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A bit about me – employment:



Cell Identification/Integrity & Release 
Intra- and extracellular compounds



BIOGENIC T&O IN DRINKING WATER

- In Australia, most T&O events are caused 
by microbes in source water

- Cyanobacteria produce 100s of T&O 
compounds
o We only monitor geosmin and MIB

o Human detection 7 ng/L; no Cl2

o Major cause of customer complaints & 
distrust

o Responsible for Earth/Musty odour

- Most T&O events remain undetected and 
untreated
o Consumer complaints and loss of trust
o How can we do better?
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(Ref: Dr B Tamburic, UNSW)



ALGAL BLOOM AND T&O MONITORING PATHWAYS
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Sample 
Multiple 
Locations 
in 
waterbody

Chlorophyll and 
Phycocyanin 
probes help 
justify when a 
trip to the field is 
required.

FlowCam Cyano: identify 
organisms, plus count, 
and concentration.

Thermo GC-
MS/ECD to 
quantify 
MIB/Geosmin

T&O 
Path

Toxin 
Path

qPCR
Dip SticksThermo LC-

MS/MS
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Gaget et. al (2021) “Benthic cyanobacteria: a utility-
centered field study”; Under review
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Risk
Management

Funding

In kind

Total value

Outputs

Start End

Trial package for Intelligent Water Network (IWN) & Veolia:
• Trialling of non-chemical dosing for cyanobacteria mitigation at the 

source
• Developed the sampling protocol to collect systematic algal and 

cyanobacterial, and water quality data
• Sonication equipment was installed Dec 2020
• Data analyse and interpretation is ongoing

Protocols for algal bloom management  
Source mitigation using sonication
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Management

Funding
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Total value

Outputs

Start End
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Centenary Sonicator introduced Alert Level 1

Total Cyanobacteria Biovolumes – Statistical 
Observations
• Preliminary analysis (Log-normal distribution)

- Practicality of controls?
- Data from only 1 bloom season
- Testing is lower during non-bloom 

periods
• Centenary Reservoir Walkway

- Historical distribution (n=56) compared to 
post-sonicator distribution (n=10)

- Statistically significant difference observed
• Water treatment plant intake stream

- Historical (n=94) and post-sonicator (n=20)
- Statistically significant difference observed

Protocols for algal bloom management  
Source mitigation using sonication



Risk
Management

Funding

In kind

Total value

Outputs

Start End

Dominant Cyanobacteria 
Species Biovolumes –
Centenary Reservoir
• Disruptions in dominant 

species observed after 
sonicator installation

• Microcystis sp. undetected in 
2020/2021 bloom season

• Cyanogranis sp. and Anathece
sp. dominant in recent blooms
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Synechocystis sp. Microcystis sp. Pseudanabaena sp Dolichospermum

Cyanogranis sp. Alert Level 1 Sonicator introduced

Protocols for algal bloom management  
Source mitigation using sonication
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CHEMICAL 
CONTROL 

STRATEGIES

K.E. Greenstein, A. Zamyadi, C.M. Glover, C. Adams, E. Rosenfeldt, E.C. Wert (2020) Delayed Release of Intracellular Microcystin Following Partial Oxidation of Cultured and Naturally Occurring 
Cyanobacteria. Toxins, 12(5), 335. 

A. Zamyadi, K. E. Greenstein, C. M. Glover, C. Adams, E. Rosenfeldt, E. C. Wert (2020) Impact of hydrogen peroxide and copper sulfate on the delayed release of microcystin. Water, 12(4). 

Kibuye et. al (2021) “A critical review on operation and performance of source water control strategies for cyanobacterial blooms: Part I-chemical control methods”



TREATMENT ISSUES/UNKNOWNS?
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Identified organisms using macroscopic taxonomy Extra info obtained by genomics



Raw 
water

Post 
addition of 

KMnO4

Post 
sedimentation

Sampling results: Pre-oxidation using pre-KMnO4:

High removal rate but the 
remaining were healthy 
cells

Post addition of KMnO4 Post sedimentation

Microcystis and green algae 
resist oxidation

% cell removal & total MIB



Raw water Raw water + 
Return of 

sludge 
supernatant

Post-pre O3
Post 

sedimentation

% cell removal & total geosmin

High removal rate & the 
remaining were damaged 
cells

Post-pre O3 Post 
sedimentation

Diatoms, Planktolyngbya and 
Anabaenopsis resist oxidation

Sampling results: Pre-oxidation using pre-O3



OXIDATION – UNKNOWNS?
Understand the phenomena governing cell wall damage & release of intracellular 
metabolites during oxidation: 
Fate of Cylindrospermopsis cells post ozonation

76

Flowcytometry confirmed 
complete cells damaged but not 
at the same level!
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a. b.

c. d.

