles to form 

when the monomer condenses. 

Figure 5.16 illustrates that 70°C is the most appropriate temperature for this 

PMMA emulsion polymerization process using the selected initiator. The spheres 

are relatively mono-dispersed in size and there is no fusion as in the case of the 

lower temperature. A temperature of 70°C is the ideal reaction temperature for 

this system and is clearly the common temperature used in the literature as 
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shown in Table 5.1. This is primarily a function of the decomposition and 

subsequent activity of the heat activated initiators. 

5.5.4 Effect of Flask Volume and Stirring 

The synthesis of uniform, mono-disperse particles requires stable conditions to 

guarantee steady dispersion in the emulsion. The vortex formed under stirring is 

therefore important to obtain well dispersed uniform monomer droplets that can 

be discretely polymerised into nanoparticles. For that reason, the selection of the 

right sized stirrer and stirring speed to impart sufficient energy intensity to achieve 

a homogenous emulsion, and vessel for the total volume is important. In the case 

of a small stirrer, the energy yield is low and the particle polymerization will be 

poor due inadequate monomer dispersion. The speed of stirring is limited to the 

equipment used with 1,200 to 1,500 rpm the typical range of maximum speeds 

for most laboratory stirrers. These dimensional criteria are important 

considerations for large scale production of appropriately sized PMMA 

nanoparticles. 

Figure 5.17 illustrates a very uniform particle size and shape prepared in a 100 

mL flask with a 20 mm oval shaped magnetic stirrer at 1,500 rpm. In this case, 

uniform particles were produced suggesting the stirrer enabled a stable emulsion 

to be formed prior to the polymerization. The flask size is also important but only 

with respect to the total volume of the solvent/solute required. The vessel volume 

to stirrer diameter/length ratio that provides the mixing energy intensity is 

therefore critical to obtain the optimum emulsion and ensure a consistent PMMA 

nanoparticle size and shape is produced. 
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Figure 5.17: SEM image of PMMA polymerised in a 100 mL flask 

using 6 vol% MMA and 1.5 vol% APS. 

 

5.5.5 Effect of Initiator 

The polymerization of PMMA can be altered or enhanced by the use of additives 

including surfactants and co-solvents such as acetone as well as different types 

of initiators (see Table 5.1). The effect of various monomer concentrations, the 

use of surfactants and co-solvents, and the types and concentrations of initiators 

and on the resulting PMMA particle size was investigated. 

Initial experiments were conducted using azobis, a common azo compound free 

radical initiator. The results from initial experiments suggested this chemical had 

partially decomposed after prolonged storage and attempts to purchase a new 

product were unsuccessful. The lack of azobis supplies was the direct result of 

shipping restrictions due to potential dangers during transport. It is evident from 
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the recent trends in the literature (Table 5.1) that the more common initiators are 

the persulphates, ammonium persulphate (APS) or potassium persulphate 

(KPS), so APS was adopted as the initiator because it was more readily available.  

5.5.6 Effect of Monomer Concentration 

Under polymerization conditions optimised from earlier experiments (temperature 

70°C, stirring speed 1,200 rpm, reaction time 120 min), the effect of monomer 

concentration on average particle diameter was investigated. There is a general 

tendency towards increased particle diameter as the monomer concentration 

increased as illustrated by Figure 5.18. This can be explained by the absorption 

of residual monomer molecules by the primary nucleating particles which were 

formed at the initial stages of polymerization (Camli et al. 2010a). 

The reduction of the monomer concentration also accelerates the polymerization 

process that is terminated when no further monomer remains in solution. The size 

of the particles is not significantly different for concentrations up to and including 

10% monomer. There appears to be a critical concentration around 10% where 

a rapid increase in particle size occurs. Nonetheless, the minimum particle size 

is close to 200 nm, which is still much larger than the target poliovirus previously 

identified and therefore not suitable as a non-microbial surrogate. Adjustments to 

the method were required to synthesize smaller PMMA particles to be used as a 

surrogate for the target virus. Adjustments to the synthesis of PMMA to produce 

smaller particles were explored and are discussed in following sections. 
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Figure 5.18: Effect of monomer concentration on particle size. 

 

Figure 5.19 shows the effect of PMMA particle surface charge as a function of 

monomer concentration. In general, the charge is relatively constant at ca. -40 

mV, with a general trend towards a relatively stable surface charge across the 

range of monomer addition.  The results show that the particles are all highly 

negatively charged and this would be expected from the structure of PMMA, as 

illustrated by Figure 5.1 earlier. This is an important feature as the ability to dope 

the PMMA with a fluorescent dye depends on the capacity to produce a 

negatively charged nanoparticle. Given the high surface area, this would facilitate 

the addition or bonding of fluorescent tags similar to the fluorescently tagged latex 

nanoparticles assessed and presented in Chapter 4. 
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Figure 5.19: Effect of monomer concentration on particle charge.  

 

5.5.7 Effect of Surfactant 

The synthesis of smaller particles, especially in the sub 100 nm range, generally 

requires the addition of surfactants to form smaller micelles during polymerization 

(Jhaveri and Carter 2007) and the amount of surfactant present has a strong 

influence on particle size (He et al. 2003a). 

As expected, the addition of surfactant resulted in the formation of smaller 

particles as shown in Figure 5.20. A series of samples were prepared with 

constant volume of surfactant (0.03 mL) and a decreasing concentration of 

monomer from 10% to 1% by volume. All other conditions were kept constant as 

previously optimised (70°C, 1,200 rpm stirring speed, 120 min reaction time) and 

Figure 5.21 shows the resulting reduction in particle size with respect to the 

surfactant concentration measured by the Zetasizer. The smallest particle size 

obtained was ca. 16 nm with a surfactant concentration of 16.67% relative to the 

monomer. 
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Figure 5.20: SEM image of particles formed in the presence of surfactant. 

 

The results are in accordance with the literature which suggests that particle size 

decreases with increasing concentration of surfactant (He et al. 2003a). 

Consequently, adjusting the mode of synthesis can determine the size of the 

PMMA nanoparticles, a critical factor when the size of the target virus and the 

ability to dope the surface with fluorescent tags to improve response intensity are 

considered. At 6 vol% surfactant, the nanoparticles produced had sizes between 

25 nm and 40 nm and this compares favourably with the target virus size for polio 

of around 30 nm (Schijven and Hassanizadeh 2000). The synthesised 

nanoparticle size and shape were, therefore, considered as a good non-microbial 

surrogate for a small virus such as polio. 
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Figure 5.21: Effect of surfactant concentration on particle size.  

 

Figure 5.22 illustrates the PMMA surface charge as a function of surfactant 

concentration and this shows that the charge became more negative with 

increasing surfactant concentration. The negative charge of the PMMA 

significantly reduced the potential for the nanoparticles to clump or stick together 

or be adsorbed by the negatively charged membrane. Although the introduction 

of a surfactant into the solution to promote the synthesis of smaller particles 

affected the surface charge, the resulting zeta potentials were in the range -37 to 

-50 mV. So it is clear that the addition of a surfactant did not have an adverse 

effect on the surface charge of the PMMA nanoparticle. 
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Figure 5.22: Effect of surfactant concentration on particle charge. 

 

5.5.8 Effect of Acetone Co-solvent 

Acetone is a water-miscible co-solvent that can increase the solubility of the MMA 

monomer in the continuous phase. This can increase the number of nucleating 

seeds in the final solution, resulting in a reduced particle size of less than 100 nm 

without the use of surfactants (An et al. 2006). The addition of acetone is reported 

to be able to also facilitate particle stabilization due to the exponential reduction 

in solution surface tension (Narkis 1979). There are two intrinsic factors that 

determine the resulting value for particle diameter; namely, 

 The influence of solution dielectric constant, and 

 The solubility of the monomer (Rao and Geckeler 2011). 

The addition of acetone up to 20% can exponentially decrease the dielectric 

constant of an acetone-water mixture resulting in unstable primary nucleating 

particles in the continuous phase, and subsequently larger particles are 

produced. Above 20% acetone, further decreases in the solution dielectric 
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constant are minimal, and thus the increase in monomer solubility dominates 

resulting smaller particle size (Camli et al. 2010a; Camli et al. 2010b). 

Samples were prepared with different acetone concentrations to investigate this 

phenomenon but all other variables were kept constant as previously optimised. 

Figure 5.23 illustrates this change in diameter as a result of varying the acetone 

content where the particle diameter increased slightly over the concentration 2.5 

to 5-vol% and after that the particle diameter remained relatively constant. In 

contrast to similar studies, under the conditions of the experiments in this work, 

no significant reduction in size was obtained in the presence of acetone. 

Moreover, high acetone concentrations of 30 vol% and higher resulted in highly 

heterogeneous particle sizes which may be due to the solubility of PMMA in 

acetone (Miller-Chou and Koenig 2003). This result completely contradicted the 

literature and the research objective of adding acetone to the solution so the 

continued use of a co-solvent such as acetone could not be supported. 

 

Figure 5.23: Effect of acetone concentration on particle size.  
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The SEM image of a sample prepared using 10% acetone is shown in Figure 

5.24 and it is clear that the particles are very similar in shape and size and have 

self-assembled into layers upon drying indicating a high level of uniformity but are 

approximately 250 nm in diameter. Figure 5.25 shows the SEM image of a 

sample prepared using 40% acetone that demonstrates that high acetone content 

can lead to highly poly-disperse particles with visible surface cracking. The 

residual acetone in the reaction vessel following polymerization could partially 

dissolve the PMMA and/or attack the nanoparticles resulting in cracking. This 

illustration is further evidence that the use of a co-solvent adversely affects the 

objective of producing small nanoparticles and can lead to fused particles that 

offer no value to membrane integrity monitoring. 

 

Figure 5.24: SEM image of PMMA formed using 10% acetone 

 using 6wt% MMA, 1.5 vol% APS, 1,200 rpm at 70°C. 



Chapter 5 164 

 

Figure 5.25: SEM image of PMMA formed using 40% acetone 

 using 6wt% MMA, 1.5 vol% APS, 1,200 rpm at 70°C. 

 

Figure 5.26 shows the charge on the PMMA particle surface with increasing 

acetone concentration. This plot shows that the charge is relatively constant in a 

negative range between -30 and -40 mV suggesting the presence of acetone co-

solvent has little effect on the surface characteristics of the PMMA nanoparticles. 

This suggests that the cracking of the PMMA particles in acetone (Figure 5.25) is 

a physical rather than a chemical change in the material. The further use of a co-

solvent to synthesis PMMA nanoparticles was no longer warranted and the 

method developed specifically excludes acetone as an ingredient. 



Chapter 5 165 

 

Figure 5.26: Effect of acetone concentration on particle charge. 

 

5.5.9 Effect of Nitrogen Purge 

The synthesis of PMMA nanoparticles is typically performed under nitrogen 

atmosphere to prevent oxidation of the particles during their formation. However, 

this would add considerable expense to the production of PMMA particularly if 

produced at a much larger scale. Figure 5.27 shows the FTIR spectra of samples 

produced under identical conditions with one sample polymerised under nitrogen 

and the other polymerised without nitrogen. The spectra are typical of PMMA with 

characteristic peaks observed at 1,730 cm-1 due to the carbonyl stretching 

vibrations of the C=O ester groups in PMMA (Feng and Li 2006; Liu et al. 2008; 

Wang et al. 2010), aliphatic C–H stretch at 2,950 cm-1 (Liu et al. 2008), 1,388–

1,443 due to methyl bending vibrations (Wang et al. 2010) and 1,149 cm-1 due to 

stretching vibrations of C–O–C (Wang et al. 2010). 

It is evident that there are no significant differences in the spectra suggesting that 

the absence of a nitrogen atmosphere during the reaction had no adverse effects 
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on the resulting PMMA structure. The carbonyl peak at 1,730 cm-1 in particular 

has not increased or shifted in the sample where nitrogen was not used, 

suggesting that no additional oxidation has occurred. This observation is 

important for the synthesis as it suggests that the nitrogen purge can be omitted 

from the reaction thus reducing the overall production costs without any adverse 

impact on the synthesis of PMMA nanoparticles. 

 

Figure 5.27: FTIR spectra of samples formed with and without nitrogen. 

 

5.5.10 Addition of Fluorescent Dyes 

In order to use nanoparticles as surrogates to quantify membrane integrity, highly 

detectable particles are required at low concentrations by methods such as 

fluorescence. Samples were therefore prepared by polymerization of MMA in the 

presence of the fluorescent dyes Quinine and RWT. Figure 5.28 shows the SEM 

image of a sample polymerised in the presence of Quinine and it is evident that 

in some places the particles appear to be fused or bonded together. The surface 
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is also displaying classic distortion due to charging as a result of poor conductivity 

of the PMMA material (iitkgp.vlab.co.in 2013). 

 

Figure 5.28: SEM image of PMMA polymerised with Quinine 

using 3wt% MMA, 1.5 vol% APS, 1,200 rpm at 70°C. 

 

In contrast, Figure 5.29 shows an SEM image of a sample of PMMA polymerised 

in the presence of Quinine in earlier experiments using azobis initiator and a 

higher monomer concentration. In this case, the spheres have a rough 

appearance with a seemingly smaller spheres incorporated into a larger bulk 

sphere. This may represent a uniform distribution of quinine in the structure with 

particles that are fairly uniform in size and shape. 
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Figure 5.29: SEM image of PMMA successfully polymerised with Quinine 

using 6wt% MMA, 3 vol% azobis, 1,200 rpm at 70°C. 

 

Figure 5.30 shows the SEM image of PMMA synthesised in the presence of RWT 

that shows a range of diameters between 100 and 650 nm. Further experiments 

in the presence of fluorescent compounds were unsuccessful and attempts to 

repeat the co-polymerization with Quinine (Figure 5.29) were ineffective. The 

resulting fluorescence of the particles was diminished as shown in Figure 5.31. 

The data shows that at an equivalent concentration in solution, the fluorescence 

of Quinine is more than 3.3 times that of the Quinine/PMMA spheres. This is 

consistent with the results shown earlier in Chapter 4 where the fluorescence of 

UR is significantly higher than that of the UR coated PS spheres. 
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Figure 5.30: SEM image of PMMA polymerised with RWT 

using 3wt% MMA, 1.5 vol% APS, 1,200 rpm at 70°C. 

 

 

Figure 5.31: Fluorescence of Quinine and Quinine/PMMA copolymer. 
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5.5.11 Light scattering of PMMA 

The primary particle sizing of the nanoparticles was conducted by dynamic light 

scattering using a Zetasizer. In some cases, the Zetasizer reported sample 

fluorescence in relation to the data quality. In response to the apparent 

fluorescence, some of the PMMA nanoparticles were prepared for fluorescence 

measurements to determine whether the samples were naturally fluorescent. 

Emission excitation matrix (EEM) data (Andersen and Bro 2003; Bahram et al. 

2006) were obtained and prepared as contour plots and Figure 5.32 shows an 

EEM plot of one PMMA sample. This data shows clearly that there is evidence of 

Raman and Rayleigh scattering (Zepp et al. 2004; Ben et al. 2011) but no true 

fluorescence. However, it may be possible to use the observed scattering 

quantitatively (Lindner et al. 2001; He et al. 2003b) and this will be further 

discussed in the next chapter. 

 

Figure 5.32: EEM contour plot of 27 nm PMMA sample. 
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Figure 5.33 shows the EEM contour plot of a PMMA sample produced in the 

presence of surfactant. This sample also shows the various scattering lines but 

also a strong independent fluorescence in the excitation and emission regions 

220-240 nm and 330-390 nm respectively. This fluorescence may be due to the 

presence of surfactant residual with some organic surfactants known to fluoresce 

quite significantly (Gholivand et al. 2008). 

 

Figure 5.33: EEM contour plot of 16 nm PMMA sample with surfactant. 

 

Monitoring the fluorescence by EEMs may offer a useful monitoring tool by 

detecting the presence of organic compounds (Henderson et al. 2009; Singh et 

al. 2009; Singh et al. 2012; Pype et al. 2013). Rather than monitoring membrane 

integrity at frequent intervals across the production cycle, the fluorescence of 

organic material could be used as an indicator of compromised membrane 

integrity and therefore be used as a trigger to initiate a membrane integrity test. 

This feature is explored in more detail in the next chapter. 
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5.6 Conclusions 

Poly(methyl methacrylate) nanospheres of a wide range of sizes were 

synthesised using a free radical emulsion polymerization process. The synthesis 

was successful in more than 95% of attempts as evidenced by the formation of 

stable nanoparticle suspensions. The particle diameter was influenced by a range 

of different factors including reaction time, temperature, monomer concentration, 

additives and mixing intensity. 

The preparation of uniform sized particles was made possible by improving the 

monomer/water emulsion with more consistent stirring and smaller flasks. Some 

nanoparticles prepared in the presence of surfactant were <100 nm and with 

increasing surfactant concentration, PMMA particle diameter less than 20 nm 

was obtained. Small particles in this order of magnitude are ideal for use as non-

microbial surrogates for membrane integrity testing. Based on these results, it 

seems possible to tailor the size of a required particle by adjusting the surfactant 

concentration combined with the modifications developed during the production 

of PMMA. 

