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Particles, Pathogens and Micropollutants 
 
Australian Water Recycling Centre of Excellence Industry Academic Exchange Fellowship 
2013 
 
RECIPIENT: RMIT University 
 
COLLABORATOR: Melbourne Water 
 
AWRCoE FELLOW: Karl G. Linden, Ph.D., Helen and Huber Croft Professor of Environmental 
Engineering, Department of Civil, Environmental and Architectural Engineering, University of 
Colorado Boulder, Colorado, USA. 
 
INTRODUCTION 
 
The goal of the AWRCOE Fellowship Program is to foster industry and academic partnerships by 
allowing researchers to spend time embedded within the water industry. The Centre has a specific 
interest in proposals that enhance research linkages between organisations to form strong and 
lasting industry-academic partnerships, and assist in broadening the current network of research 
and development relevant to Australia’s interests in water recycling. 
 
This particular Fellowship, which involved RMIT University and Melbourne Water, enabled Prof. 
Linden to spend time in both academia and the water industry. Prof. Linden worked with Prof. 
Felicity Roddick and her research team at RMIT to support Melbourne Water and enhance their 
implementation of water recycling projects, specifically in the area of advanced treatment 
technologies. 
 
Prof. Linden undertook a total of four visits to Australia, three to Melbourne: 

• August 25 to September 13, 2013. 
• February 1 to February 22, 2014. 
• July 14 to July 27, 2014. 

During these visits his time was split between Melbourne Water (MW) and RMIT University (RMIT). 
 
He also visited Brisbane 26 April to 6 May 2014, where he participated in the Ozwater’14 
conference and undertook several visits, including to The University of Queensland where he gave 
a public lecture. 
 
The Fellowship was designed to enable Prof. Linden and MW and RMIT University personnel to 
work together on three specific projects, as well as to have Prof. Linden interact with water industry 
academics and professionals, postgraduate and undergraduate students. 
 
SPECIFIC PROJECTS 
 
There were three major topic areas on which Prof. Linden worked with personnel from Melbourne 
Water and RMIT University with associated deliverables. These are summarised below. 
 

1. Problems with the Particle Association of Pathogens 
 
Melbourne Water is currently seeking to revalidate the Western Treatment Plant (WTP) for the 
production of Class A recycled water as required by the recently released (March 2013) Victorian 
Department of Health Guidelines for validating treatment processes for pathogen reduction: 
Supporting Class A recycled water schemes in Victoria. The secondary treatment plant at WTP 
consists of an anaerobic digestion pond, followed by an activated sludge plant and then a series of 
polishing lagoons. The water is then treated by UV and free chlorination to produce Class A 
recycled water. While the WTP system was successfully validated in 2005, the recently released 
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guidelines are more stringent, requiring revalidation of the WTP secondary and tertiary treatment 
plants. These new guidelines will affect all Victorian plants producing recycled water, hence 
revalidation work carried on the WTP lagoons will find application elsewhere, e.g. at Barwon Water. 
As the WTP tertiary system does not include filtration, particles are present in the water and it was 
required that MW prove that disinfection by both UV and free chlorine can take place in the 
presence of particles. 
 
Deliverable: Advice, a comprehensive review and editorial assistance was provided by Prof. Linden 
on the confidential report on Revalidation of UV treatment at Western Treatment Plant by Sam 
Costello of MW. This report has been submitted to the Victorian Department of Health and provides 
data that demonstrate that there is no viable Cryptosporidium in the Class A recycled water from 
the WTP, i.e. Cryptosporidium is not protected from UV disinfection by particles present in the 
water. Prof. Linden also provided advice to MW regarding Department of Health comments on the 
report. While final signoff from the Department of Health has not yet been received, MW is 
confident that this can be expected soon. 
 