Pre-oxidation Post-oxidation

Chlorination for 
maximum dose-
contact time (CT) 120 
mg.min/L and 
ozonation for 
maximum dose-
contact time (CT) 50 
mg.min/L
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Understand the phenomena governing 
oxidation of cells, biomarker indicating toxin 
production, triggers of toxicity, release of 
intracellular metabolites

Understanding oxidation:



Enhanced Darkfield Microscopy with Hyperspectral Imaging (EDM/HSI) allows 
for spectra (400–1000 nm) to be generated from a specific pixel (containing a 
cell component of interest)

Understanding oxidation:



OXIDATION?
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*Treatment technology currently at bench-scale. 

Oxidant Microcystins
Microcystin-

LA
Cylindrospermopsin Anatoxin A Saxitoxins

GTX2, 
GTX3 and 

C1, C2
Nodularins

MIB and 
geosmin

BMAA

Free chlorine pH pH Slow/no 
oxidation pH pH

Monochloramine
Slow/no 
oxidation

? ?

Chlorine dioxide
Slow/no 
oxidation

? ? ?

Permanganate ? ? ? Slow

Ozone pH pH pH

Hydroxyl radical ? ? pH

UV High doses High doses High doses
High 

doses
? ? ?

High 
doses

High 
doses

Cold plasma 
oxidation*

LR and LL ? ? ? ? ? ? ?

WRF4692 - #WRFCyanoToxinOxid:
Release of Intracellular Cyanotoxins During Oxidation of Naturally 
Occurring and Lab Cultured Cyanobacteria

AOP

AOP
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AOP: a method to produce…
OH (hydroxyl radical)

- very powerful and fast (nanoseconds)
Other radicals (O2

 -, Cl, SO4
-, etc.)

Some methods for AOPs
Ozone-based

– O3 + H2O2, O3 + UV 

UV-based 
– UV + H2O2, UV+Cl2, UV + TiO2, vacuum UV 

Others 
– H2O2 + Fe2+ at low pH (Fenton process)

Drawback: $$    



Purposes

Micropollutants
– surface waters (e.g. pesticides), groundwaters

(e.g. solvents), wastewaters (e.g. dyes)

Taste and odour compounds in surface waters

Multibarrier approach
– potable reuse 

(e.g. MF + RO + UV/H2O2)
81



AOP products

Large, complex organic + OH

 smaller, oxidized organic

Impractically high AOP dose  CO2 (mineralization)

Possibility for undesirable transformation products 
e.g. trichloroethylene + AOP   vinyl chloride

Research shows only rare instances of
Toxic parent + AOP  toxic byproduct
e.g. WRF project 4241 (Linden and von Gunten)

82





Water quality considerations

• UV absorbance/transmittance of water
– Blocks photons
– Put UV-AOP downstream of other treatment

• Low scavenging potential
– TOC (k ≈ 5X108 M-1s-1)

– HCO3
- (k ≈ 1.5X107 M-1s-1); CO3

2- (k ≈ 4X108 M-1s-1)

83

OH

target pollutant

scavengers



Water quality considerations

• Good oxidant/activator: absorbs photons well & has high 
quantum yield
– H2O2 “decent” for absorbing photons, QY=1.1 

• pH
– AOP often better at low pH (less CO3

2-; more HCO3
-)

• Temperature 
–  temperature leads to small  OH reaction rates

84



Types of UV-AOPs: UV/H2O2

• Most common
– H2O2 inexpensive, relatively operator friendly

• Theoretically, LP more efficient than MP UV
– Reactor design can affect this

• UV dose ≈ 500-1000 mJ/cm2

H2O2 dose ≈ 5-10 mg/L
• Economics: often use 

high UV dose, minimize H2O2

85
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UV/H2O2 for seasonal geosmin

88



Courtesy D. Drouin, O. O’Keefe (Cornwall)



Couldn’t isolate 1 pump
Undersized feed line 

= vapour lock, 1 pump starves another

Courtesy D. Drouin, O. O’Keefe (Cornwall)



Changed all PVC to 
pacified stainless steel



H2O2 Quenching (for drinking water)