The addition of acetone as an additive or co-solvent was not successful in that 

low acetone concentrations did not reduce the particle size. Furthermore, at high 

concentrations that may be required to obtain <100 nm particles, cracks and 

pores on the surface of the spheres as well as polydisperse particles and fusion 

of particles to form an ill-defined amalgam were found in the SEM images. The 

use of acetone as a co-solvent should, therefore, be avoided where particle sizes 

of less than 100 nm are required. 
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Structural analysis of two identical samples prepared in the presence and 

absence of nitrogen purge showed that there was no effect on the functional 

groups of PMMA when nitrogen was not used. Although a nitrogen or argon purge 

is widely used in the literature, it may not be necessary and would indeed reduce 

the cost of production of large PMMA quantities. 

The presence of residual surfactant, which is also a foaming agent, is not ideal 

as it may adversely affect the attachment of fluorescent tags and it also may 

fluoresce and cause interference.  In this regard, a washing process for the 

nanoparticles could be used to clean the particles and remove this residue. 

However, separating the particles using a centrifuge was not successful, except 

where relatively large particles were synthesised. The very small particles would 

not settle, even at high rotation speed. Membrane separation may provide an 

alternative to clean and concentrate the nanoparticles if required to prepare for 

the attachment of fluorescent tags. Attempts to attach fluorescent tags to the 

PMMA nanoparticles failed as the particle size increased to similar proportions to 

the commercially available PR microspheres evaluated in Chapter 4. 

Conducting a variety of experiments to optimise the production of PMMA and 

consistently produce 30 nm nanoparticles that are the same size as the target 

virus and even smaller particles was reliably achieved. As stated previously, 

particle size synthesis was sensitive to a number of fabrication conditions and 

adjustments were required to establish reliable nanoparticle production. The 

methods described in the literature (see Table 5.1) did not produce PMMA with 

the desired particle size and the modifications to the synthesis of PMMA provided 
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by this work can be used to consistently produce a reliable non-microbial 

surrogate. 

Finally, the PMMA nanospheres were observed to have some interesting optical 

properties, although light scattering was responsible for most of the observed 

fluorescence reported by the Zetasizer. The potential to use this light scattering 

is further explored in the next chapter as it suggests that the particles may be 

detectable and quantifiable without adding fluorescent dyes thereby greatly 

simplifying the production process. 
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Chapter 6  

Rayleigh Scattering as a Membrane Integrity 

Monitoring Tool 

We all know what light is; but it is not easy to tell what it is. 

Samuel Johnson, from Vol. 3 of Boswell’s Life (Loudon 1983) 

6.1 Preamble 

During the development and refinement of PMMA nanoparticle synthesis it 

became evident that light scattering was recorded in the fluorescence EEMs 

obtained during routine analysis. The Rayleigh light scattering phenomenon was 

sensitive to low concentrations of nanoparticles and this was considered to be a 

better method of detection compared to fluorescence. The ability to consistently 

produce PMMA nanoparticles the same size or smaller than the target virus 

coupled with the potential to quantify nanoparticles via light scattering made the 

quest to further develop a more sensitive fluorescently tagged PMMA 

nanoparticle, and the associated production costs, less relevant to this research.  

Consequently, the light scattering effect was examined further to determine 

whether the untagged PMMA nanoparticle could be quantitatively detected and 

used to enumerate the LRV of a membrane system. The move use light scattering 

to detect nanoparticle surrogates to quantify membrane integrity is a novel 

approach as previous research has focused on the use of fluorescence to detect 

surrogates. Light scattering of surrogates is an altogether new phenomenon in 

membrane integrity research. 
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6.2 Introduction 

The aim of this research was to identify a suitable non-microbial virus surrogate 

and develop a protocol to test for the surrogate in permeate samples as part of a 

challenge test, and to establish this as a real-time, online technique. For a 

successful challenge test, it is critical to employ a sensitive, accurate monitoring 

process and fluorescence was established early on as one such technique. 

Initial experiments using fluorescent dyes were able to show that these have very 

high resolution limits at low concentrations and high LRVs were demonstrated. 

However, there were some limitations with the use of these chemical compounds 

such as size and stability under varying environmental and chemical conditions. 

Fluorescent nanoparticles were considered a better representation of virus 

particles than soluble dyes because they were similar in size, but they 

unfortunately lacked the sensitivity of the fluorescent dyes. 

In both cases the cost to use the dyes and fluorescently tagged nanoparticles 

resulted in them being prohibitive for full-scale testing with perhaps one 

exception, namely the fluorescent tracer dye RWT. It has been shown that RWT 

can adsorb onto membranes and that has implications on LRV enumeration as 

this feature may artificially enhance LRV results. RWT is currently used to test 

the membrane integrity of full scale plants but costs three times more than the 

criteria established as an objective for this research at $0.02/kL of treated water 

(refer to Table 3.1 in Chapter 3). In addition, the size of RWT is not a suitable 

analogue for virus particles as it is more than twenty times smaller than poliovirus, 

the target virus adopted for this research.  
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Attempts to produce fluorescent nanoparticles that were more sensitive than 

commercially available products to reduce costs commenced with the facile 

synthesis of PMMA nanospheres that was achieved using basic chemicals and 

equipment. However, the ability to introduce fluorescence onto very small 

nanoparticles by surface treatment did not achieve the required detection 

sensitivity to allow economic use of fluorescent nanoparticle. Further, the light 

scattering phenomenon used to quantify the PMMA nanoparticles made the work 

on coating the PMMA with a fluorescent dye less relevant to the direction of this 

research. 

Fortunately, the PMMA nanospheres synthesised during this work demonstrated 

some remarkable optical properties that are unique to small particles, and was 

selected for further detailed evaluation. Numerous authors have reported intense 

light scattering responses with a recent example provided by Tang et al. (2015) 

that ascribed the phenomenon as resonant Rayleigh scattering (RRS). However, 

the light scattering phenomenon observed in this work has been shown to be the 

result of elastic Rayleigh scattering rather than RRS. Rayleigh scattering was 

further investigated in this Chapter as a potential quantitative technique that could 

be integrated as part of a challenge test to effectively determine membrane 

integrity in real-time.  

The phenomenon of light scattering is reported with an overview of the physics 

of light that describes Rayleigh scattering (RS). Samuel Johnson was right to pen 

the words, “we all know what light is; but it is not easy to tell what it is” 

(Loudon 1983). 
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6.2.1 Light Scattering 

Light scattering is the interaction between light (electromagnetic wave) and the 

atomic structures of the scattering object (quantum physics), in this case a PMMA 

particle. There are several known types of light scattering effects including 

Rayleigh, Raman, Tyndall, Brillouin and Mie light scattering as illustrated below 

in Figure 6.1.  

 

Figure 6.1: Typical light scattering phenomena 

from (Nave 2016). 
 

Light scattered by molecules in the atmosphere and by extension very small 

particles in gaseous and aqueous solutions where the scattered light wavelength 

remains the same as the incident light wavelength is termed as elastic scattering, 

and is recognised as Rayleigh scattering. Rayleigh scattering is a function of the 

particle size that the incident light encounters. 
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Particles with a dimension that are one-tenth the wavelength of the incident light 

source are responsible for the phenomenon of Rayleigh scattering (Nave 2016). 

The intensity of the scattered light is directly proportional to the inverse of the 

fourth power as represented in Figure 6.2. Rayleigh scattering is considered to 

be elastic as the scattered light energy and the incident light energy have not 

changed. Scattering where the scattered light energy has either a higher or lower 

energy is called Raman scattering. 

 

Figure 6.2: Rayleigh scattering phenomenon 

from (Nave 2016). 
 

Mie scattering defines the scattering effect for particles that are around one third 

of the incident light wavelength or larger. Mie scattering is not strongly wavelength 

dependent and Mie scattering intensity for large particles is proportional to the 

square of the particle diameter. Mie scattering occurs when light interacts with a 

particle with a diameter of similar size to the incident wavelength such as water 

droplets, aerosols, or other particles in the atmosphere. In that case, there is no 

relationship between scattering strength and wavelength, which is why clouds 

look white and the sky also seems whitish when polluted. Figure 6.3 shows a 

http://hyperphysics.phy-astr.gsu.edu/hbase/atmos/raman.html#c1
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comparison between Mie and Rayleigh scattering as a function of particle size 

(Nave 2016). 

 

Figure 6.3: A comparison between Rayleigh and Mie scattering 

from (Nave 2016). 

 

Practical examples of Mie scattering include the production the white glare 

around the sun when a lot of particulate material is present in the air and the white 

light from mist and fog. Light scattering is a complex field of science and this work 

will only focus on Rayleigh scattering and describe the implications of particle 

size as it relates to the synthesised PMMA nanoparticles. 

6.2.2 Rayleigh Scattering 

As a glass substitute, PMMA has some interesting optical properties and latex 

solutions of PMMA nanoparticles have the ability to scatter light. When light 

penetrates gaseous and liquid materials that contain molecules and/or 

nanoparticles it scatters according to the phenomenon first reported by Lord 

Rayleigh during the nineteenth century (Strutt 1871). The size of the particles has 

a very strong effect on the scattered light intensity, and light scatters in all 

directions and is expressed by equation 6.1. 

𝑰𝟎 ∝  𝒅𝟑 6.1 
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Where,  

I0 is the RS light intensity and d is the diameter of the particle in suspension. 

Lord Rayleigh also determined that the intensity of scattered light is inversely 

proportional to the fourth power of the wavelength of light as expressed by 

equation 6.2: 

𝑰𝟎 =  
𝟏

𝝀𝟒 6.2  

Where, 

I0 is the RS light intensity and  is the wavelength of the incident light. 

This equation illustrates that the shorter wavelengths of violet and blue in visible 

white light have a stronger potential to scatter than the longer wavelengths toward 

the red end of the visible spectrum. This type of scattering is, therefore, 

responsible for the blue colour of the sky during the day and the red, orange and 

yellow colours during sunrise and sunset.  

6.2.3 Blue Light Scattering 

The application of RS in the broader context of what is experienced every day 

can place the objective of this research into context, that is, RS is a measurable 

phenomenon. The visible light spectrum includes a number of components and 

each component has its own wavelength and corresponding energy. Figure 6.4 

illustrates the visible light spectrum and the component light frequencies that 

represent the colours violet, blue, green, yellow, orange and red. Their respective 

wavelengths range from around 400 nm to 700 nm, so blue light with the shortest 

wavelength has greater energy than red light with a longer wavelength. As a 
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result, the sky looks blue to the observer because blue light is scattered far more 

than red light as it has more energy than red light. The human eye cannot see 

violet light, so its scattering cannot be seen even though it has a shorter 

wavelength and would scatter more than blue light. 

 

Figure 6.4: Visible light spectrum wavelengths 

from (Freedman et al. 2014) 
 

Light travels further through the atmosphere at dawn and dusk and an observer 

can see red, orange and yellow light because they have a longer wavelength that 

scatters less than blue light. Red light has a frequency of around 700 nm whereas 

blue light has a frequency of 400 nm. Therefore, blue light scatters with an 

intensity around 9.4 times more than red light. 

6.2.4 Resonant Rayleigh Scattering, or is it? 

A number of researchers have ascribed RRS as the phenomenon used to 

establish the concentration of a variety of molecular and particulate materials. As 
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an analytical method, light scattering reported as RRS is a relatively new 

technique that has been used to determine trace amounts of various chemicals 

including vitamins (Liu et al. 2006; Wang et al. 2007; Ma et al. 2009b), metals 

(Long et al. 2004), dyes (He et al. 2005; Peng et al. 2010), polysaccharides (Zhou 

et al. 2011), enzymes (Cai et al. 2011a; Cai et al. 2011b), polymers (Liang et al. 

2011), explosives (Tu et al. 2008), and various pharmaceuticals (Luo et al. 2001; 

Liu et al. 2007; Ma et al. 2009a; Cui et al. 2011; Dong et al. 2012; Song et al. 

2012). In most cases a particle or chemical agent is observed in the presence of 

another agent that when combined with the former either increased or decreased 

the RRS intensity. The light scattering phenomenon ascribed as RRS is generally 

linear with concentration with relatively low detection limits reported, typically ng/L 

or pg/L. The key issue is whether the light scattering phenomenon attributed as 

RRS correctly defines the scattering phenomenon observed in this research. 

In addition to the phenomenon attributed as RRS, two concurrent scattering 

phenomena are often observed at double and half of the incident light 

wavelength, and researchers have attributed these secondary spectral lines as 

frequency doubling scattering (FDS) and second order scattering (SOS). The 

FDS and SOS spectral lines are real and can be explained by quantum physics, 

however, whether they are a function of the oscillation electrons in the molecule 

or nanoparticle, or whether they are a function of the interaction of the 

monochromator grating and the incident light is explored in the Methods section 

of this Chapter.    

Researchers have used the combination of RRS with the secondary spectral FDS 

and SOS lines to develop new analytical techniques for a wide range of 
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applications. Three distinct scattering spectra and three less intense scattering 

spectra are clearly observed in the EEM contour plot of a dilute PMMA sample of 

ca. 70 nm particles presented in Figure 6.5. The three less intense scattering 

lines are the result of Raman scattering while the other three more intense lines 

are the subject of further examination as stated previously. 

 

Figure 6.5: EEM contour plot of dilute PMMA sample. 

 

Coupled with standard EEMs that can be used qualitatively to demonstrate 

membrane integrity (Singh et al. 2009; Murphy et al. 2011; Singh et al. 2012), a 

technique based on light scattering and EEMs can potentially provide both 

qualitative and quantitative data. Moreover, a challenge test using light scattering 

has the potential for development into an online, real-time high pressure integrity 

monitoring system that can truly demonstrate the capabilities of NF and RO 

membranes for virus rejection. 
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Sene et al. (2009) reported using the secondary spectral lines resulting from light 

scattering to quantitatively measure nanoparticles in solution. These authors 

demonstrated a quantitative nephelometric technique to measure 17 nm fullerene 

particles in water with reference to light scattering in general terms rather than 

specific reference to RRS. The authors developed a technique that used optical 

absorbance in the UV-vis range to quantify the particles of fullerene in solution 

by direct absorbance. In addition, the authors used nephelometry to detect 

nanoparticles in solution and referred to light scattering but focused on the 

second order spectral lines rather than the first order spectral line produced by 

Rayleigh scattering. 

Sene et al. (2009) claim that with this technique, it is possible to quantify fullerene 

nanoparticles using a standard spectrofluorometer without optical filters. 

Moreover, the applied method used the secondary spectral lines was able to 

provide a minimum detection limit of 17 ppb, and they also suggest that the 

method is more than 20 times more sensitive than standard optical absorption. 

Although the work of Sene et al. (2009) was primarily focused on absorbance 

followed by light scattering using the second order spectral lines, the authors also 

recognised the value of light scattering and the implication for measuring 

nanoparticles directly using the RS phenomenon. 

The interaction of light with nanoparticles is still a relatively new concept 

(Nobbmann and Morfesis 2009; Brar and Verma 2011; Zhu et al. 2011; Becker 

2012) and there are several light scattering theories based on the ratio of the size 

of the particle relative to the wavelength of the incident light, λ. As reported 

previously, Mie scattering relates to particles that are relatively large with a 
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diameter ≥ λ/3, whereas RS dominates for much smaller particles with a diameter 

≤ λ/10. The interaction of the PMMA nanoparticles used as a non-microbial 

surrogate for target virus at around 30 nm with incident light at greater than 400 

nm conveniently meets the criteria for RS. 

The results of this study illustrate an excitation and emission wavelength that are 

equal, not diminished or amplified, as would otherwise be the case if the 

phenomenon were RRS. It is not evident that the phenomenon reported in 

literature was actually RRS or that the secondary spectral lines were the 

interaction of light energy with the electrons of the material illuminated or just an 

artefact of the grating and the wavelength. 

Luin et al. (2004) discriminates between RS and RRS by referring to the energy 

levels between the two phenomena. Rayleigh scattering is the elastic scattering 

of light where the energy and therefore the wavelength remains unchanged by 

the scattering process with no loss of energy is experienced as defined by the 

energy/wavelength relationship defined by equation 6.3: 

𝐄 (𝐞𝐕)  =   
𝐡.𝐜

𝛌
 =  

𝟏.𝟐𝟒

𝝀
 6.3 

Where, 

E is the energy (eV), h is Planck’s constant (6.626 x 1034 Joule.s), and c is the 

speed of light (2.998 x 108 m/s). 

The RRS response depends on the excitation of the atomic structure of molecules 

or nanoparticles, where the incident light energy (wavelength) can excite 

vibrational modes in the structure of molecules or nanoparticles thereby 
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producing scattered light with either a diminished or amplified wavelength 

depending on the wavelength of the additional scattered light emitted by the 

electron state. The scattered light energy will be reduced, or amplified, by the 

amount of the vibrational transitional energies in the molecules. 

Consequently, a spectral analysis can identify satellite spectral lines below the 

RS peak at the incident wavelength. It is also possible to observe scattered light 

at wavelengths lower than the incident light wavelength if there is significant 

excitation of the vibrational states of the scattering particles as the vibrational 

energy is added to the incident light wavelength. There is little evidence 

presented in the available literature to suggest that the scattered light behaves in 

anything other than elastic scattering as the wavelength of the incident light 

appeared to be the same as the scattered light. Similarly, there is little evidence 

reported in the available literature to confirm that the secondary spectral satellite 

lines are the result of anything other than artefacts of the monochromator 

interacting with the light source rather than true FDS or SOS resulting from 

scattering. 