2. Publication of Melbourne Water Ozonation Validation Data 
 
The Tertiary Treatment Plant at the MW Eastern Treatment Plant has a novel treatment process 
which comprises pre-filtration, ozonation, biological media filtration, post-filtration ozonation, UV 
and free chlorination. Because the enteric virus concentration in the secondary treated water is low, 
it cannot be used to demonstrate the virus log reductions achieved by ozone. Prof. Linden has 
worked with MW to identify a suitable surrogate which can be used to demonstrate enteric virus 
disinfection by ozone. The work involved in-depth analysis of published literature on the subject, as 
virus appeared to be differentially sensitive to ozone. Prof. Linden was able to demonstrate that an 
abundant and commonly present micro-organism can be used as the surrogate for virus 
disinfection by ozone. The work leading to this outcome has been submitted to the journal Water 
Research and Prof. Linden is currently working on the editor’s comments. The peer review gained 
by publication in peer-reviewed journals increases confidence in the work, while simultaneously 
making it available for use in NatVal 2.2, particularly the project on validation of ozone. 
 
Deliverable: Prof. Linden, in conjunction with MW, to produce two papers for journal publication. 
Consideration of the data led to the joint decision between MW and Prof. Linden that a single paper 
which included both the development of the virus surrogate method and the results was the best 
way of presenting the outcomes of this work. The paper “Establishing surrogate–virus relationships 
for ozone disinfection of wastewater” was submitted to Water Research on February 24, 2014, and 
is currently being amended in response to the reviewers’ comments. A copy of the current working 
version is provided in Appendix 1. 
 

3. Investigation of ETP Tertiary Treatment Plant Capacity for Micropollutant Removal 
 

Micropollutant studies were carried out for the pilot tertiary plant, and monitoring of the removal 
capacity of the fully commissioned Tertiary Plant using micropollutants already present in the 
secondary treated effluent has been conducted. The data from this work is currently being analysed 
by Prof. Linden and a paper for publication is being prepared. However, the question arises as to 
the capacity of the Tertiary Plant to remove unexpected spikes in concentration. A number of 
potential hazards, identified through analysis and a quantitative risk assessment already carried out 
by MW, were selected and the removal capacity of the Tertiary Plant is being explored at laboratory 
scale using RMIT facilities and research staff. This work is directed by Prof. Felicity Roddick at 
RMIT, with input from Prof. Linden and some research funding provided by MW. The outcomes of 
this work will provide evidence of the ability of the Tertiary Treatment Plant capacity for 
micropollutant removal and will be of interest to South East Water which supplies the recycled 
water to users. The ETP treatment process is novel and generally achieves good micropollutant 
(>85%) removal; this work will provide further evidence of this efficacy and for some analytes which 
have not been investigated to date. Publication of this work will draw attention to the benefits of 
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ozonation for wastewater leading to greater choice in treatment units considered for production of 
recycled water. This work is currently underway. 
 
Deliverable: A paper on the removal of micropollutants already in the secondary effluent by the 
tertiary treatment process (partially complete), and a report and possibly a paper on the capacity of 
the treatment process to remove spikes of a representative selection of potentially hazardous 
chemicals. The target micropollutants have been selected, the methods for their detection in pure 
water and secondary effluent validated, and preliminary experiments have been undertaken to 
determine their kinetics of breakdown at different pH in pure water and secondary effluent using an 
internal reference compound. 
 
INTERACTION WITH THE WATER COMMUNITY 
 
Prof. Linden undertook a wide range of speaking and meeting commitments, fulfilling the agreed 
tasks of a public lecture at RMIT University, presentations to undergraduate and postgraduate 
students, and at Ozwater’14, plus several more. He also made major contributions to the NatVal 
project through discussions with AWRCOE personnel and participation in several NatVal Protocol 
Development Group meetings during his four visits. A detailed listing is provided in Appendix 2. The 
major events can be summarised as follows: 
 
Prof. Linden presented a public lecture “Rethinking disinfection in drinking water systems” to about 
75 people from metropolitan and regional water utilities, universities and consulting companies at 
RMIT on February 19, 2014. The lecture was videotaped and is available through the Australian 
Water Recycling Centre of Excellence webpage and also via a link from the RMIT Water: Effective 
Technologies and Tools Research Centre webpage. The slides are available from the Victorian 
branch of the AWA. 
 