Only about 5-10% of H2O2 undergoes photolysis 
during UV+H2O2 AOP

H2O2 + chlorine  O2, Cl-, H2O

Must remove H2O2 for chlorine 2o disinfection
• Can quench H2O2 with Cl2 itself

– Need to know how much H2O2 survives UV

92



• H2O2 monitors can lack some
accuracy

• Variable destruction across 
UV reactors

Reaction stoichiometry
2.1 mg/L Cl2 : 1 mg/L H2O2

• a 0.2 mg/L error in H2O2 leads to 0.4 mg/L 
error in Cl2

• Also, the reaction is not instantaneous
93



Study on quenching H2O2 using Cl2 gas  or sodium bisulfite
(SBS)
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Quenching H2O2 with Cl2: summary

• Conceptually elegant
• Not instantaneous
• Can be hard to control Cl2 dose due to poor H2O2 monitors; 

reaction time
• Probably NOT a good idea for small, automated plants
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H2O2 quenching with GAC

Pass water with H2O2 through GAC bed

96



Assessing the remaining service life of full-scale GAC for H2O2 quenching and T&O 
compound removal

22 column pilot setup



22 Column Pilot Set-up



Colum preparation: GAC sampling from the full-scale contactors
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MIB removal using full-scale & virgin centaur GAC      
(similar results for 1 year old GAC and geosmin)
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Geosmin Removal Using Full-scale & Virgin 
Centaur GAC
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• DOC
• ATP
• DO
• Nitrate
• T&O
• pH
• Temperature

Rafael Paulino, PhD candidate at UNSW

Understating BAC



Risk
Management

Funding

In kind

Total value

Outputs

Start End

Assessment package for Melbourne Water:
• Identity potential functions of cyanobacteria in 

the reservoir, as well as the BAC biofilm 
communities with focus on stagnation
– PhD student at University of Melbourne funded 

by an ARC Discovery Gant
– Supervisors: Linda Blackall, Dug Romney, Arash 

Zamyadi (Melbourne), Jillian Banfield (University 
of California Berkeley)

Ongoing work: Understating BAC



Types of UV-AOPs: UV-TiO2
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Courtesy Purifics
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Influent Effluent

DO Control

pump

ceramic 
membrane

UV bank

Courtesy Purifics



Other types of UV-AOPs

• UV + peracetic acid (PAA)  OH

– PAA is a disinfectant/oxidant 
(wastewater)

• UV + performic acid (PFA)  OH

• UV + persulfate  SO4
- + OH

• UV + Fe(III) at pH 3 (photofenton)

107



Other types of UV-AOPs

• Vacuum UV 
– UV at 185 nm: normal lamp, special quartz that allows 185 nm light 

through
– UV+H2O  OH

108

Courtesy Prof. M. Mohseni, UBC



UV-AOP Reactor Design 
and Regulation

• Much simpler than UV drinking water 
disinfection
– You can measure effluent quality 

(e.g. T&O, 1,4-dioxane) 

• Major vendors have models to ensure 
adequate dose based on worst-case:
– Scavenging potential, UVT, 

flow rate, pH, UV power, etc.

109



UV-AOP Reactor Design 
and Regulation

• Drinking water: combined AOP + disinfection
– Can do both, but likely a compromised design:

best disinfection reactor  best AOP reactor
(different optimum lamp spacing, etc.)

– Often turn lamps on/off for disinfection vs. AOP
• e.g. 4 lamps for disinfection, 16 for AOP

– Regulators likely(?) to give full disinfection credit when operating at 
AOP doses

110



AOP DBPs (Drinking Water)

• UV-H2O2 may form some biodegradable organic carbon
– usually less than when using ozone

• Some experience that UV-AOP may lead to slightly higher 
distribution system THMs, HAAs, and more chlorine demand

Case study:
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THM formation following UV/H2O2

Simulated distribution system tests on post-filter 
water, before/after UV-H2O2 turned on.
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UV Photolysis vs. UV AOP

Intense UV light (alone) can destroy some contaminants, to some 
extent

– e.g. NDMA, atrazine,…
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pH Time
6 20 minutes
7 2 minutes

7.5 40 seconds
8 10 seconds

8.5 4 seconds

Theoretical time to quench 90% of 2.5 mg/L H2O2
with 5 mg/L Cl2

Note: monochloramine + H2O2 slow 
(3 days for 90% reaction) 

Downstream Cl2 analyzer to control Cl2
must account for this



How AOPs work
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Photon emitted 
at 

Photon absorbed 
by oxidant at 

Oxidant  OH

(quantum yield)

OH scavenged OHdestroys 
target

H2O2

HOCl



What if we oxidize them all together:

B. Nisol, S. Watson, Y. Leblanc, S. Moradinejad, M. R. Wertheimer, A. Zamyadi (2019) Cold plasma oxidation 
of harmful algae and associated metabolite BMAA toxin in aqueous suspension. Plasma Processes and 
Polymers, 16(2). https://doi.org/10.1002/ppap.201800137S
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Hydrogen Circular Economy: Viability, 
Scalability, & Risk For Water Industry



Integration of sustainable hydrogen (H2) production with capture of associated 
greenhouse gases & carbon, & local use of co-products:

• facilitate an emerging circular economy,

• help the water industry to achieve net zero carbon emissions,  

• supply chain security for water treatment chemicals. 