6.3 Research Objectives 

The objective of this stage of the research was to verify that light scattering was 

an effective way to quantify synthesised PMMA nanoparticles used as a non-

microbial surrogate for polio, target virus. The optical response to synthesised 

PMMA nanoparticles was explored using light scattering and its potential for use 

as a highly sensitive integrity test was assessed using Australia’s first DPR facility 

destined for the Davis station in the Antarctic for the Australian Antarctic Division.  
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Further, this chapter presents information on commercially available instruments 

that have the potential to form part of an integrated membrane integrity monitoring 

system. The likely cost implications to apply light scattering and synthesised 

PMMA nanoparticles to assess membrane integrity performance is presented to 

compare against the initial cost benchmark of $0.02/kL of treated water. 

6.4 Materials and Methods 

Light scattering as a potentially effective way to quantify the presence of the 

synthesised PMMA nanoparticles used as a non-microbial surrogate for a target 

virus required suitable medium that could be doped with specifically sized PMMA. 

Treated wastewater was considered a realistic medium that could be doped with 

PMMA and then analysed using the Rayleigh scattering phenomenon. The 

experiments were all developed to determine whether light scattering could be 

used to quantify nanoparticles in the permeate of high pressure membranes, 

more specifically through brackish water reverse osmosis membranes. 

6.4.1 Synthesis of PMMA 

Samples of PMMA were synthesised according to the method previously 

described in Chapter 5 with a range of sizes from 90 to 300 nm synthesised 

without the use of surfactant. The concentration of monomer was less than 2 

vol% in order to obtain additional nanoparticles smaller than 90 nm. The objective 

was to synthesize PMMA particles that were of the same order of diameter as the 

target poliovirus so that they could be enumerated using the light scattering 

phenomenon. Previously, PMMA nanoparticles were synthesised with a diameter 

of 30 nm and the modified procedure described in Chapter 5 was used to create 
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more PMMA nanoparticles at 30 nm using a surfactant to verify that light 

scattering was a reliable measurement tool. 

6.4.2 Wastewater Sampling 

Treated wastewater samples were obtained from City West Water’s Altona 

Treatment Plant (ATP, Victoria, Australia), with samples of RO feed, 1st stage and 

2nd stage RO permeates used for EEM testing in accordance with the method 

described in Chapter 5. At the time of sampling, the RO plant had been operating 

intermittently due to challenges with the ultrafiltration pre-treatment units.  

Additional samples were sourced from the Western Treatment Plant in Werribee 

(WTP, Victoria, Australia) and from the Melton Recycled Water Plant (RWP, 

Victoria, Australia) as examples of unfiltered and MF Class A treated water 

respectively. The water samples were all subjected to EEM testing prior to bench-

scale filtration through a BW30 membrane using the system described previously 

(in Chapter 4). The brackish water RO membrane was operated at a recovery of 

40% and a sample of permeate was spiked with a low concentration of 30 nm 

PMMA prior to a challenge test using 1 mg/L PMMA into the feed. 

6.4.3 Measurement of Rayleigh Scattering 

The RS intensity of PMMA nanoparticles was measured using a Shimadzu RF-

501 spectrofluorometer. Samples of varying concentrations were prepared by 

diluting the stock solution(s). A 1 cm quartz cell containing a 3 mL sample of 

solution was inserted into the spectrofluorometer. A xenon lamp light source was 

passed through the sample at a given excitation wavelength and the emitted light 

was measured by the detector at the same wavelength. 
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6.4.4 Bench-Scale Challenge Testing 

A bench scale test rig was comprised of a Sterlitech CF042 stainless steel cross 

flow cell with an active membrane surface area of 42 cm2. Permeate samples 

were collected and tested for the presence of the dyes using a Perkin Elmer LS50 

spectrofluorometer. Dow Filmtec BW30 membranes were used in all experiments 

using the system described previously (in Chapter 4). 

6.4.5 Pilot-Scale Challenge Testing 

A pilot scale 4 inch RO membrane filtration test was used to assess the rejection 

of 90 nm PMMA nanoparticles for a long-term demonstration of the RS technique. 

A BW30-4040 element was installed into the pilot rig (shown in Figure 6.6) to 

determine the PMMA nanoparticle rejection. De-chlorinated tap water, dosed with 

1,650 mg/L NaCl and 4.2 mg/L 90 nm PMMA particles was used as feed solution. 

Filtration through the RO membrane was maintained at a feed velocity of 0.068 

m/s and pressure 5.8 bar (single pass recovery ~ 10%). Approximately 120 

samples were taken at hourly intervals with the system run semi-continuously for 

up to 3 months. The rejection of PMMA particles was determined by the RS 

method.   
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Figure 6.6: Schematic representation of pilot scale test rig. 

6.4.6 Full-scale Challenge Testing 

Integrating the individual components of the synthesised PMMA nanoparticles as 

a non-microbial surrogate for the target virus with a means to measure 

nanoparticles in permeate using light scattering is critical to developing a 

sensitive membrane integrity challenge test. The Australian Antarctic Division 

(AAD) commissioned Australia’s first DPR treatment plant to be installed at the 

Davis Station in the Antarctic. Although the AAD DPR plant is small by 

comparison to international installations, it will nevertheless be used, after a 

proving period in situ, to provide safe drinking water by directly converting treated 

wastewater for residents of the Davis Station in the Antarctic.   

The DPR plant configuration is shown in Figure 6.7 and the plant was supplied 

with biologically treated water from TasWater’s Selfs Point biological nutrient 

removal plant during the testing and commissioning phase of the project. The 

Selfs Point plant uses UF membranes as a physical barrier to separate the 

biomass and the treated water. Membranes provided a more substantial and 
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reliable barrier against suspended solids and microbiological contaminates than 

secondary clarification would otherwise provide. 

The biologically stabilised water is transferred to the DPR plant where the water 

is subjected to advanced treatment using ozone, MF, biological activated carbon 

(BAC) filtration, intermediate storage, cartridge filtration, RO, and two forms of 

disinfection using UV and chlorination. The treated water from this plant is 

considered suitable for DPR applications. The RO permeate had a light scattering 

signature, and it was recorded and subtracted as the background ‘noise’ from all 

scattered light intensities that ensured the intensity recorded was due to the 

nanoparticles without interference from background ‘noise’.  

 

Figure 6.7: Schematic diagram of the AAD pilot plant in Hobart. 

Figure 6.8 shows a schematic representation of the RO array that operated at 

70% recovery. The system was comprised of 5 x 4” Dow Filmtec brackish water 

(BW30-4040) RO elements that were housed in separate pressure vessels. 

Sampling points were located on the feed and permeate side of each element as 

well as the mixed permeate, mixed concentrate and the BAC effluent that is the 
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source of the feed water to the RO membrane plant. The mixing tank was 

supplied with water from the BAC unit at 20 L/min. The water was pumped into 

the first RO element at 26 L/min with a permeate flow of 14 L/min, 6 L/min was 

discharged and 6 L/min concentrate recycled to the RO feed tank. Online 

conductivity was used to monitor permeate and concentrate from each element 

as well as the combined permeate from all of the RO membrane elements. In this 

configuration, the concentrate from element (n) is the feed for element (n+1). The 

fifth and last element was compromised by a scratch in the permeate tube. 

 

Figure 6.8: Schematic diagram of the RO array. 

6.4.7 Challenge Tests 

A series of challenge tests using the synthesised 30 nm PMMA nanoparticle 

surrogate, a mixed fluorescent dye incorporating RWT, UR and PyTS and MS2 

bacteriophage where applied to the RO membrane system used as part of the 

DPR process. The MS2 bacteriophage, a living organism, was used as a 
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biological surrogate for enteric virus to challenge the rejection capacity of a 

membrane system. Bacteriophages are virus that infect bacteria that are added 

to the feed water of membrane systems to provide an indication of the LRV often 

mandated by regulatory agencies (Victorian Government Department of Health 

2013). 

These challenge tests provided data that allowed direct comparison between 

fluorescent dyes, MS2 bacteriophage, electrical conductivity and the RS 

membrane integrity monitoring technique developed through this research. The 

MS2 sample was supplied by South Australian Water Corporation and was 

provided as a frozen sample containing 1x1012 PFU/mL. Samples were shipped 

directly to the TasWater plant and stored frozen until the day of testing. The 

PMMA was synthesised in accordance with Section 6.4.1 and was stored in 

sample tubes along with the mixed dye solutions prior to shipping to the plant. 

The plant was operated under normal conditions and stabilised until the test 

commenced. In each case, the challenge species was added to the 500 L mixing 

tank and the system operated to allow charging of the system before the test 

samples were taken. The synthesised PMMA nanoparticles were dosed at 2 

mg/L, the mixed fluorescent dyes at 1 mg/L each and the MS2 bacteriophage 

was dosed at 1.5 106 PFU/mL. Conductivity was monitored to enable the LRV 

of the system to be determined concurrently with each challenge test. 

A series of three paired permeate and feed sample was collected from each RO 

element in addition to a sample of mixed permeate and concentrate after 5, 10 

and 15 minute intervals. The feed tank was drained and refilled following each 

test. All of the RO membrane elements were intact for the first series of PMMA 
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nanoparticle challenge tests. The fifth RO membrane element was damaged by 

gouging the permeate channel to induce a gross defect that would enable some 

of the challenge species to enter the permeate line after benchmarking the 

performance of the intact RO membrane elements. The damaged RO element 

remained during all subsequent nanoparticle, fluorescent dye and MS2 tests. 

Testing was conducted over two days in the order of the nanoparticle test, 

followed by the mixed dye test, and then the MS2 challenge test. The feed tank 

was emptied and the system flushed between tests. The samples collected during 

the various challenge tests were checked, packed and shipped back to the 

laboratory for testing. 

6.4.8 Dye Analysis 

The mixed dye samples tested by direct UV absorbance measurements for feed 

and concentrate samples and by fluorescence for the permeate samples using 

the same Shimadzu instrumentation described previously (see Chapters 3 and 

4). For the UV dyes, calibration was performed using the mixed dye solution by 

scanning a series of standards over the range 900-200 nm. The peak absorbance 

for each dye was recorded and used to prepare the calibration within the range 

0-1 mg/L. Similarly, fluorescence calibration was measured for each dye 

separately over the range of 0-4 µg/L at the wavelengths shown previously in 

Table 3.1. In each case, the calibration samples and test samples were tested in 

triplicate. 

6.4.9 PMMA Analysis 

The PMMA nanoparticles were enumerated by total organic carbon (TOC) 

analysis using a Shimazdu TOC-V instrument with ASI-V automatic sampler for 
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the feed and concentrate and by the RS method for the permeate samples. The 

TOC analysis was used to verify the concentration of PMMA nanoparticles 

because the spectrofluorometer did not have adequate detection range to 

measure RS of high particle concentrations. The detector was saturated by the 

scattered light intensity and would not have provided meaningful data. 

6.4.10 MS2 Bacteriophage Enumeration 

The MS2 bacteriophage samples were frozen after collection and transported 

back to the laboratory for immediate PFU enumeration. The following methods 

were used to prepare the various media, growth plates and host samples. 

 Tryptone water (TW, Oxoid CM0087) was prepared using a 15 g/L ratio 

with MilliQ water for serial dilutions to enumerate MS2 bacteriophage. The 

solution was autoclaved at 121°C for 15 minutes. Sample dilutions were 

obtained by pipetting 9 mL of tryptone water into screw top sample vials 

into which 1 mL of sample was then pipetted into the first sample vial, 

making a 1/10 dilution. Then, 1 mL of the 1/10 dilution was added to the 

next sample vial, making a 1/100 dilution, and so on. Samples were diluted 

until it was expected that a sample would produce a countable plate for 

the stock MS2, the feed samples, and the compromised and mixed 

permeate samples. 

 A sample of 1 mL of a previously grown E. coli (ATCC 700891) host 

solution of log growth phase in tryptone soya broth (TSB, OXOID CM0129) 

was added to 100 mL of freshly autoclaved and cooled TSB (30 g/L) in a 

sealed 500 mL Schott bottle. The bottle was then incubated in an orbital 

shaker at 37°C overnight.  



Chapter 6 197 

 Tryptone agar (TA, Oxoid CM0131) was prepared by adding 40 g/L into 

RO water. The mixture was autoclaved for 15 minutes at 121°C. The 

solution was allowed to cool and then poured into 90 mm petri dishes and 

solidified and stored in the refrigerator until used. 

 The soft agar layer was prepared by adding 7 g bacteriological agar (BA, 

Oxoid LP0011) and 30 g TSB into 1 L of RO water. The mixture was 

autoclaved for 15 minutes at 121°C and allowed to cool to below 44.5°C 

before 10% of the host E. coli was added. 

 The serially diluted samples and the permeate samples were mixed with 

the soft agar host at a ratio of 1:5 mL and poured onto the previously 

prepared first agar layer petri dishes. Permeate samples were mixed at a 

ratio of 10:30 mL and poured across 4 petri dishes. The samples were 

incubated at 37°C for 16-24 h then removal and the MS2 colonies counted 

based on areas where the host had been consumed. 

6.5 Results and Discussion 

Prior to conducting the full-scale challenge tests, a series of bench and pilot scale 

experiments were performed to validate the RS technique and to further 

investigate the observed secondary spectral lines. 

6.5.1 Secondary Spectral Lines 

A dilute PMMA sample of ca. 70 nm particles was assessed for fluorescence by 

preparing EEM plots that show a two-dimensional representation of fluorescence 

intensity as a function of the fluorescence emission and excitation wavelengths. 

These EEM contour plots were used to demonstrate whether the spectral lines 

were the result of the incident light energy interacting with the atomic structure of 
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the material and, therefore, represent FDS and SOS or whether they were 

artefacts of the light source interaction with the grating in the monochromator and 

were secondary satellite spectra.  

The sample of PMMA was analysed using the Shimadzu RF501 

spectrofluorometer and the results are presented in Figure 6.9 clearly show the 

RS and the secondary spectral lines. In order to establish whether the secondary 

spectral lines were the product of the diffraction grating interaction with the 

incident light Lakowicz (2006) reported that a bandpass excitation filter could be 

used to remove unwanted wavelengths from the excitation beam. A bandpass 

excitation filter was inserted into the allocated slot in the spectrofluorometer and 

the same sample was measured again. Figure 6.10 clearly indicates that the 

secondary spectral lines were no longer present, and therefore confirmed that 

these spectral lines were artefacts rather than a phenomenon of light interacting 

with the atomic structure of the nanoparticles. 

 

Figure 6.9: EEM matrix without the compensating filter 

showing the secondary spectral lines FDS and SOS. 
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Figure 6.10: EEM matrix with the compensating filter 

showing only the Rayleigh scattering line. 
 

Confirmation of the artefact spectral lines was conducted after all of the 

experiments were completed. The data reported in this work is based on the 

spectrofluorometer output without the benefit of the compensating filter. The 

secondary spectral lines were exactly half and double the emission data of the 

Rayleigh scattering spectra, respectively, but were clearly the result of the 

interaction between the light source and the grating used in the instrument. 

Although the secondary spectral lines are artefacts, they represent the emission 

data of the scattered light at half and twice the wavelength of the excitation light 

source interacting with the diffraction grating of the monochromator. These light 

sources are incident on the sample of nanoparticles in the same way that the 

primary light source irradiated the sample. So the data that was reported still 

represents scattering but at half and double the wavelength of the incident light 
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and can be used, but the primary source of performance data is from the Rayleigh 

scattering data. It is clear that the spectral lines are artefacts but it forms part of 

the dataset collected and is referred to as part of the Rayleigh light scattering 

evaluation. While this work refers to the secondary spectral lines in the evaluation 

of the light scattering phenomenon the primary source of data relating to light 

scattering shall be the RS spectral line. 

6.5.2 Analysis of Class A Water 

In Australia, Class A water is the product of a wastewater treatment regime that 

physically, biologically, and chemically converts raw municipal wastewater into a 

product that is suitable for reuse in a variety of ways that, in Victoria, exclude 

direct and indirect consumption by humans. Class A water would certainly require 

further treatment for use as a direct or indirect substitute for potable water that 

includes desalination through reverse osmosis membranes as part of an 

advanced treatment regime that may also include coagulation and UF treatment. 

The production of Class A water removes most particles, some organics and 

dissolved materials as well bacterial contaminants but very small particulates, 

pathogens including some more resistant virus and dissolved salts remain. This 

is often not suitable for some reuse applications, particularly where salt may be 

an issue such as in industrial boilers or in some agricultural purposes. In order to 

determine the suitability of the RS technique to enumerate membrane integrity, 

samples were obtained from three wastewater treatment plants in Victoria. 

City West Water, Altona 

Water obtained from the ATP was subjected to fluorescence characterization and 

Figure 6.11 shows the EEM plot of the RO feed. There are two notable regions 
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of fluorescence with the lower region in the excitation/emission (Ex/Em) range 

250-400nm/320-500nm representing the commonly reported regions of 

fluorescent dissolved organic matter (fDOM) (Matthews et al. 1996; Zepp et al. 

2004; Peiris et al. 2010; Yu et al. 2011). The RS and secondary spectral lines are 

visible in this EEM. Typical EEMs used to identify organic species are usually 

confined to this region identified in Figure 6.11 and rarely extend beyond 600 nm, 

so the origin of fluorescence at the higher excitation wavelength is not usually 

reported. In addition, EEMs are plotted with the excitation wavelength in the y-

axis and the emission wavelength in the x-axis. It seems more appropriate to plot 

the data as shown in this figure, since the emission and excitation wavelengths 

are the independent and dependent variables, respectively. 

 

Figure 6.11: EMM plot of ATP RO feed. 