The NatVal project benefited from several contributions made by Prof. Linden. These included 
participation in the NatVal Protocol Development Group (PDG) for the National Validation 
Framework for Water Treatment Technologies on Sept 12, 2013, and a presentation on “Lessons 
from the USEPA UV Validation Process”. He prepared and delivered a presentation on the 
“Makings of a Validation Center” for the NatVal PDG on February 12, 2014, which gave an 
overview of the details of the two major validation centres in the USA for UV and other technology 
verifications. He also actively participated in the NatVal PDG meeting on 25 July, 2014. 
 
Prof. Linden’s contribution to Ozwater’14 was via the planning and presentation of the workshop 
“Toward National Validation Guidelines for Water Recycling in Australia” at Ozwater’14 with Sue 
Keay and Mark O’Donohue.  
 
The keynote address “UV Disinfection: New Developments for Small Systems” at the Water 
Research Australia (Water RA) workshop “Science talks to Industry” was given by Prof. Linden in 
Melbourne on July 16, 2014. The workshop was attended by approximately 100 members and 
other water-related industry professionals. The presentation is available through the Water RA 
website. 
 
Approximately 55 academic staff and postgraduate students from the School of Civil, 
Environmental and Chemical Engineering at RMIT attended Prof. Linden’s presentation "Water 
Sustainability in Oil and Gas Exploration: Treating Frack Water for Reuse" on Friday 25 July, 2014. 
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BENEFITS FROM THE FELLOWSHIP 
 
Academic researchers are always keen to see the results of their work translated into practice and 
to make a positive impact on society. This Fellowship enabled Prof. Linden to build on his 
connections with MW and RMIT to continue his outreach and knowledge transfer activities in 
Australia, and to supplement his US- and developing community-based work in disinfection, public 
health, oxidation processes, and water reuse. As MW is one of the leaders in utilising research 
innovations to solve important water quality challenges, the Fellowship allowed Prof. Linden to gain 
an insight into water utility research needs and constraints, and how a water utility applies research. 
It also provided him the opportunity to build on his understanding of international issues in water 
quality, stay on the leading edge of practice in water treatment and reuse, and further solidify 
relationships with academics at RMIT to develop joint research publications and proposals that will 
benefit further collaborations. 
 
The Fellowship has resulted in one publication, with two others in progress. These encompassed 
bringing unpublished data on the validation of ozonation processes into the public domain, i.e., 
demonstration of the use of an abundant and commonly present micro-organism as a surrogate for 
enteric virus disinfection by ozone, and demonstration of the capability of ozonation to remove 
continually present and also spikes of potentially hazardous micropollutants. Knowledge 
dissemination was also achieved via delivery of the keynote presentation at the Water Research 
Australia (WaterRA) Workshop, contributions to the NatVal PDG meetings and Ozwater’14 
workshop, the public lecture and School seminar at RMIT, a lecture to RMIT undergraduate 
students and mentoring of postgraduate students and postdoctoral researchers at RMIT and MW 
personnel. 
 
While the benefits to MW, RMIT and Prof. Linden are obvious, the benefits to others will come from 
publication of the papers and reports that will form the basis for some of the NatVal 2.2 work for the 
Centre, thus benefiting the water industry, local councils and those carrying out Integrated Water 
Management. Disinfection of lagoon water in the presence of particles will become more fully 
understood thus improving risk management of recycled water from lagoon plants. As many 
regional plants use lagoon processes, many of the regional water authorities will be the 
beneficiaries from Melbourne Water’s validation study. 
 
Discussion regarding future collaboration between Prof. Linden and RMIT has covered two possible 
areas: extension of the determination and modelling of micropollutant removal in lagoons, 
particularly at Western Treatment Plant, and, investigation of the impact of disinfection by-products 
resulting from the chlorination of treated effluent on the marine environment. Prof. Roddick will visit 
Prof. Linden at University of Colorado Boulder in late November 2014. 
 