 

Another common attribute of these types of plots is the tendency to remove the 

scattering lines and there are publications outlining methods to achieve their 

fDOM 
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removal (Rinnan and Andersen 2005; Larsson et al. 2007). It is often claimed that 

these lines are interferences that do not relate to water quality (Singh et al. 2009), 

but this study shows that it is primarily small particles in the water that are 

responsible for the observed scattering lines so they are directly related to water 

quality. 

Figure 6.12 shows the EEM plot of the first pass RO permeate which is typically 

distributed for agricultural uses from this plant. The plot clearly shows that almost 

complete removal of fDOM is achieved during the first stage with only the 

scattering lines remaining. Interestingly, the EEM of the second stage RO shown 

in Figure 6.13 shows a significant increase in all the scattering intensities that 

may be a response to the presence of contaminants such as microbial growth as 

a result of the intermittent use of the RO system. This data (Figure 6.13) highlights 

the presence of some particulate fouling in the permeate by the increased RS 

intensity. This signature of background particulate material would interfere with 

the presence of any PMMA nanoparticles added during a membrane integrity 

challenge test, therefore, it is important to recognise the background noise before 

a challenge test is performed. The background noise recorded can be subtracted 

from any scattered light reported to normalize the intensity that was specifically 

related to the PMMA nanoparticles present in the permeate.  
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Figure 6.12: EEM plot of ATP 1st stage RO permeate. 

 

Figure 6.13: EEM plot of ATP 2nd stage RO permeate. 
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Melbourne Water, Werribee 

Samples obtained from Melbourne Water’s WTP were subjected to EEM 

assessment before and after specific treatment regimes in order to observe any 

changes in the RS and secondary spectral lines. The treatments included various 

types of coagulation, MF and ozone treatment. Only the raw water and a sample 

subjected to coagulation treatment were subjected to EEM analysis for the 

purposes of this study. In the case of the coagulation treatment, samples were 

dosed with 3 mg/L of polyaluminium chloride as Al3+ (Myat et al. 2013) and the 

EEMs recorded before and after treatment. 

Figure 6.14 shows an EEM plot of the raw water that clearly demonstrates strong 

fluorescence in the fDOM region as well as intense RS and some evidence of the 

secondary spectral lines. In Figure 6.15, the EEM of the same water following 

coagulation treatment is shown. This figure shows that while the fDOM remained 

relatively unchanged, a significant reduction in the RS was observed, confirming 

that the scattering was due to the presence of particles that were removed by the 

coagulation and separation treatment. 

The observed intensity profile of the RS line was greater and more distinct in 

Figure 6.14 than the line shown in Figure 6.15. The reduction in intensity can be 

attributed the removal of particulate material from the sample by the coagulation 

and separation treatment. 
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Figure 6.14: EEM of WTP raw water. 

 

Figure 6.15: EEM of coagulation treated WTP water. 

fDOM 

fDOM 
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Western Water, Melton 

Figure 6.16 shows an EEM contour plot of Class A water obtained from the RWP 

in Melton. The plot is very similar to that shown in Figure 6.11 with two notable 

regions of fluorescence with the lower fDOM region shifted to a slightly lower 

excitation wavelength range of 220-280 nm. The higher fluorescence region 

covers a very similar wavelength range as shown in Figure 6.11, but the origin 

may be the result of the interaction of light with the monochromator in a similar 

manner as the secondary spectral lines. While this fluorescent region was 

interesting it did not add to the objective of determining whether light scattering 

could be developed into a useful nanoparticle quantification measure. As such 

the fluorescence observed at the lower energy levels were not explored further. 

 

Figure 6.16: EEM plot of Melton’s Class A water. 

 

fDOM 
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Figure 6.17 shows an EEM plot of the same Class A water produced at the RWP 

that has been treated by high pressure filtration through a BW30 membrane in a 

bench-scale setup to 40% permeate recovery. It is clear that the organic 

components were effectively removed as evidenced by the almost complete 

reduction in the fDOM region. In addition, a notable reduction in the intensity of 

the RS and the secondary spectral lines was observed.  

 

Figure 6.17: EEM plot of RO treated Class A water. 

 

6.5.3 Scattered Light Response 

The three wastewater samples used to evaluate light scattering performance in 

terms of being able to differentiate between the treated and untreated water 

samples based on the RS intensity. The light scattering technique demonstrated 

a reduction in RS intensity after the raw water was coagulated and this provided 
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a qualitative measure of the potential reduction in particulate material between 

the feed and the subsequent treated sample.  

Treated water produced by the ATP exhibited a reduction in scattered light 

intensity between the feed water to the RO and permeate from the first stage RO. 

Interestingly, scattered light intensity increased across the second stage 

membranes where the intensity is higher than that shown for the feed to the 

second stage. Operators advised that the plant was challenged by the 

performance of the ultrafiltration unit operation and that the RO plant was 

operated intermittently. The increased intensity observed in the second stage 

permeate may be directly related to the intermittent operation of the RO plant that 

may have prompted the growth of biofilm that was disturbed when the plant was 

restarted. The observed increase in scattered light intensity suggested that 

further investigation of the performance of the RO plant was warranted, however, 

that was not possible as the operations team were focussed on different priorities 

during the sampling period. 

Biologically treated wastewater from Melbourne Water’s WTP was chemically 

treated with coagulant and samples were used to determine whether light 

scattering had the ability to discriminate between the two samples. The EEMs 

presented in Figure 6.14 and Figure 6.15 clearly demonstrate the different 

scattered light intensity between the untreated and the coagulated water sample. 

The scattered light intensity after coagulation has been reduced as a 

consequence of the applied treatment. It is interesting to note that the impact of 

coagulation on the fDOM was insignificant. 
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The Class A water produced by the Melton RWP facility that included MF and 

further treatment using RO in the laboratory exhibited a significant reduction in 

scattered light intensity and also a significant reduction in fDOM. The Rayleigh 

scattering spectra showed that some particles or colloids were still present in the 

permeate of the brackish water RO membrane used for this experiment. Light 

scattering has shown potential as a method of monitoring particles in water.  

In Figure 6.18, the EEM plot of the permeate taken at 40% RO recovery and 

spiked with 1 µg/L PMMA is presented. The plot is similar to that shown in Figure 

6.17 but with considerably higher intensity signals for RS over a wide excitation 

wavelength range. The Class A water was then subjected to a challenge test of 

1 mg/L of the same PMMA used in the spiked test. Using the secondary 

scattering Em/Ex pair of 710/355 nm, a calibration of PMMA was prepared and 

this is shown in Figure 6.19. In this case, the background scattering was corrected 

by normalising the data to the scattering of a water sample with no PMMA added. 

The response is clearly linear with a very high R2 value and based on this data. 

The LRV of the challenged, uncompromised, membrane was determined to be 

6.6 log10. It is interesting to note that Raman scattering is evident just above the 

Em/Ex range of 220-300/240-320 nm. 

A limitation of the Shimadzu RF501 spectrofluorometer was that the instrument 

was not designed to measure the emission intensity at the same excitation 

wavelength. The instrument it is primarily designed to analyse fluorescence 

rather than scattering although the secondary spectral intensities are readily 

measurable. Therefore, manually setting the excitation and emission wavelength 

at the same value to produce calibration curves for the RS line was required in 
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order to capture the RS intensities in response to the particles present in the 

samples. 

 

Figure 6.18 : EEM plot of permeate spiked with PMMA. 

 

 

Figure 6.19: Calibration curve of 30 nm PMMA in MilliQ water. 
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The literature presented in Section 6.2.4 by a variety of researchers used the 

primary and secondary light scattering spectral lines to quantify nanoparticles and 

molecules in solution. These references were used to guide the direction of the 

current research using light scattering phenomenon. Consequently, this work 

reports RS and, in some cases, the secondary spectral lines to quantify the 

synthesised PMMA nanoparticles that can represent even the smallest virus 

particles. 

It is important to reiterate that the secondary spectral lines are artefacts of the 

grating and light source interaction as confirmed in earlier data. The significance 

of secondary spectral lines is that it provides a reliable representation of the lower 

Em/Ex data that can also be used as a calibration tool even though they are an 

artefact of the interaction of the incident light and the diffraction grating that 

provides light at half and double the incident wavelength.  

6.5.4 Bench-scale Detection of Applied Defects 

Tests were performed using bench-scale BW30 flat sheet cell to determine 

whether the RS technique could detect an applied defect. One membrane was 

scratched on the surface and a hole was placed in another by piercing through 

with a syringe needle. Each of the membranes was subjected to a challenge test 

using 4 mg/L of relatively large PMMA particles (ca. 300 nm) that had been 

calibrated as shown in Figure 6.20. In this case, the RS pair at 700 nm was 

selected and it is clear that an excellent correlation exists between concentration 

and RS intensity confirming the application of this method for these larger 

particles although the sensitivity is considerably lower than the smaller particles 

shown previously. Again, the background scattering was corrected by 



Chapter 6 212 

normalising the data to the scattering of a permeate sample with no PMMA 

added. The LRV results of the challenge test are shown in Table 6.1 and it is 

evident that the technique can clearly identify a membrane with a large defect 

such as a hole that was > 0.5 µm in diameter. A scratched membrane surface 

may not be sufficiently damaged to allow a particle of this size to pass through to 

the permeate, however, even under the test conditions, the LRVs are high.  

 

Figure 6.20: Calibration curve of 300 nm PMMA in MilliQ water.  

 

Table 6.1: LRVs for RO membranes with defects. 

 

Defect type LRV 

Membrane with no defect 4.28 ± 0.21 

Scratched membrane 4.21 ± 0.09 

Membrane with hole 3.71 ± 0.08 
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6.5.5 Pilot Testing 

Challenging the membrane with 90 nm PMMA particles using the scattering 

technique tested the long-term integrity of a 4” BW30 membrane element but in 

this case, the secondary scattering spectral pair of excitation/emission 

wavelengths at 300/600 nm was selected. Permeate sampling was performed 

hourly but only up to six times per day so the testing was conducted over a long 

period of time rather than as a discrete test. Figure 6.21 shows the calibration 

using the secondary spectral pair and a good correlation exists as the artefact 

spectral line is a true reflection of the upper range of the RS line.  

 

Figure 6.21: Calibration curve of 90 nm PMMA in MilliQ water. 

Figure 6.22 shows the LRVs of the permeate over the testing period with little 

change in the LRV observed for an intact membrane as would normally be 

expected. The average LRV was ca. 5.05 ± 0.13 and that is much higher than the 

maximum of 2 log10 that can be credited to a high pressure element under current 

conditions in the Australian water industry using conductivity (Victorian 



Chapter 6 214 

Government Department of Health 2013). Moreover, a slight upward trend in LRV 

is apparent and this may be expected for a new membrane element as rejection 

improves following compaction during initial use. The test was conducted over 4 

½ days using the pilot scale rig with the feed temperature kept constant for the 

duration of the test. The low variability in LRV presented in Figure 6.22 illustrates 

the stability of the monitoring technique with minor deviations and the ability to 

recognise the effect of membrane conditioning provided by a rising trend in LRV. 

 

Figure 6.22: LRVs for 4” BW30 intact element. 

 

This data supported the view that light scattering and more particularly, RS, had 

the potential to quantify nano-sized particles in permeate produced by high 

pressure membranes. The use of RS and the artefact secondary spectral lines 

can be translated to provide an unambiguous correlation to nanoparticle 

concentrations in permeate. Further evidence of this relationship is provided in 

the following section where the results of full-scale tests using Australia’s first 

proposed DPR facility are reported. 
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6.5.6 Full-Scale Challenge Testing 

Challenge tests were performed at the Australian Antarctic Division (AAD) 

wastewater recycling pilot plant located at the TasWater treatment facility in 

Hobart, Tasmania. While the facility was small it did represent Australia’s first 

proposed direct potable reuse scheme, although in this case its main purpose will 

be to reduce environmental contamination in an ecologically sensitive 

environment at Davis Station in the Antarctic. 

The full-scale testing was conducted on a five-element array and each pressure 

vessel contained one RO membrane element as shown in Figure 6.8. The system 

was operated at 70% recovery with feed/permeate sampling points and 

conductivity monitoring provided for each element. Testing was conducted over 

two days in the order of the nanoparticle test, the mixed dye test, and then the 

MS2 challenge test. The feed tank was emptied and the system flushed between 

tests. The average flux and permeate flows determined at the time of each 

challenge test are shown in Table 6.2. 

 

Table 6.2: Average normalised flux values. 

 

Challenge test 
Permeate flow 

(L/min) 
Flux 

(L/m2/h/bar) 

PMMA 13.84 ± 0.13 2.88 ± 0.03 

Mixed Dyes 13.95 ± 0.12 2.81 ± 0.04 

MS2 13.43 ± 0.02 3.02 ± 0.01 
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6.5.7 Full-scale Nanoparticle Challenge Test 

A PMMA nanoparticle challenge test was performed on the RO system with an 

initial 2 mg/L concentration of 30 nm nanoparticles in the RO feed tank. For the 

feed, concentrate, RO5 permeate and mixed permeate samples, the 

nanoparticles were quantified by TOC analysis. This form of analysis was used 

because the high concentration of nanoparticles saturated the spectrofluorometer 

detector as the instrument was not specifically fitted with high range light 

scattering detectors.  

Rayleigh light scattering was used to quantify the untagged nanoparticles at very 

low concentrations for permeate samples taken from the intact RO membrane 

elements. Figure 6.23 shows the RS calibration curve for the 30 nm particles 

using the Em/Ex pair of 400/400 nm and a strong linear correlation was observed. 

In this case, the data is shown without background corrections to show the RS 

intensity of the RO permeate without PMMA. The geometric averages for LRV 

were determined across each membrane and are presented in Figure 6.24. An 

average LRV of 5.15 ± 0.14 log10 was obtained for the intact elements, with slight 

increases between the elements as a result of the increasing feed concentration. 

The compromised membrane and the mixed permeate samples reported less 

than 1 log10 LRV in both cases. 
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Figure 6.23: RS calibration curve for 30 nm PMMA. 

 

 

 

Figure 6.24: Geometric average LRVs for the nanoparticle challenge test. 
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6.5.8 Full-scale Mixed Tracer Dye Test  

A mixed tracer dye test was used, as it was evident that the detection of the 

individual dyes was possible using both UV and fluorescence. However, there 

appears to have been a reduction in PyTS sensitivity compared to the individual 

screening tests reported in Chapter 3. The presence of the other fluorescent 

dyes, UR and RWT, may have partially quenched the PyTS fluorescence in the 

mixed solution. The calibration was still considered valid even though the 

fluorescence intensity was slightly diminished. 

The concentration of the dye was determined by UV absorbance for the feed, 

concentrate and compromised membrane/mixed permeate samples. An example 

of a UV spectrum for the mixed dye solution is presented in Figure 6.25 and the 

calibration curves for the UV and fluorescence measurements are given in Figure 

6.26 (a) and (b) respectively. It was important to establish whether the individual 

fluorescent dyes could be detected without interference from the other dyes used 

in the mixed solution. Figure 6.26 illustrated that detecting individual fluorescent 

dyes in a mixed solution was possible and their measurement by spectroscopy 

did not interfere with each other. At the same initial concentration, RWT showed 

the highest sensitivity followed by PyTS then UR, for both the UV and 

fluorescence measurements. In this study, the fluorescence measurements were 

performed with standard laboratory fluorescence detectors.  
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Figure 6.25: UV absorbance of mixed dye solution at 1 ppm each dye. 

 

 

 

Figure 6.26: Calibration curves for fluorescent tracer dyes 

(a) UV absorbance and (b) fluorescence intensity. 
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The geometrically averaged LRVs determined across each membrane for the 

three dyes are presented in Figure 6.27 with LRVs greater than 4 log10 obtained 

for each dye for the intact membranes, and higher LRVs obtained for RWT 

(4.87 ± 0.38) than PyTS (4.23 ± 0.12) and UR (4.22 ± 0.10) at the same 

concentrations. Much lower LRVs were obtained for the compromised element 

and the mixed permeate as expected. The LRV across the feed to RO1 and the 

permeate from RO4 was also greater than 4 log10 for each dye. The highest LRV 

result was reported using RWT with UR and PyTS displaying almost identical 

LRV responses. The RWT dye provided an LRV 0.5 log10 more than either PyTS 

or UR RWT also reported greater variability.  

Increasing LRV through the intact RO membrane arrays may be expected 

because the reject from the preceding membrane becomes the feed to the 

subsequent membrane. This phenomenon was exhibited by the nanoparticles 

(Figure 6.24) but the results for the dyes did not display such a trend in LRV 

across the first four membranes. The variation and lack of consistency suggests 

that the fluorescence response may have been affected by the increasing 

concentration of salinity or other chemical or environmental exposure highlighted 

during the screening tests reported previously in Chapter 3. Treated water 

delivered to a DPR facility would be subject to varying salinity, especially during 

wet weather events and under these conditions the variability of LRV results may 

be compromised unless auto calibration was a feature of dye challenge testing. 
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Figure 6.27: Geometric average LRVs for the mixed dye challenge test. 

 

6.5.9 Full-scale MS2 Challenge Test 

The results of the MS2 bacteriophage challenge test performed on the system 

are shown in Figure 6.28 with greater an average 6.46 ± 0.88 log10 LRV obtained 

across the intact elements. In each case, no MS2 was determined in the 

permeate samples so the calculated LRV is given by log10(feed concentration). 

The inability to observe any MS2 bacteriophage was reported as less than the 

limit of detection and on that basis the maximum LRV was ascribed to the result. 

The error associated with the measurement of the MS2 in the feed is also 

relatively high in comparison to the PMMA nanoparticles and dyes reported 

previously. A considerable quantity of MS2 passed through the defect in RO5 into 

the permeate that resulted in less than 1 log10 LRV and subsequently ca. 2.5 log10 

LRV in the mixed permeate.  
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Figure 6.28: Geometric average LRVs for the MS2 challenge test.  

 

Figure 6.29 shows the comparison between the three series of challenge tests 

and with the exception of the mixed permeate, the trend in LRVs follows MS2 > 

PMMA nanoparticles > RWT. It is also clear that there is a high error involved in 

the measurement of the MS2 and this is a result of the multiple serial dilutions 

needed to enumerate the MS2 in order to obtain measurable plate counts. The 

observed LRV for fluorescent dyes was lower than that provided by the PMMA 

nanoparticles. This observation was in accord with the more conservative nature 

of LRV results obtained by using fluorescent dyes because more of the dye 

passed through membranes with imperfections that would otherwise reject virus 

sized nanoparticles. 
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Figure 6.29: Geometric average LRVs for the three challenge tests. 

 

Figure 6.30 illustrates the variability of the LRVs determined for all three 

challenge tests with a comparison of the LRV data shown in Table 6.6. The RWT 

dye displayed greater LRV variability compared to that provided by PMMA 

nanoparticles in terms of LRV across individual membranes and along the 

membrane array. An increasing LRV trend along the membrane array for the first 

four membranes should have been evident because the feed concentration of the 

surrogate increased along the array as the majority of the surrogate was rejected 

but the volume was reduced by the set recovery rate. The challenge test using 

PMMA nanoparticles showed the LRV steadily increased along the first four 

membranes in the array whereas the RWT LRV results were more inconsistent 

and reported a slight decline in LRV. This erratic behaviour may be the result of 

an interaction with an increased concentration of salinity or another compound 

concentrated along the array. This effect was featured by the results from 

screening results reported in Chapter 3 where the fluorescence was affected by 
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environmental and chemical exposure. In addition to the erratic LRV across the 

array reported for the fluorescent dye, the LRV variability for individual 

membranes was also greater than that reported for the PMMA nanoparticles. 

These LRV results suggest that challenge tests using dyes may provide greater 

variability and that the PMMA nanoparticles represent a more stable integrity 

challenge test. 

 

Figure 6.30: LRV standard deviations for the three challenge tests. 

Table 6.3: Membrane integrity performance for different surrogates 

Challenge Test Surrogate LRV 

MS2 Bacteriophage 6.46 ± 0.88 

RWT Fluorescent Dye 4.87 ± 0.38 

PMMA nanoparticles 5.15 ± 0.14 

 

Further examination of the data indicated that the LRV reported in the mixed 

permeate across all of the membranes in the array using RWT was higher than 

that provided by the integrity test using PMMA nanoparticles. However, the data 
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for each individual membrane in the array shows that the LRV using RWT was 

consistently lower than that reported for the PMMA nanoparticle challenge tests. 

This inconsistency suggests that the reliability and the precision of LRV using 

RWT may be difficult to interpret performance. If a challenge test was conducted 

regularly during the day it would be difficult to reconcile whether the variability 

observed in the data was representative of performance. 

Overall, for intact elements, the MS2 challenge test can provide higher LRVs that 

are considerably greater than the current credits attributed to RO systems. The 

mixed permeate LRV results indicate that the PMMA nanoparticles provided a 

more conservative result than that reported for RWT but this is contrary to the 

LRV reported for each of the five individual membranes where RWT provided 

more conservative results. 

6.5.10 Full-scale Salt Rejection 

The RO system design (see Figure 6.8) enabled continuous monitoring of the 

permeate and feed/concentrate conductivity of each element. The conductivity 

LRVs were determined at the same time as the samples taken for each challenge 

test and the results are shown in Figure 6.31. For the intact elements, the results 

were similar for each challenge test with averaged LRVs between 1.7 and 1.8 

log10 and a slightly lower LRV across the four elements. For the mixed permeate 

and the compromised membrane, the LRVs were considerably lower between 

0.7 and 0.9 log10. This is consistent with the perception that LRVs measured by 

conductivity offer only a very conservative measure of the system LRV and are 

not an accurate depiction of the overall integrity of the system. 
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Figure 6.31: Geometric average salt rejection LRVs. 

 

The difference between the LRVs obtained by measuring conductivity or by light 

scattering of the PMMA nanoparticles is best presented in Figure 6.32. This data 

clearly demonstrates that conductivity fell well short of the integrity results 

provided by the three methods tested. Slightly higher LRVs were obtained for the 

compromised membrane and the mixed permeate and this is due to the lower 

influent conductivity used in the LRV calculation. 
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Figure 6.32: Comparison of concurrent LRVs for salt rejection and RS. 

 

6.5.11 Commercial Instruments 

The techniques investigated and developed throughout this project have relied 

on common laboratory scale analytical spectrofluorometers, namely Shimadzu 

RF-501 and Perkin Elmer LS-50 instruments. These devices are bench-scale 

laboratory instruments so all testing was performed offline, although whenever 

possible, samples were tested on the same day as sampling was conducted. The 

Perkin Elmer instrument was used for the flow-through cell bench-scale tests 

previously discussed in Chapter 5, but only the Shimadzu device was used to 

measure the RS data. These instruments are primarily designed to detect 

fluorescence across a range of wavelengths not to detect scattered light. 

Additionally, typical laboratory based instruments such as these are not designed 

for online applications in the field. 
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There are a limited number of portable field instruments that could potentially be 

used to measure RS, although some of these are designed with software that 

specifically subtracts any light scattering signals as “interference”. Table 6.4 lists 

some of the currently available instruments with their advantages and limitations.  

Table 6.4: Potential field instruments for RS detection. 

Instrument supplier, details Advantages, limitations, cost 

Stellarnet Scientific (US) 
c/- Warsash Scientific Pty Ltd (NSW) 

Portable field instrument 

 

 No EEM capability, need to change out 
LEDs to alter excitation wavelength 

 Can apply a flow-through cell 

 Unit costs: <$10k 
 

http://www.stellarnet.us/PopularConfigurations_fluorosystem.htm 

Laser Diagnostic Instruments AS 
(Estonia) 
Instant Screener - portable scanning 
fluorescence spectrophotometer 

 

 Ex/Em wavelength range from 
200-750/200-750 nm but increased 
range is possible 

 Unit costs: € 24,900, carry case & 
adapter € 380 (excl. VAT) 

 Flow through cell integrated with 
instrument under development 

 Current availability unknown 

http://www.ldi.ee/index.php?main=399 

Ocean Optics (US) 
c/- Lastek Pty Ltd (SA) 

Aqualog, bench top unit 
 

 

 Ex wavelength range 200-650 nm but 
can be extended up to 800 nm 

 Applies correction of inner-filter effects 
and Rayleigh and Raman scattering 
lines 

 Unit cost: AUD$42-50K 

 Flow through cell for online 
applications under development 

http://www.horiba.com/scientific/products/fluorescence-spectroscopy/steady-
state/aqualog/aqualog-r-our-compact-benchtop-fluorometer-for-cdom-13031/ 

http://www.stellarnet.us/PopularConfigurations_fluorosystem.htm
http://www.ldi.ee/index.php?main=399
http://www.horiba.com/scientific/products/fluorescence-spectroscopy/steady-state/aqualog/aqualog-r-our-compact-benchtop-fluorometer-for-cdom-13031/
http://www.horiba.com/scientific/products/fluorescence-spectroscopy/steady-state/aqualog/aqualog-r-our-compact-benchtop-fluorometer-for-cdom-13031/
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The Stellarnet instrument is the most portable and least expensive option 

although there is no easy method to perform EEMs without modifying the unit. 

The Aqualog device is not technically portable but it is widely used to record 

EEMs and perform quantitative analyses. However, the software has built in 

functions that remove the Rayleigh scattering lines that are the main feature of 

the proposed technique. Perhaps the best option in this current list is the Instant 

Screener that is portable and scans EEMs, and discussions with an Estonian 

manufacturer indicated that flow-through capabilities could be integrated into the 

system. 

Flow through cells are available and must be integrated with the instrumentation. 

It is also relatively expensive and there are no local or national suppliers for this 

device in Australia with limited access available from the manufacturer. Another 

alternative is to custom build a system based on a high-energy laser and 

detectors that are widely available that include suppliers like Ocean Optics. The 

use of high energy lasers and multiple detectors across a range of detection limits 

can potentially intensify the observed signal leading to even lower detection limits. 

Although the final development of the technique will involve the measurement of 

a “fluorescence” intensity at single or multiple RS wavelength pairs, the ability to 

also measure EEMs could offer an additional water quality parameter that could 

be used as a trigger to identify compromised membrane system integrity in full-

scale plants in real-time while monitoring permeate flows online. The use of EEM 

can be used in the same sense that coal miners during the 19th century used 

canaries to detect the presence of methane gas underground and, therefore, can 

be seen as the modern day ‘canary’ to provide an indication of a possible breach 
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in membrane system integrity. Nanoparticles afford better detection of impaired 

membrane performance that would allow passage of virus whereas fluorescent 

dyes are at least twenty times smaller and highlight “impairments” in membranes 

that would otherwise reject virus. Fluorescent dyes can detect membrane 

impairment developed through aging processes, contact with oxidants, and 

aggressive CIP regimes that could individually or in combination that would still 

render the membrane fit for purpose. Including EEM in a membrane integrity 

surveillance technique could be used as a trigger to initiate an automated 

challenge test that would increase surveillance security. 

Using the same instrument, EEMs could be automatically recorded more 

frequently and used as a qualitative measure by collecting EEMs into a library 

and running qualitative comparisons. Increases in the fluorescence intensity in 

the fDOM regions, for example, may indicate an integrity breach somewhere in 

the system that could then be isolated by a challenge test. The challenge 

technique based on PMMA nanoparticles and RS light scattering measurements 

could be performed intermittently, once a day, week or month for example, to 

determine the system LRV or could be initiated when the presence of fluorescent 

fDOM was reported. 

6.5.12 Costs to Implement at Full-scale 

The cost of materials required to produce 1 kg of PMMA nanoparticles is shown 

in Table 6.5. Other production costs include water, electricity costs for heating to 

70°C, other costs that may be required to concentrate dilute particles, applied 

labour and production facility utilisation. The cost of commercial fluorescent 

polystyrene nanoparticles can vary from around $75 to more than $500 for a 
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sample vial containing around 2.5% w/v solids. This represents a cost of between 

$4/kL and $26.70/kL of treated water and that is a huge impost on service 

providers and consumers alike, and is between two and three orders of 

magnitude than that established as an acceptable target for a non-microbial 

surrogate at $0.02/kL of treated water. 

Discussions with a local supplier of industrial chemicals to industry (Challons 

2013) indicated that any price reduction for fluorescently tagged nanoparticles 

would not represent a significant saving because the market supply was small 

and any additional consumption would require production expansion. Demand 

would have to be established and assured before producers would invest in 

expanding production to satisfy a new unproven market demand. 

The cost of chemicals to produce PMMA nanoparticles for the experiments have 

been based on the minimum commercial unit costs provided by Consolidated 

Chemicals Pty Ltd (based on 2014 costs), and were used to establish the unit 

cost per kL of treated water. The unit costs identified in Table 6.5 represent the 

minimum commercial order quantities and will ensure a conservative costing 

approach as greater quantities of the raw materials will realize lower unit prices 

through bulk purchasing discounts. 

Table 6.5: Cost analysis of PMMA synthesis. 

 $/kg# 
Minimum 

quantity (kg) 
Cost per kg of 

PMMA* 

MMA monomer  $8.00 190 $8.80 

Initiator $17.20 25 $0.53 

Surfactant $16.30 25 $0.36 

Total   $9.68 

*assuming 1:1 reaction plus 10%, #minimum commercial order quantities 
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One of the objectives of this research was to identify or produce a non- microbial 

surrogate that would add less than $0.02/kL of treated water to reduce the direct 

cost to the service provider and ultimately to the consumer while providing 

regulators with real-time membrane integrity performance monitoring.  In addition 

to the costs of raw materials, the provision for production costs must be allowed 

to properly assess the cost per unit volume of treated water. The material costs 

identified in the table above would typically be increased by 300% to allow for 

production costs, marketing and margin (Challons 2015). 

The cost of the PMMA nanoparticle supply translates to $0.052/kL to provide a 

dose of 1 mg/L into the feed at a feed flow rate of 1 ML/h, which is a moderately 

sized treatment facility equivalent to 24 ML/d or 6.34 MG/d. The choice of feed 

concentration was based on the sensitivity of the technique and the capacity to 

measure at least 5 log removal by applying a dose of 106 ng/L (1 mg/L) and 

reporting as little as 10 ng/L. The operating cost associated with the nanoparticle 

is based on a conservative 75% recovery rate from the membrane plant and a 

membrane integrity testing schedule of one hour or for 1 ML per day. The cost 

per day of using a daily membrane integrity test would then become $0.002/kL, 

an order of magnitude less than the original objective identified. This would 

enable the service provider to monitor membrane integrity 40% of the operating 

day for 10 hours at $0.02/d, well within the operating budget of any organisation 

and would not represent a significant impost by regulators on service providers 

to assure membrane integrity. An important point to note is that membrane 

integrity surveillance does not occur on such a frequent basis but rather on a daily 

frequency, or less often, as the case may merit.  
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In the event that membrane monitoring was conducted for one hour every day 

the cost of the non-microbial surrogate would only be $0.002/d. The cost of the 

analytical instrumentation and sampling array would be depreciated over a five-

year period so the initial capital cost of around $125,000 would translate as $9/ML 

based on the following parameters; 

 Set the cost of money at 20% over five years, 

 Apply a zero residual value after five years, 

 Use a plant production rate of 24 ML/d at 75% recovery rate, 

 Provide for 95% availability that provides over 18 days for annual 

maintenance. 

It is important to recognise that a membrane integrity monitoring system extends 

beyond the provision of an appropriate instrument and the synthesised 

nanoparticles but includes a number of components to be integrated. The capital 

cost was developed based on the following component items. 

 A light scattering instrument using the Laser Diagnostics Instant Screener 

as a benchmark (A$40,000 based on a Euro/AUD exchange rate of 0.65 

Dec 2015). Provision of an additional $20,000 was included to provide 

additional detectors for the different range of intensities provided by more 

or less material in the continuous sample. The detectors can be damaged 

if subjected to excessive light intensity so electronic isolation is required 

to protect each detector. 

 Electrical and instrumentation cubicles as a complete assembly that 

provides IP67 protection against the ingress of water jets and dust 

(estimated at $15,000). 
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 A precision dosing system using stainless steel components and tubing 

to add the nanoparticles and calibrated solutions (estimated at $20,000). 

 Magnetic flow meters, in line flow element integrated with the light 

scattering instrument, valving and associated control hardware and 

software (estimated at $15,000). 

 Galvanised skid fitted with supports for the panel, chemical dosing 

equipment, non-microbial surrogate storage and inlet feed water valve 

array (estimated at $15,000). 

This accounts for an additional $0.009/kL or $215.76/d as the recurrent cost of 

owning and operating the integrated membrane integrity system. This satisfies 

the cost of implementation and recurrent cost associated with the dosing of 

PMMA as the non-microbial surrogate to monitor high pressure membrane 

system integrity. 

6.6 Conclusions 

Successful membrane integrity monitoring requires a sensitive and accurate 

monitoring technique that can mimic the smallest of viruses quantitatively. 

Detection of synthesised PMMA nanoparticles that were equal in size with the 

smallest enteric virus at 30 nm were successfully detected using light scattering 

intensity and the techniques was demonstrated through pilot and full-scale 

membrane integrity challenge testing conducted during this study. Synthesised 

PMMA nanoparticles at the same scale as the 30 nm poliovirus, selected as the 

target virus, were detected and quantified to determine the system LRV. The 

technique using PMMA non-microbial surrogates and RS light intensity to 

quantify the LRV for high pressure membrane systems compared favourably with 
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challenge tests using fluorescent dyes and provided conservative LRV compared 

to MS2 bacteriophage. The scattered light membrane integrity monitoring 

technique has been shown to determine system integrity, rather than just 

membrane integrity. Integrity testing in real-time was demonstrated using a flow 

through cell measuring a pulsed dose challenge test with fluorescent dyes at the 

bench scale. This is a promising development that has the potential to be 

extended to RS measurements in the future. 

The challenge tests performed on the 5 element pilot scale RO system in 

Australia consisted of continuous dosing of nanoparticles, mixed fluorescent 

tracer dyes and MS2 bacteriophage. The challenge tests were performed 

separately under similar flux conditions and LRV results from each challenge test 

showed that each of the fluorescent dyes in the mixed dye challenge test was 

able to report greater than 4 LRV while detection of the PMMA nanoparticles 

reported greater than 5 LRV. These data illustrated the more conservative results 

obtained using fluorescent dyes compared to virus-sized particles. 