CONCLUSION 
 
The goal of the Fellowship was to foster industry and academic partnerships. This was achieved 
through primarily Prof. Linden working with personnel at Melbourne Water and academics at RMIT 
University on three specific projects involving the particle association of pathogens, publication of 
Melbourne Water ozonation data, and the capacity of the ETP tertiary treatment process for 
micropollutant removal. This work has contributed to understanding of the efficacy of the 
wastewater treatment processes, particularly on the impact of particles on UV disinfection and the 
application of ozone for disinfection and micropollutant removal, and has resulted in the submission 
of one peer reviewed journal paper and the preparation of two other papers is in progress. These 
outcomes will form the basis for some of the NatVal 2.2 work for the AWRCOE, and so benefit the 
water industry, local councils and those conducting integrated water management.  
 
Other benefits from the Fellowship were that Prof. Linden was able to interact with other members 
of the water industry and academia through public presentations, one-on-one discussions and visits 
to other universities. Several of these connections are scheduled for subsequent collaboration. 
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APPENDIX 1: PAPER 
 

“Establishing surrogate – virus relationships for ozone disinfection of wastewater” 
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APPENDIX 2: Summary of interactions with MW and RMIT personnel, and the water 
community. 
 

1. MELBOURNE WATER ACTIVITIES 
 
Prof Linden visited Eastern Treatment Plant to see the full scale tertiary process and gain a 
better understanding of how his work for MW had been implemented and current issues which 
need resolution. 
 
Regular meetings with MW scientists including Prof Judy Blackbeard (Manager, Water Recycling 
Research, Strategic Planning) Clare McAuliffe (Senior Process Engineer) Sam Costello (Project 
Planner), John Mieog and Suzie Sarkis (Team Leader, Drinking Water Quality Planning). 
Discussions included: 

• Pathogen association with particles leading to reduced efficacy of disinfection; 
• Emerging contaminants in the wastewater treated at Eastern and Western Treatment 

Plants; and 
• Ozonation and UV processes for treatment efficacy. 

 
As part of NatVal 2.2, provided expert scientific and editorial advice to Clare McAuliffe of MW 
regarding the writing of the validation protocol for ozone. 
 
Presented a seminar on 5 September to the MW research group providing an overview of the 
research projects he is involved in, focusing on topics relevant to MW. 
 
Reviewed NatVal roadmap reports to prepare for the NatVal meeting in Melbourne on 
September 12, 2013. 
 
Wrote workshop proposal for Ozwater’14 on validation processes, in collaboration with 
AWRCoE, which was accepted for presentation on April 30, 2014 titled “Toward National 
Validation Guidelines for Water Recycling in Australia”. 
 
Revalidation of UV treatment at Western Treatment Plant: Reviewed materials and data for the 
particles and pathogens report prepared by Sam Costello (MW). Provided comprehensive 
review and edited the report submitted to the Victorian Department of Health defending the data 
that indicate there is no particle association problem with Cryptosporidium at the WTP. 
 
Met with Dr Paul Monis from SA Water, Judy Blackbeard (MW) and Sam Costello (MW) to 
review the plans for the PhD level study of particle association of pathogens. Contributed to 
revision of the research plan and provided background information and previous publications to 
the group. 
 
Met with Assoc. Prof Stuart Khan (UNSW), Felicity Roddick, Judy Blackbeard, Yufei Wang, and 
Linhua Fan to review the PhD project “Improving modelling and prediction of removal of 
micropollutants during wastewater treatment “ that Yufei Wang will be working on at RMIT with 
Felicity Roddick, and involving Stuart Khan. Discussed presentation by Stuart of WERF report by 
Dickenson et al. (2010) and contributed to discussions on photolysis of targeted pollutants in the 
WTP and modelling the decay of contaminants of interest in biological system. 
 
Visited and toured the Melbourne Water Western Treatment Plant (WTP) with Felicity Roddick, 
Judy Blackbeard, Yufei Wang, and Stuart Khan. 
 
2. RMIT ACTIVITIES 

 
Presentation to the water-related postgraduate students, held discussions about their projects, 
including some one-on-one discussions. 
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Discussion with Prof Felicity Roddick, and Linhua Fan, Thang Nguyen and Prita Puspita about 
other research projects being undertaken at RMIT and toured RMIT laboratory facilities. 
 