The challenge test using MS2 bacteriophage reported greater than 6 log10 LRV 

but the inability to enumerate any bacteriophage in the permeate for intact 

membranes resulted in the highest LRV because the denominator was set to 

unity so the feed concentration was used to calculate LRV. Regardless of this 

significant limitation, the key issue revolved around the timely production of the 

rejection capacity of the membrane system which not possible using a biological 

surrogate. Challenge tests using fluorescent dyes were able to provide real-time 

information on the performance of the entire membrane system with better than 

the 4 log10 LRV established threshold value for this research. Using the same 
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flow through cell technology it is clear that a challenge test using PMMA 

nanoparticles could deliver rejection performance data in real-time. 

The cost to synthesize PMMA nanoparticles that could mimic a small 30 nm virus 

particle was estimated to be well below the threshold of $0.02/kL of treated water 

established as a key objective. In addition, a review of commercially available 

instruments able to measure scattered light intensity with high sensitivity and 

resolution identified several instruments currently available, however, 

modifications were required for complete integration to occur. The cost to develop 

and implement instrumentation that can measure light scattering intensity 

coupled to the equipment required to control the application of nanoparticles was 

developed and shown to be equal to current online instrumentation such as TOC 

instruments. These instruments can provide an LRV but as has been previously 

noted the results provide a 2 log10 LRV at best. 

As expected, the salt rejection LRV results measured concurrently with each 

challenge test resulted in much lower LRVs due to the relatively low influent salt 

content and limitations of the detection of conductivity. A comparison of the four 

challenge tests used during this study is presented in Table 6.6, and shows that 

the non-microbial surrogate using a synthesised nanoparticle to challenge 

membrane integrity developed through this research provide the highest LRV 

provided by non-microbial surrogates. The stability and low variability of the 

measured LRV was a feature of the PMMA nanoparticles and the ability to 

recognise a trend in the LRV across membranes in an array was equal to that 

reported by the challenge test using MS2 bacteriophage. The ability to recognise 

membrane rejection performance using PMMA nanoparticles has the potential to 
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equal that provided by dyes and electrical conductivity, however, the stability, 

reliability, resolution and precision make the use of PMMA nanoparticles the 

preferred choice as a non-microbial surrogate. 

Table 6.6: Challenge test comparison. 

Challenge Test Advantages Disadvantages 

Tracer Dyes  High sensitivity 

 Rapid fluorescence 
detection 

 Low toxicity 

 More expensive than the 
targeted cost. 

 Sensitive to different 
chemical and 
environmental exposure 

 Sensitive to temperature 

 Highly absorbent on 
membrane surface 

 Not representative of a 
virus 

MS2 Bacterio-
phage 

 Good virus surrogate 

 Widely accepted 
challenge test 

 Live organism, needs 
specialised operator to 
test and analyse 

 Can only measuring live 
virus 

 Offline analysis, 24-48 h 

 Very expensive 

Nanoparticle  Good virus surrogate 

 Rapid measurement, 
potentially online 

 High sensitivity  

 Proof of concept provided 
high LRV 

 Lower implementation 
cost versus other 
challenge tests 

 New technique still under 
development. 

 Existing light scattering 
instrumentation requires 
modifications 

Conductivity  Continuous online 
measurement 

 Inexpensive to implement 

 Very low LRV capability 

 Not representative of virus 

 Variations in temperature 
affect the response. 

 

The results reported in this Chapter clearly demonstrate that the key objectives 

of this research have been met and exceeded. The ability to measure small virus 

scale particles using a synthesised nanoparticle by measuring the scattered light 

intensity has been demonstrated and compares favourably with the existing 

methods of membrane integrity testing. 
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Chapter 7  Conclusions and Recommendations 

7.1 The Target 

Increasing urbanization, industrial activities and population growth will challenge 

conventional water supplies and drive producers and consumers towards a world 

where single use of water is no longer sustainable. Drinking water provided by 

direct or indirect potable reuse facilities or where challenged surface or 

groundwater supplies that employ high pressure membrane systems that include 

NF and RO require high standards of quality assurance, specifically in terms of 

pathogen removal. Membrane integrity tests are very important as a monitoring 

and surveillance tool under these circumstances because they can assure the 

quality of drinking water produced by the operator and delivered to the consumer.  

The ability to recognise the true potential of high pressure membranes to reject 

virus to levels at least 4 log10 LRV, or better, in real-time and in a cost effective 

manner is currently not available. Health regulators currently do not recognise the 

true barrier potential of high pressure membranes because the current tools used 

to determine membrane integrity such as electrical conductivity or TOC, provide 

only up to 2 log10 LRV, or only 99% removal. Health regulators demand a high 

degree of security to reduce risks to public health from compromised water 

sources and treatment facilities, and the best available technology can only offer 

security that is at least one hundred fold less than high pressure membrane 

systems are capable of delivering consistently and reliably. 

The aim of this research was to identify, develop and test a real-time membrane 

integrity monitoring technique that has the capacity to identify impaired 
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membranes, and their associated system components, that allow passage of the 

smallest virus, poliovirus, at approximately 30 nm (0.03 µm) into the treated water 

supply. 

Identification of a non-microbial surrogate coupled with appropriate 

instrumentation was key objectives of this research. The ability to continuously 

monitor, in real-time, the integrity of high pressure RO and NF membranes 

required the production of non-microbial surrogates combined with an instrument 

with high resolution to meet specified targets with the following features.  

 Target the smallest virus, poliovirus, with a diameter of 30 nm to 

define the size and physical nature of the surrogate, 

 Reliable and easy method of detection that can be used online and 

provide real-time feedback, 

 Is non-toxic and is environmentally degradable, 

 Utilise a relatively inexpensive surrogate that may contribute less 

than $0.02/kL of the water treated on a continuous surveillance 

protocol. 

 Can be incorporated into new system designs (greenfield) and 

existing (brownfield) operational platforms. 

 Identify detection devices available in the market that will achieve 

surrogate detection and provide at least 4 log10 LRV.  

The outcomes of this research have led to the development of a novel membrane 

integrity and surveillance technique that is robust, reliable and meets these 

challenges. Virus was the key measure for this research because they are 
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significantly small, at around 30 nm for the poliovirus, and therefore represent a 

greater integrity challenge for high pressure membrane treatment.  

This research was able to identify a monitoring technique that was sensitive to 

10 µg/L that enabled the determination of at least 5 log10 LRV that recognised the 

higher performance capability that membrane systems are capable of providing. 

Resolution was one factor, but stability and precision are necessary to provide 

the level of assurance that a low detection limit provided reliable and consistent 

LRV results.  

The low LRV variability using synthesised PMMA nanoparticles and the low 

detection limit of 10 µg/L were key features of the new integrity test identified as 

a result of this research. Potential remains for improving sensitivity gains by using 

coherent light produced by a high energy laser to increase the intensity of RS 

response.  

7.2 Implications from the Findings 

Three membrane integrity techniques were explored and assessed to determine 

whether the performance of intact, impaired or compromised membrane 

elements, arrays or systems can quantify LRV performance up to and beyond 4 

log10. Existing as well as new and innovative techniques were examined and were 

distilled down to two techniques; namely fluorescence and light scattering. A 

selection of dyes, fluorescent chemicals, fluorescently tagged nanospheres were 

assessed to determine whether the any could be used as reliable surrogates and 

provide the level of detection required to meet the objectives of this research. 
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The key aspect of this research was to identify a non-microbial surrogate for the 

smallest enteric virus, polio, which is 30 nm in diameter. The development of a 

polymeric nanoparticle at the same scale as poliovirus coupled with an innovative 

light scattering measurement technique was explored to determine the capacity 

to verify membrane system performance of at least 4 log10 LRV. The results of 

the range of experiments subsequently led to the identification of a new and 

innovative high pressure membrane integrity monitoring technique. 

7.2.1 Chemical Dyes  

Eight dyes commonly used in food production and as tracers in environmental 

studies, identified in Table 3.1, were examined to determine whether they met the 

established criteria. It became obvious when the absorbance of the dyes was 

measured and calibration curves were developed that the blue/green dyes were 

more sensitive than the red/yellow dyes. The higher sensitivity of the blue/green 

dyes led to the selection of Brilliant Blue (BB) and Fast Green (FG) dyes for 

further assessment. 

Although FG was slightly more sensitive than the BB dye, the limit of detection 

was relatively poor at around 2 mg/L that would limit the potential LRV 

measurement to 2 log10 only if a feed dose of 100 mg/L was applied. Clearly, the 

application of such a significant dose to achieve a modest LRV defeated the 

objective of measuring at least 4 log10 LRV. The stability of the selected dyes was 

also challenged by a range of factors, but most notably by UV exposure, the 

presence of oxidants, pH and temperature. The poor stability of these dyes 

coupled with their poor sensitivity resulting in poor limits of detection was 
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sufficient evidence to discount them as potential surrogates form further 

consideration.  

7.2.2 Fluorescent Dyes and Chemicals 

A range of fluorescent dyes and chemicals were examined to determine whether 

they could satisfy the objectives of this research. Vitamin B-12 (RB) and quinine 

(QN) were the two fluorescent chemicals selected along with Rhodamine WT 

(RWT), Uranine (UR) and pyrene-tetrasulfonic acid tetrasodium salt (PyTS), 

three fluorescent dyes, selected for testing against the established criteria. 

The RB and QN fluorescent chemicals were shown to be at least one hundred 

fold less sensitive than the fluorescent chemicals that offered better detection 

limits. The poor sensitivity with high concentrations required to elicit a strong 

fluorescence response resulted in the termination of any further screening of 

these two fluorescent chemicals. 

The fluorescent dyes displayed strong fluorescent signatures at very low 

concentration with PyTS dye consistently showing the highest sensitivity followed 

by RWT then UR in the bench scale tests. These results are in contrast to those 

of Frenkel and Cohen (2014) who reported higher sensitivity of UR than RWT. 

The fluorescent dyes provided effective detection limits greater than 5 µg/L for 

UR, around 2 µg/L for RWT and <1 µg/L for PyTS satisfying a key consideration 

of sensitivity. The PyTS dye provided a better sensitivity at moderate 

fluorescence levels compared to RWT and UR without any environmental or 

chemical conditions that may suppress the fluorescent response.  
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The fluorescence response from each of the dyes was tested under different 

chemical and environmental conditions that included temperature, pH, mono- and 

divalent salts, oxidants, UV exposure and a mixed matrix provided by RO feed 

water and permeate sourced form a tertiary wastewater treatment plant using 

activated sludge and membrane filtration pre-treatment. Each dye was tested 

under each condition in isolation with the RO feed water and permeate the only 

situation where the fluorescent dyes were exposed to a mixed matrix. 

A temperature change from 10 to 30°C reduced PyTS fluorescence by 18%, the 

least affected, while the most affected was RWT with a 37% reduction in 

fluorescence. This response has a seasonal impact unless the source water is 

affected by industrial discharges such as cooling water from a power station. The 

reduced fluorescence intensity as temperature increased also has the potential 

to reduce the LRV. Warmer water may require a greater application of dye to 

compensate for the lower fluorescence intensity at higher temperature, otherwise 

a lower LRV will be reported as the sensitivity of permeate fluorescence is 

reduced.  

The RWT and PyTS fluorescence intensities were unaffected across the pH 

range of 5 to 7.5 but the fluorescence response for UR increased by 235%. While 

the increase in fluorescence was linear across the pH range, the pH across a 

membrane can vary depending on temperature and the amount of dissolved 

carbon dioxide present in the permeate. The ability to calibrate for these complex 

conditions indicates that the application of UR may be severely limited. The ability 

to reliably measure pH in low salinity water also challenges the ability to 

adequately calibrate the fluorescent response across varying pH in permeate. 
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Frenkel and Cohen (2014) reported that RWT and UR were relatively stable with 

pH, however, the screening tests conducted in the present study indicated that 

this is not the case for UR and may significantly limit the use of this dye. The 

authors (Frenkel and Cohen 2014) also used very high concentrations of dyes at 

2.5 mg/L, which depending on the instrument used, may be considered outside 

the range of quantitative fluorescence. Further, this high concentration may be 

potentially self-quenching where the lower frequency fluorescent emissions are 

absorbed and do not have sufficient energy to excite adjacent molecules to 

fluoresce. 

The effect of mono- and di-valent salt solutions on the fluorescent dyes PyTS and 

RWT were minimal, but the UR fluorescent response increased by 43% in the 

NaCl solution and by 10% in the CaCl2 solution. Fluorescence stability at higher 

NaCl concentrations in feed water may result in a degree of self-quenching that 

may adversely affect the resulting permeate fluorescence and any LRV results 

determined using the results. 

The presence of oxidants as either free chlorine or monochloramine had a 

significant impact on the stability of the fluorescence intensity for the dyes. 

Residual chlorine has a considerable impact on the fluorescence with a nonlinear 

response. Fortunately, free chlorine is not generally used to disinfect feed water 

into membrane treatment plants, however, anoxic or anaerobic ground water 

containing dissolved iron may use chlorine to remove iron before membrane 

treatment. Under such circumstances, quenching residual chlorine is essential if 

fluorescent dyes are used to detect membrane impairment. 
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Performance of the dyes in contact with monochloramine, the more likely oxidant 

used to reclaim water, produced negligible response from PyTS and RWT, but 

UR was again significantly affected with an increase in fluorescent intensity by 

more than 100%. Once again UR is the subject of a poor response that would 

adversely affect its performance in the event that monochloramine was used to 

reduce biological fouling. 

Exposure to UV light provided a mixed response with a reduction in PyTS 

fluorescence intensity by 30% after 9 hours and 20% reduction for RWT, but UR 

remained relatively stable over the test period. The emission/excitation 

wavelengths for PyTS are closer to the UVA light source so this may be a factor 

in the degradation of the fluorescent response. Packing, transporting and storing 

the dyes in opaque containers may reduce the effect of UV exposure. The shelf-

life of these dyes must be a consideration if they were purchased and stored for 

long periods of time or frequently opened and exposed to UV. 

Contact with RO feed water and permeate sourced from a tertiary wastewater 

treatment plant resulted in a slight increase in fluorescence for RWT and PyTS, 

but a substantial increase of 220% for UR. This fluorescence intensity may 

adversely affect the performance of UR by potentially self-quenching that may 

reduce the response of UR in permeate and increase the measured LRV thereby 

favourably biasing the integrity result. The interaction between UR with organic 

matter and or sodium present may influence the fluorescence intensity. However, 

it remains unclear what the fluorescence response will be when these native 

compounds in the RO feed water are rejected by RO membranes and in a limited 

way by NF membranes.  
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Clearly the stability of the fluorescence intensity in response environmental and 

chemical exposure is a key issue for the fluorescent dyes. Any surrogate must 

remain stable across a variety of water chemistries expected in feed water. 

Calibration to overcome certain conditions is only useful where the feed water 

chemistry remains constant, but this may not be the case across the membrane. 

An example is that a change in pH may be easily accounted for by preparing 

multiple calibrations and/or by online measurements, however fluctuations across 

the membrane because of changes in the concentration of dissolved gases such 

as CO2 may reduce the reliability of the integrity results.  

Overall, UR appears to be the least stable fluorescent compound where the 

fluorescence intensity invariably increased substantially across the screening 

tests, which is contrary to the findings of other researchers. Although PyTS has 

a better stability profile than RWT across the range of screening tests, access to 

PyTS is potentially problematic to use for integrity testing because it is part of a 

proprietary chemical formulation and not readily available commercially. 

The performance of the fluorescent dyes tested with membranes that were 

physically impaired indicated that UR had a higher detection limit in the permeate 

of 5 µg/L followed by RWT with 2 µg/L and PyTS had the lowest detectability at 

less than 1 µg/L. The physical size of the dyes appeared to be responsible for the 

different rejection potential with the molecular diameters estimated by computer 

simulated models indicating that the size of the molecules from smallest to largest 

was UR<PyTS<RWT. The molecular diameter reflected the rejection and 

sensitivity observed during the pulsed dose challenge tests at a pilot scale. 
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The molecular weight of the compounds in contrast, did not follow in the same 

pattern where MW from lowest to highest was Ur (378 g/mol) < RWT (532 g/mol) 

< PyTS (610 g/mol). The MW suggested that PyTS would be rejected before 

RWT but the larger molecular diameter and more complex structure of RWT 

made it more likely to be rejected before PyTS. 

Overall, PyTS provided the best response to the selection criteria closely followed 

by RWT, but the use of UR as a surrogate must be seriously challenged. The 

fluorescent dyes were very sensitive and offered the ability to detect membrane 

integrity to at least 4 log10 LRV, but should not be routinely considered as a viable 

surrogate for virus because of the implications of the limitations that various 

environmental and chemical exposure can have on the detection results. The 

dyes were between 1.1 nm and 1.5 nm in size, more than twenty-fold smaller 

than the 30 nm target virus at and as such can pass through imperfections or 

impairments in membranes that would otherwise reject virus. Consequently, LRV 

determined using fluorescent dyes would be lower and therefore more 

conservative than those achieved using virus sized nanoparticles (Frenkel and 

Cohen, 2013). 

Membrane discoloration was observed during the screening tests and was 

recognised as the adsorption of the dye by the membrane polymer.  Membrane 

staining was most notable for RWT; however, the extent of the adsorption was 

not quantitatively determined. The adsorption of dye may adversely affect the 

sensitivity of the challenge test and reduce the diagnostic capability to locate 

integrity impairment. 
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7.2.3 Pulsed Integrity Test 

It is clear that PyTS and RWT fluorescent dyes remained relatively stable across 

a range of environmental and chemical conditions and provided high sensitivity 

that met or exceeded the objective to provide 4 log10 LRV or better. The 

application of dyes to measure membrane integrity generally is generally by 

continuous dosing for a set duration at regular intervals; however, a pulsed 

application of dye provides an alternative approach. A pulsed application of dye 

for shorter durations rather than continuous application provided a stepped 

fluorescence response that diminished until the dye is no longer present. The 

dynamic change in the permeate fluorescence intensity has the potential to reveal 

the presence and characteristics of membrane impairment, as well as providing 

the ability to quantify membrane system performance.  

The results of the pulsed dye experiments clearly illustrated that this technique 

can provide a quantitative measure of integrity of a membrane system. The 

fluorescent dye was able to detect membrane impairment that would typically 

reject virus, and was able to provide a response to physical impairment directly 

imposed on the membrane. The temporal response in conjunction with the size 

and shape of the peak and tail to the passage of dye has the potential to identify 

the extent and location of the impairment that can provide operators the 

opportunity to quickly locate and replace faulty membranes, and reinstate the 

rejection capacity of the membrane system. 

Intuitively, the mass of fluorescent dye used by the pulsed application would be 

expected to be less than that used for the continuously dosed integrity challenge 

test. The reality, however, is that the pulsed application challenge test required 
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10 mg/L of fluorescent dye to be delivered to achieve a suitably sensitive 

outcome, this represents an order of magnitude higher concentration than that 

required for the continuous dosing challenge test. While the duration may be up 

to three times shorter, based on swept volume considerations, the mass of dye 

can be three times greater than a challenge test using a continuous dose for a 

longer duration.  

The response provided by the pulsed dose challenge tests indicated that this type 

of integrity challenge might be more time efficient at the expense of more dye 

used and recognised a higher rejection capacity of the membrane system than 

the implementation of a continuous challenge test. The potential for this challenge 

test to provide the rejection capacity by determining LRV in addition to the nature 

and location of the breach of integrity is a bonus. However, a cautionary note 

must be made regarding the stability of fluorescent dyes under certain 

environmental and chemical exposure as identified previously. 

7.2.4 Fluorescent Nanoparticles 

Fluorescently tagged nano- and micro-spheres were sourced from two specialist 

suppliers and were subjected to a range of environmental and chemical exposure 

in the same manner as the fluorescent dyes were screened. Four tagged 

nanospheres sourced from Sigma responded with very low sensitivity in the range 

of mg/L rather than µg/L range necessary to provide at least 4 log10 LRV, and so 

further testing was discontinued for these particles. 

The concept of adding a fluorescent tag to the nanoparticles synthesised in a 

laboratory setting was considered and experiments were conducted to determine 

whether the addition of a fluorescent tag was possible with improved detection 
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limits. Nanoparticles synthesised in the presence of a fluorescent dye such as 

RWT produced a range of diameters between 100 nm and 650 nm, too large for 

a virus surrogate. Synthesis experiments in the presence of fluorescent 

compounds resulted very poor detection limits that reaffirmed the results obtained 

from the commercially available fluorescently tagged particles. 

The detection limit and stability remain the key challenges for fluorescently 

tagged nanoparticles, as the detection limit is at least two orders of magnitude 

greater than that demonstrated using fluorescent dye compounds. Stability 

across the range of environmental and chemical conditions that the fluorescently 

tagged nano- and micro-spheres were exposed to during the screening tests was 

poor, with each of the tagged particles showing significant variation in 

fluorescence response to several of the conditions. The potential to quantify 

nanoparticles via light scattering made the quest to further develop a more 

sensitive fluorescently tagged PMMA nanoparticle, and the associated 

production costs, less relevant to this research. 

The concept of using nanosized particles as a surrogate for enteric virus remains 

valid but the use of commercially available fluorescently tagged nanoparticles 

that were tested was shown to be unsuitable due to the sensitivity limitations and 

the dose required to show 4 log10 removal capacity. Therefore, the fluorescently 

tagged nanoparticles tested do not offer a plausible replacement for the target 

virus based on poor sensitivity and stability so they cannot be used as an effective 

non-microbial surrogate. 
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7.2.5 New Membrane Integrity Monitoring Technique 

A diverse range of polymeric nanoparticles can be readily synthesised in a 

laboratory setting. Poly(methyl methacrylate) nanoparticles were synthesised 

and characterised to develop an inexpensive, potentially highly detectable, virus-

like, non-microbial surrogate for membrane integrity monitoring. The potential to 

implement the PMMA nanoparticle detection using RS at an anticipated cost less 

than the target cost of $0.02/kL of treated water is unmatched by current 

surrogates including fluorescent dyes. 

Modifications to a standard PMMA synthesis procedure were required before 

reliable production of consistently sized polymeric nanoparticles was achieved. 

The formation of stable nanoparticle suspensions was successful in more than 

95% of attempts after the synthesis procedure was refined. The particle diameter 

was influenced by a range of different factors with the addition of surfactant 

resulting in the smallest size. Importantly, the use of inert nitrogen gas purge was 

found to be unnecessary offering a potentially substantial production cost saving.  

The preparation of uniform sized PMMA nanoparticles was achieved using 

standard laboratory equipment where smallest particles with a diameter of less 

than 20 nm were synthesised. The ability to consistently and reliably produce 

PMMA nanoparticles that were of the same size as the targeted virus at 30 nm 

diameter was possible and were ideal for use as non-microbial surrogates for 

membrane integrity testing. Based on these results, it was possible to tailor the 

size of a required particle by adapting the synthesis procedure during the 

production of PMMA to satisfy any non-microbial surrogate size for other 

membrane challenge requirements. The production of PMMA particles on a 
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larger industrial scale for broader use as a non-microbial surrogate, although 

outside the scope of this research, could be readily achieved. 

Characterization of the PMMA nanoparticles resulted in the observation of some 

interesting optical properties that were used to develop a measurement method 

using light scattering phenomenon. Light incident on the PMMA nanoparticles 

produced a scattering response based on the Rayleigh scattering (RS) 

phenomenon that was subsequently shown to be capable of detecting and 

quantifying the synthesised PMMA nanoparticles without adding fluorescent 

dyes. Light scattering was confirmed in 2D fluorescence EEMs that showed the 

Rayleigh light scattering phenomenon was sensitive to low concentrations of 

nanoparticles and could be used as a reliable quantification technique. 

Using RS to measure PMMA nanoparticles as a non-microbial surrogate for 

poliovirus provided a highly sensitive technique that met and exceeded the target 

LRV detection of at least 4 log10.  Furthermore, it is possible to integrate a flow-

through sensor to provide real-time quantification of the rejection capacity of the 

membrane and the associated equipment that is integrated to develop a system. 

The synthesised PMMA nanoparticles that were equal in size with the smallest 

enteric virus (ca. 30 nm) were successfully detected using light scattering 

intensity as demonstrated through pilot and full-scale membrane integrity 

challenge testing conducted during this study. Synthesised PMMA nanoparticles 

were detected and quantified that enabled the system LRV to be determined and 

the technique compared favourably with challenge tests using fluorescent dyes 

and MS2 bacteriophage. The RS membrane integrity monitoring technique has 
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been shown to determine overall system integrity, rather than just single element 

membrane integrity.  

Challenge tests were performed on Australia’s first potential DPR scheme that is 

to be located at Davis Station in the Antarctic. The RO system that formed part 

of the DPR plant was dosed separately with PMMA nanoparticles, mixed 

fluorescent tracer dyes and MS2 bacteriophage. The challenge tests were 

performed under similar flux conditions and LRV results from each challenge test 

showed that each of the fluorescent dyes in the mixed dye challenge test was 

able to report greater than 4 log10 LRV with the detection of the PMMA 

nanoparticles greater than 5 log10 LRV. These data illustrated the more 

conservative results obtained using fluorescent dyes compared to virus-sized 

particles. 

The challenge test using MS2 bacteriophage reported greater than 6 log10 LRV 

but the inability to enumerate any bacteriophage in the permeate for intact 

membranes resulted in the highest LRV because the denominator was set to 

unity so the feed concentration was used to calculate LRV. Regardless of this 

significant limitation, the key issue revolved around the timely production of the 

rejection capacity of the membrane system, which was not possible using a 

biological surrogate as there is no online technique available. Both the fluorescent 

dyes and the PMMA nanoparticles were able to provide real-time information on 

the performance of the entire membrane system with better than the 4 log10 LRV, 

the established threshold value for this research. As expected, the salt rejection 

LRV results measured concurrently with each challenge test resulted in much 
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lower measured LRVs, as the salt rejection characteristics of RO membranes are 

generally around 2 log10 LRV. 

The cost to synthesise PMMA nanoparticles that could mimic a small 30 nm virus 

particle was estimated and was an order of magnitude below the threshold of 

$0.02/kL of treated water, established as a key objective. In addition, a review of 

commercially available instruments able to measure scattered light intensity with 

high sensitivity and resolution identified several instruments currently available, 

however, modifications were required for complete integration to occur. The cost 

to develop and implement instrumentation that can measure light scattering 

intensity coupled to the equipment required to control the application of 

nanoparticles was developed and shown to be equal to current online 

instrumentation such as TOC instruments. The significant difference is that the 

membrane integrity system using RS to detect the synthesised PMMA 

nanoparticles is capable of outperforming conventional membrane integrity 

systems, such as TOC and EC, by at least one hundred fold compared to the 

current 2 log10 detection limits. 

The comparison of the four challenge tests used during this study presented in 

Table 6.6 showed that the technique based on RS using a synthesised 

nanoparticle provided the best non-microbial integrity results and can be 

considered as a new membrane integrity test. Although the microbial surrogate, 

the MS2 bacteriophage, provided a higher LRV, this was tempered by the 

limitation of the enumeration for uncompromised membranes. The MS2 

bacteriophage challenge test provided a higher LRV for an impaired membrane 

compared to the PMMA nanoparticles but this may have been the result of 
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enumeration or better rejection performance of MS2 bacteriophage contrary to 

their smaller diameter (i.e. increased adsorption of bacteriophage compared to 

nanoparticles).  

The summary presented in Table 7.1 compares the research objectives 

presented in Chapter 1 with the outcomes achieved in this thesis. An additional 

benefit that this new integrity test can provide is the integration of fluorescence to 

specifically monitor for the presence of fDOM. Monitoring EEM in addition to RS 

has the potential to provide an early warning of membrane system impairment 

and can alert operators to an integrity breach before the next scheduled integrity 

challenge test. Adding EEM scanning can provide an additional quality assurance 

measure to increase confidence in membrane system performance.  

The ability to detect and quantify PMMA nanoparticles using RS with high 

sensitivity demonstrated that the key objectives established for this research 

have been met and exceeded. The ability to measure small virus-scale particles 

using a synthesised nanoparticle by measuring the scattered light intensity also 

compares favourably with the existing methods. 

 

 

 

 

 

 



Chapter 7 256 

Table 7.1: Research Objectives versus Outcomes 

Objective of this research Outcome delivered 

Target the smallest virus, 

poliovirus with a diameter of 

30nm to define the size and 

physical nature of the surrogate 

PMMA nanoparticles ca. synthesized 

consistently and reliably. PMMA is a 

stable polymer and is not affected by 

environmental and chemical exposure. 

 

Reliable and easy method of 

detection that can be used 

online and provide real-time 

feedback 

Light scattering intensity can be 

measured using instrumentation currently 

available. Modifications will be required 

to satisfy full-scale deployment. 

Integration of a suitable flow through cell 

is essential to provide real-time integrity 

monitoring. 

 

Is non-toxic and is 

environmentally degradable. 

PMMA is used in medical imaging, drug 

delivery and is compatible with biological 

systems. 

 

Utilise a relatively inexpensive 

surrogate that may contribute 

less than $0.02/kL of the water 

treated on a continuous 

surveillance protocol. 

The cost to produce an apply PMMA 

nanoparticles can contribute less than an 

order of magnitude to the delivery cost of 

treated water. 

 

Can be incorporated into new 

system designs (greenfield) and 

existing (brownfield) operational 

platforms. 

The instrumentation, controls automation, 

storage and dosing delivery system can 

be skid mounted and installed on site 

without interrupting production with 

connection to individual pressure vessel 

permeate lines and permeate manifolds 

the only interface. 

 

Identify detection devices 

available in the market that will 

achieve surrogate detection and 

provide at least 4 log10 LRV. 

Full-scale tests have confirmed that the 

integrity test developed through this 

research has reported at least 4 log10 

LRV 

 

 

 Completely meets the 
objective established 
for this research. 

 Substantially meets the 
objective established for 
this research. 

 Does not meet the 
objective established 
for this research. 
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7.3 Limitations 

While it is clear that the objectives established for this research have been met, 

it is important to recognise that the outcomes were tempered by a variety of 

limitations that any study faces. While this study attempted to answer the 

questions established there are limitations by virtue of the scope, methodological 

restrictions, and practical realities. 

7.3.1 Laboratory Scale Synthesis 

The small-scale production of PMMA nanoparticles using laboratory scale 

equipment challenged the production quantity of PMMA. The number of tests 

required a ready supply of 30 nm PMMA nanoparticles and there were occasions 

when insufficient material was available to conclude a series of tests. The testing 

program resulted in the synthesis of 104 batches of PMMA nanoparticles and 

although not all resulted in producing the specified size, the tests were all 

necessary to supply sufficient material to complete the screening and testing of 

a suitable non-microbial surrogate. 

It was not feasible to scale-up the production of PMMA nanoparticles, so limited 

information was developed to determine whether the synthesis could be 

economically commercialised. The relatively simple procedure to synthesize 

PMMA nanoparticles has strong potential for easy production of much larger 

volumes than were achieved in the laboratory but this remains untested. 

7.3.2 Error Analysis 

Error analysis on the limit of detection is critical as variations in permeate 

concentration can significantly affect the reported membrane integrity. The 
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contribution of errors introduced by dosing systems, measurement, calibration 

and in serial dilutions used to enumerate MS2 bacteriophage need to be 

quantified to understand the implications of the reported integrity expressed as 

LRV. Determining the contribution of errors associated with dosing nanoparticles 

may represent a small contribution to LRV determination but without the 

quantification the value of the reported integrity is incomplete. A detailed review 

of the errors introduced into each of the membrane integrity tests can provide 

some insight into the variability of the reported LRV and the implications to 

rejection capacity. 

7.3.3 Integrity Monitoring 

The reliable characterisation of membrane system integrity is critical to public 

health safety and can be distorted by operational conditions. Consistent reporting 

of the conditions under which membrane integrity is measured is critical to 

establish reliable membrane system rejection capacity. Consequently, a 

guideline is required to inform operators, health regulators, researchers and the 

general public what conditions applied prior to implementing an integrity 

challenge test and what influence these conditions have on the results reported. 

Condition reporting should form part of an integrity test and include the condition 

and age of the membranes before the challenge test, the last scheduled CIP 

event and a reference to the initial membrane performance data such as initial 

‘clean’ operating flux and differential pressure among other parameters. 

Integrating a condition report introduces transparency and may help identify 

contributing factors to changes in LRV across a membrane array. 
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The impact that fouled membranes have on system integrity was not within the 

scope of this work and was therefore not investigated with respect to the light 

scattering technique. Membrane fouling has the capacity to “heal” membrane 

imperfections or minor impairments thereby increasing the apparent rejection 

capacity of the system but this feature was not explored and so the implications 

that this has on scheduling integrity tests remains unresolved. Reliable and 

consistent integrity results can be achieved by identifying the initial condition of 

the membrane system before commencing an integrity test. 

7.3.4 Instrumentation 

The Shimadzu RF501 spectrofluorometer was designed to analyse fluorescence 

rather than scattering although the EEMs reported RS and associated secondary 

satellite spectra produced by the interaction of the excitation light and the 

diffraction grating. The default output generated by the spectrofluorometer 

referenced the secondary spectral lines rather than the Rayleigh scattering 

spectra. Consequently, some of the calibration was completed using these lines 

rather than the Rayleigh scattering spectra. 

The Shimadzu spectrofluorometer uses a xenon lamp to generate the excitation 

light source. The xenon lamp in the instrument has a limited lifespan and 

consequently the intensity of the incident light was not consistent during the 

prolonged period over which the experiments were conducted. This feature of the 

light source may have impacted on the intensity of the measured emissions, and 

better results may have been obtained using a high energy laser light source. 

Measuring the incident light source energy over time may be necessary to ensure 



Chapter 7 260 

a consistent approach to reporting LRV using RS as the measurement tool, 

particularly when using bench-scale spectrofluorometers 

The light sources used in the newer more specialised instruments incorporate 

lasers that produce high intensity coherent light to ensure that measured 

scattering intensity is higher than that reported in this study. However, the lower 

incident light intensity provided by the xenon lamp incorporated in the Shimadzu 

spectrophotometer was capable of providing data with sufficient sensitivity to 

verify light scattering as a viable technique to determine membrane integrity 

beyond 4 log10 reduction. Using a high energy laser as the incident light can 

potentially significantly increase the scattered light intensity that will decrease 

detection limits and provide greater sensitivity than that achieved through this 

work. 

7.3.5 MS2 Bacteriophage Integrity Test 

Using a living biological surrogate does not provide any scope for real-time 

membrane integrity monitoring. There are a number of limitations associated with 

using a live biological surrogate including serial dilutions required to enumerate 

stock and feed samples and the error that introduces. Such serial dilutions, often 

ten or more, introduce a significant error into the enumeration of the MS2 

bacteriophage. 