With Felicity Roddick began planning for the upcoming project on the ozonation of spiked 
Eastern Treatment Plant effluent for micropollutant removal, including initial discussion on choice 
of micropollutants to study. 
 
Made plans for the next visit during February 1 to 21, 2014 including plans for public lecture at 
RMIT and running of laboratory experiments for ozonation of spiked ETP effluent.  
 
On 10 September gave a lecture to 4th year Chemical Engineering students undertaking the 
Advanced Environmental Engineering elective on Advanced Oxidation Processes for 
Wastewater Treatment. 
 
Met with Prita Puspita and Felicity Roddick to discuss the ozonation study to be carried out at 
RMIT, to meet some of the needs of Melbourne Water as part of the Fellowship grant. Provided 
guidance on the methods and literature available for the study to determine ozonation rate 
constants for specific compounds targeted by Melbourne Water. 
 
Presented lecture to about 75 people from metropolitan and regional water utilities, universities 
and consulting companies at RMIT on “Rethinking disinfection in drinking water systems” on 
February 19, 2014. The lecture was videotaped and is available through the Australian Water 
Recycling Centre of Excellence webpage and also via a link from the RMIT Water: Effective 
Technologies and Tools Research Centre webpage. The slides are available from the Victorian 
branch of the AWA. 
 
Met with Muhammad Umar to discuss post-PhD plans and strategies for obtaining a post-doc. 
Offered to help make connections to faculty in USA 
 
Met with Muhammad Umar and Felicity Roddick to discuss ozonation of micropollutant results 
on 18 and 24 July. 
 
Met with Judy Blackbeard, Linhua Fan, Felicity Roddick and PhD student Yufei Wang to discuss 
the modelling of micropollutant removal in WTP lagoons project 23 July. 
 
3. NatVal ACTIVITIES 

 
Participated in NatVal Protocol Development Group (PDG) for the National Validation 
Framework for Water Treatment Technologies on September 12, 2013. Presented at that 
meeting on “Lessons from the USEPA UV Validation Process”. 
 
Reviewed materials provided by Sue Keay for NatVal Protocol Development Group meeting that 
was held on February 12, 2014. 
 
Prepared a presentation on the “Makings of a Validation Centre” and gave at the NatVal PDG 
meeting on February 12 at MW. 
 
Held a teleconference with Sue Keay and Mark O’Donohue to review plans for the Ozwater’14 
workshop on “Toward National Validation Guidelines for Water Recycling in Australia”. 
 
Visited AWRCoE and met with Mark and some representatives from the Queensland Heath 
Department to discuss the state of regulation regarding recycled water and the work of NatVal, 
on May 5, 2014. 
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Participated in NatVal PDG meeting on 25 July, 2014. 
 
4. OTHER OUTREACH ACTIVITIES 

 
Prof Linden presented a lecture to students and academic staff at the University of Queensland, 
hosted by Prof Jurg Keller and his Advanced Water Management Centre on May 5, 2014.  The 
lecture was on "Rethinking Disinfection in Drinking Water Systems" and was followed by a lively 
discussion. During his visit, Prof Linden met with doctoral and post-doctoral students of Prof. 
Keller to advise them on some UV-related research, toured the laboratory facilities, and had 
lunch with a group from the Advanced Water Management Centre. 
 
Visited Profs Mikel Duke and Stephen Gray at Victoria University on 15 July 2014 to tour the 
laboratories and discussed research collaborations on membranes and membrane pre-treatment 
to minimize fouling. Following up with them to support proposal development and potential co-
advising of a student in the near future. 
 
Gave keynote speech “UV Disinfection: New Developments for Small Systems” at the WaterRA 
workshop “Science talks to Industry” on July 16. Attended day 2 of workshop on July 17 and 
interacted with attendees. The workshop was attended by approximately 100 members and 
other water-related industry professionals. The presentation is available through the WaterRA 
website. 
 
Had discussion with Carolyn Madden and Susan Crosher of South East Water regarding the 
potential environmental impacts on marine ecosystem of chlorinated disinfection by-products 
from wastewater on July 23. 
 
Discussed UV disinfection issues and regulations with Vanora Mulvenna of Victorian Department 
of Health on July 24. 
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