Enumeration only refers to the living surrogate not MS2 bacteriophage that may 

have been damaged or died because of the stresses associated with passing 

through an impaired membrane. Unfortunately, it is probably beyond the current 

science to determine whether this scenario is valid, but it may unduly bias the 

LRV result by promoting a lower MS2 count in the permeate.  
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Low MS2 PFU counts in permeate or less than the limit of detection is reported 

as the log of the feed concentration. This is recognised as a biasing factor but the 

results are generally always reported as the maximum value using unity for the 

denominator. Filtering large volumes of sample presents another challenge 

where the sampling filter may be subject to breach of integrity and therefore the 

number of MS2 is not representative of the sample collected from the impaired 

membrane permeate. The preparation for the MS2 challenge test is also 

extensive and requires skilled personnel to prepare for sample receival, record 

management and traceability of results using quality assurance procedures. 

Enumeration is not a quick process and results can take up to 48 hours to process 

that does provide the opportunity for operators to take remedial action if 

necessary but not in a timely manner. 

Transporting MS2 bacteriophage after sample collection from an integrity test is 

a challenge as the samples must remain frozen until received at the laboratory. 

If they are thawed during transport back to the laboratory they may subsequently 

die and the enumeration of the bacteriophage will be different to the number that 

were collected from the permeate and the LRV reported will most likely be biased. 

The inability to track the MS2 bacteriophage concentration makes the 

determination of the associated error impossible as the reduction in viable MS2 

bacteriophage associated with collection, transport conditions and handling 

remains unknown.  

7.4 Recommendations for Future Directions 

The ability to detect the rejection capability of integrated membrane systems 

using the new integrity monitoring technique developed as a result of this 
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research presents several opportunities for further work. The results from these 

projects can only strengthen the capability of this new technique and promote its 

adoption across the water industry to provide another tool to protect public health 

when challenged water sources are used. 

7.4.1 Low Pressure Membrane Integrity Monitoring 

Low pressure membrane systems such as MF and UF already utilise integrity 

monitoring tests by measuring pressure decay and MS2 challenge test and may 

benefit form a challenge test that uses nano- and micro-sized particles. The 

PMMA particles can be tailored to suit specific membrane rejection requirements 

and detected using the RS technique. The challenge will be to interpret the 

scattering intensity and the cross over between particle size and the type of light 

scattering response and whether Mie or RS will dominate.  

7.4.2 Particle Size Identification 

Rayleigh light scattering is generally measured at 90° to the incident light source 

but an array of detectors placed around 180° from -90° to 90° in the plane of the 

incident light can define the nanoparticle shape and size. The ability to identify 

the size of nanoparticles may provide an additional dataset that may assist in 

defining the impairment in addition to the rejection capacity of the membrane 

system. 

An alternative to using synthesised polymeric particles is to establish whether the 

light scattering phenomenon can be used to detect native virus present in the 

permeate. In addition to detection, the concept of determining the size using an 

array of detectors across 90° either side of the plane of incident light has the 



Chapter 7 263 

potential to define the shape and diameter of the nanoparticle. The number of 

virus particles in the permeate becomes a challenge for detection but the ability 

to quantify virus rather than a surrogate in real-time would be significant.  

7.4.3 Hydraulic Modelling for Integrity Breach Identification 

While the application of fluorescent dyes has been shown to provide conservative 

measurement of the rejection capacity of membrane systems, they also have the 

potential to identify the type and location of a breach in integrity. The shape and 

fluorescence intensity response to a pulsed dose of dye into a membrane system 

has the potential to characterise and locate the impaired membrane element, the 

contribution by ancillary equipment such as membrane connectors or perhaps 

the type of membrane impairment itself. Developing a hydraulic modelling tool 

that can recognise the peak and shape of the resulting response to a pulsed 

application of dye may provide a real-time diagnostic tool for operators of critical 

infrastructure and protect public health. 

7.4.4 Use and Interpretation of Integrity Challenge Test Results 

Recognised as a limitation previously, the absence of any guidelines to promote 

a consistent approach to the condition of the membrane system prior to 

conducting an integrity test will add value to the results produced. The guidelines 

should define the conditions of a membrane system (e.g. following a CIP event) 

and provide guidance to the likely impact that heavy fouling or scaling can have 

on the results of an integrity challenge test. This additional layer added to a 

challenge test as a quality assurance protocol can provide health regulators, 

operators and the general public greater confidence in capacity of the barrier itself 

to reject pathogens rather than the added barrier that fouling can contribute.  
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7.5 The End 

The outcomes of this research have the potential to alter the risks associated with 

the provision of reclaimed water for direct or indirect potable water substitution. 

Water quality security is the key outcome of an effective and timely membrane 

integrity monitoring system. In addition, real-time integrity monitoring has the 

potential to provide greater public confidence in the provision of either direct or 

indirect potable water substitution. 

The use of light scattering to quantify synthesised PMMA nanoparticles to define 

the rejection capacity of high pressure membrane systems is unique. The 

application of RS and a non-microbial surrogate that can replicate the size of 

poliovirus to measure the performance of membrane systems has been proven 

at full-scale for Australia’s first potential direct potable reuse facility. 

Real-time performance validation of reclaimed water systems as well as surface 

water treatment where NF membranes are employed, particularly in catchments 

with elevated risk factors, can significantly reduce the potential for exposing 

consumers to microbial contamination. Facility operators will have the capability 

to maintain very high quality assurance and control over the complete production 

process, not just the membranes, and promptly identify and isolate compromised 

elements as well as other system components as a result of the real-time 

information provided by online membrane integrity surveillance. 

The integrity system developed can provide greater confidence in high pressure 

membrane system performance and come closer to recognising their true 

performance capability. Equally, this new membrane integrity test can provide 
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real-time feedback when the membranes are impaired and provide a level of 

quality assurance that currently does not exist. 

When Lord Rayleigh first discovered light scattering behaviour, the concept of 

synthesized nanoparticles, or nanosized particles in general, would not have 

been imagined. Integrating light scattering phenomenon first understood in the 

19th century with 21st polymer nanoparticle synthesis does suggest what was 

once old is new again and to quote a title from a Hollywood movie, we move 

Back to the Future. 
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APPENDIX A 

Summary of PMMA synthesis variables (Chapter 5). 

Run 
# 

Reaction 
time 
(min) 

Stirring 
speed 
(rpm) 

Temp 
(°C) 

Water 
volume 

(mL) 

MMA 
volume 

(mL) 

% MMA Initiator Initiator 
% 

*Additive 
% 

Size 
(nm) 

Comments 

1 40 1200 70 16 3 16% Azobis 0.1%   
 

2 40 1200 70 16 3 16% Azobis 0.1%   
 

3 40 1200 70 16 3 16% Azobis 0.1%   
 

4 40 1200 70 32 6 16% Azobis 0.1%   evaporated to dryness, 
repeated (#17) 

5 40 1200 70 16 3 16% Azobis 2.6%   change in initiator 

6 40 1200 70 16 3 16% Azobis 2.6%   monomer residual present 

7 40 1000 70 16 3 16% Azobis 2.6%   
 

8 40 1200 60 16 3 16% Azobis 2.6%   poor images, seems fused 

9 40 1200 80 16 3 16% Azobis 2.6%  500 uniform charged particles 

10 40 1200 65 16 3 16% Azobis 2.6%   
 

11 40 1200 75 16 3 16% Azobis 2.6%   
 

12 40 1200 70 16 4 20% Azobis 2.5%   
 

13 40 1200 70 16 4.5 22% Azobis 2.4%  500 uniform charged particles 

14 40 1200 70 16 2.5 13% Azobis 2.7%   
 

15 40 1200 70 16 2 11% Azobis 2.8%   
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Run 
# 

Reaction 
time 
(min) 

Stirring 
speed 
(rpm) 

Temp 
(°C) 

Water 
volume 

(mL) 

MMA 
volume 

(mL) 

% MMA Initiator Initiator 
% 

*Additive 
% 

Size 
(nm) 

Comments 

16 40 1200 70 16 3 16% Azobis 2.6%   
 

17 40 1200 70 32 6 16% Azobis 2.6%   similar to #27 

18 40 1000 70 32 6 16% Azobis 2.6%   
 

19 40 1200 60 32 6 16% Azobis 2.6%   totally fused 

20 40 1200 65 32 6 16% Azobis 2.6%   
 

21 40 1200 75 32 6 16% Azobis 2.6%   
 

22 40 1200 80 32 6 16% Azobis 2.6%  90-430 
 

23 40 1200 70 32 4 11% Azobis 2.8%   
 

24 40 1200 70 32 5 13% Azobis 2.7%   
 

25 40 1200 70 32 7 18% Azobis 2.6%   
 

26 40 1200 70 32 8 20% Azobis 2.5%   
 

27 40 1200 70 32 6 16% Azobis 2.6%   similar to #17, charged & 
fused 

28 40 1200 70 32 6 16% Azobis 2.6%  range partial fusion 

29 40 1200 70 32 6 16% Azobis 2.6%  range partial fusion 

30 40 1200 70 32 6 16% Azobis 2.6%   
initiator added in stages 
over 20 min, residual 
monomer 

31 40 1200 70 32 6 16% Azobis 2.6%   residual monomer, poor 
emulsion, uniform particles 

32 40 1200 70 32 6 16% Azobis 2.6%   
 

33 40 1200 70 32 6 16% Azobis 2.6%  260-830 pH 2, charged particles 
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Run 
# 

Reaction 
time 
(min) 

Stirring 
speed 
(rpm) 

Temp 
(°C) 

Water 
volume 

(mL) 

MMA 
volume 

(mL) 

% MMA Initiator Initiator 
% 

*Additive 
% 

Size 
(nm) 

Comments 

34 40 1200 70 32 6 16% Azobis 2.6%  190-420 pH 10.5 

35 40 1200 70 32 6 16% Azobis 2.6%   initiator added before 
heating 

36 40 1200 70 32 6 16% Azobis 2.6%   same as #34, glue like 
pieces 

37 240 1200 70 32 6 16% Azobis 2.6%   
4 hour run, uniform with 
some bigger spheres, no 
monomer 

38 40 1200 70 32 6 16% Azobis 2.6%   all reactants added and 
heated 

39 180 1200 70 32 6 16% Azobis 2.6%   
2 hour run, different sizes, 
charged or fused, no 
monomer 

40 90 1200 70 16 3 16% Azobis 2.6%  250 
1.5 hour run, uniform, 
smaller particles, no 
monomer 

41 75 1200 70 16 3 16% Azobis 2.6%   1.25 hour run, some 
monomer odour 

42 90 1200 70 20 3 13% Azobis 2.2%   
charged or fused, different 
sizes, changed to 1.5 hour 
runs 

43 120 1200 70 16 3 16% APS 15.5%   change to new initiator 
(APS), residual monomer 

44 120 1200 70 16 3 16% APS 2.6%   residual monomer, very 
good emulsion 

45 120 1200 70 16 1.5 9% APS 2.8%  350-420 residual monomer 
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Run 
# 

Reaction 
time 
(min) 

Stirring 
speed 
(rpm) 

Temp 
(°C) 

Water 
volume 

(mL) 

MMA 
volume 

(mL) 

% MMA Initiator Initiator 
% 

*Additive 
% 

Size 
(nm) 

Comments 

46 120 1200 70 16 1 6% APS 2.9%   residual monomer 

47 120 1200 70 16 0.5 3% APS 3.0%  140-180 residual monomer 

48 120 1200 70 16 0.5 3% APS 3.0%   initiator added in stages, 
no residual monomer 

49 120 1200 70 16 1.5 9% APS 2.8% A 40%  large particles, some fused 
mostly very small particles 

50 120 1200 70 16 1.5 9% APS 2.8% A 40% 70-490 residual monomer 

51 120 1200 70 16 0.5 3% APS 3.0% A 40% 70-80 
residual acetone, some 
larger pieces 

52 120 1200 70 16 1.5 9% APS 2.8% A 10% 80-360 
residual acetone, new 
APS, different sizes 

53 120 200 70 16 1.5 9% APS 2.8% A 10% 360 
residual acetone, uniform 
spheres 

54 120 400 70 16 1.5 9% APS 2.8% A 10%  very uniform 

55 120 600 70 16 1.5 9% APS 2.8% A 10%  high order, very few big 
particles 

56 120 800 70 16 1.5 9% APS 2.8% A 10%  few very small ones 

57 120 1000 70 16 1.5 9% APS 2.8% A 10%  few smaller ones 

58 120 400 70 16 1.5 9% APS 2.8% A 40% 110-740 new heating plate 

59 120 1000 70 16 1.5 9% APS 2.8% A 40%  different sizes, 
temperature problems 

60 120 1000 69-71 16 1.5 9% APS 2.8% A 40%  different sizes 

61 120 750 70 16 1.5 9% APS 2.8% A 40%  porous particles 
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Run 
# 

Reaction 
time 
(min) 

Stirring 
speed 
(rpm) 

Temp 
(°C) 

Water 
volume 

(mL) 

MMA 
volume 

(mL) 

% MMA Initiator Initiator 
% 

*Additive 
% 

Size 
(nm) 

Comments 

62 120 750 68-71 24 1.5 6% APS 2.0% A 10%  very uniform and high 
order 

63 120 750 70 16 1.5 9% APS 2.8% A 10%  temperature drop of 5 
degrees at 90 minutes 

64 120 750 70 24 1.5 6% APS 2.0% A 10% 300 uniform particles 

65 120 1200 70 16 1.5 9% APS 2.8% A 10% 350 
separated, high order, 
uniform spheres 

66 120 750 70 16 0.5 3% APS 3.0% A 11%  
temperature drop of 8 
degrees at 60 minutes, 
change in heating plate 

67 120 750 70 16 0.5 3% APS 3.0%   charged particles 

68 120 750 70 16 1.5 9% APS 2.8% A 20% 350 
some very small particles, 
mainly uniform 

69 120 750 70 16 1.5 9% APS 2.8% S 0.5% <50 
changed to high stirring 
speed, better results 

70 120 1200 70 16 1.5 9% APS 2.8% S 0.5% <50 
 

71 120 1200 70 16 1.5 9% APS 2.8% S 1.0% <50 
 

72 120 1200 70 16 1.5 9% APS 1.4% S 0.25% <50 
 

73 120 1200 70 24 0.5 2% APS 1.0% A 10% <200 
 

74 120 1200 70 16 1.5 9% APS 1.4% S 1.0%  
 

75 120 1200 70 16 1.5 9% APS 1.4%  50 same as #74 

76 120 1200 70 16 1.5 9% APS 1.4% 
S 0.25%, 

A 10% 
 

 

77 120 1200 70 16 1.5 9% APS 1.4% S 0.25%  
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Run 
# 

Reaction 
time 
(min) 

Stirring 
speed 
(rpm) 

Temp 
(°C) 

Water 
volume 

(mL) 

MMA 
volume 

(mL) 

% MMA Initiator Initiator 
% 

*Additive 
% 

Size 
(nm) 

Comments 

78 120 1200 70 16 1.5 9% APS 1.4% S 2.25%  
 

79 120 1200 70 16 0.5 3% APS 1.5% S 1.50%  
 

80 120 1200 70 16 1.5 9% APS 1.4% S 0.25%  no nitrogen purge 

81 120 1500 70 16 0.5 3% APS 1.5% S 1.50%  
 

82 120 1200 70 16 1.5 9% APS 1.4%   quinine added, range of 
sizes 

83 120 1200 70 16 0.5 3% APS 1.5%   RWT added 

84 120 1200 70 15.3 2.7 15% APS 1.4%   
 

85 120 1200 70 15.75 2.25 12% APS 1.4%   
 

86 120 1200 70 16.2 1.8 10% APS 1.4%   
 

87 120 1200 70 16.65 1.35 7% APS 1.4%   
 

88 120 1200 70 17.1 0.9 5% APS 1.4%   
 

89 120 1200 70 17.55 0.45 2% APS 1.4%   
 

90 120 1200 70 16.5 1.5 8% APS 1.4%   
 

91 120 1200 70 16.05 1.5 9% APS 1.4% A 2.5%  
 

92 120 1200 70 15.6 1.5 9% APS 1.5% A 5%  
 

93 120 1200 70 14.7 1.5 9% APS 1.5% A 10%  
 

94 120 1200 70 13.8 1.5 10% APS 1.6% A 15%  
 

95 120 1200 70 12.9 1.5 10% APS 1.7% A 20%  
 

96 120 1200 70 11.1 1.5 12% APS 2.0% A 30%  
 

97 120 1200 70 16.5 1.5 8% APS 1.4%   new monomer 
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Run 
# 

Reaction 
time 
(min) 

Stirring 
speed 
(rpm) 

Temp 
(°C) 

Water 
volume 

(mL) 

MMA 
volume 

(mL) 

% MMA Initiator Initiator 
% 

*Additive 
% 

Size 
(nm) 

Comments 

98 120 1200 70 16.5 1.5 8% APS 1.4%   
 

99 120 1200 70 16.2 1.8 10% APS 1.4% S 0.42%  
 

100 120 1200 70 16.65 1.35 7% APS 1.4% S 0.56%  
 

101 120 1200 70 17.1 0.9 5% APS 1.4% S 0.83%  
 

102 120 1200 70 17.55 0.45 2% APS 1.4% S 1.67%  
 

103 120 1200 70 17.82 0.18 1% APS 1.4% S 4.17%  
 

104 120 1200 70 160 15 9% APS 2.8% S 0.50%  upscale of #70 

*S = surfactant, A = acetone 

Selected SEM images are shown in the following pages. 
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