In particular, green hydrogen & co-products such                                                  
as O2, O3 and H2O2 are essential within an                                                  
emerging circular economy: 

• sustainable fuels, 

• chemical synthesis feedstocks, 

• oxidising agents for AOP. 

Introduction



Wastewater treatment plants produce large quantities of recycled water & biogas, 
providing co-location opportunities for hydrogen production and alternative reuse 
prospects: 

• Water source concerns for sustainable hydrogen, 

• Reinforces circular economy principles of wastewater as a valuable 
resource, 

• Avoids potentially harmful wastewater discharges to the environment, 

• Reduces capital expenses by using existing infrastructure, land, & supply 
chains. 

• + recycled-water-based drought schemes may have potential for hydrogen 
production during non-drought periods.

Introduction



While hydrogen production opportunities may add significant value to WWTP operations:

• Associated risks

• Viability? 

• Scalability? 

• Urban and regional perspectives? 

• Value proposition of a hydrogen circular economy to water industry stakeholders? 

Challenge

Objective
• Understand these concerns and provide site-specific guidance to prospective utilities 

aiming to address technical considerations of feasibility, scalability and viability 

• Formulate a decision tree to support utility decision-making and risk assessment.
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Capital 
costs $
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Economic viability 

Understand the economic viability of hydrogen production:

• Projected future demands for hydrogen & associated supply chain

o The global hydrogen industry is expected to increase 40% by 2030, with
Australia aiming to become a leading exporter of hydrogen, with
potential export values of $5.7bn by 2040.

o To accelerate the development of a hydrogen economy and transition to
a decarbonised future, we need to produce “clean” hydrogen at under
AU$2.00 per kilogram.



Economic viability 

Understand the economic viability of hydrogen co-products:

• Projected future demands for co-products: O3

o The global O3 market size was valued at USD $ 880 million in 2016 and is expected
to grow at a compound annual growth rate (CAGR) of 7.4% from 2017 to 2023.

o O3 generators predominantly use air as the feed, but when oxygen is used, more
ozone can be generated at lower energy consumption.

• Projected future demands for co-products: H2O2

o Use in water industry; food, paper and pulp; chemical manufacturing; pharmaceutical
& health; disinfectant products.

o The global hydrogen peroxide market size was valued at USD 1.44 billion in 2020
and is expected to grow at a compound annual growth rate (CAGR) of 5.7% from
2020 to 2028.

o Can production of co-products offset the production cost of H2, bringing the cost
of H2 production down to the targeted $2/kg?



Technical viability 
The technical viability of recycled-water-based hydrogen production also
presents many research questions:

o Performance of electrolysers (which split water into hydrogen and
oxygen in the presence of a catalyst)

• low pH conditions ideal for hydrogen reduction

o Volumes of (recycled) water required

o Optimal operating conditions

o Impacts of contaminants in wastewater:
• organic compounds

• metal ions

• nutrients

• inorganic debris



Technical viability: WaterRA factsheet 
https://www.waterra.com.au/_r11390/media/system/attrib/file/2690/WaterRA_FS_1136_HydrogenEconomy.pdf



Customer + 
Community Values

Cash funding

In kind

Total value

Outputs

Start End

Objectives

Project 
partners & 
funding 
model

1.To gain an in-depth understanding of how existing electrolysers perform in the presence of water 
impurities, and develop guidelines for designing water electrolysers with high tolerance of water

2.To identify the water quality gap between the treated water from existing WWTPs and the required feed 
water for water electrolysis, and provide recommendations for WWTPs operation and potential 
upgrading;  

3.To evaluate the technical feasibility of utilising the co-products from waster electrolysis in wastewater 
treatment, and develop frameworks for the integration between wastewater treatment and water 
electrolysis.

Technical viability 

WaterRA water industry 
consortium:

Energy sector:
Leverage 1$:6$

Academic research: Academic research:
Leverage 1$:11$

3-year ARC linkage project: Sustainable Hydrogen Production from Used Water



• Dissolution/corrosion of catalysts

• Poisoned by impurities

• Agglomeration of catalysts

• Passivation of catalysts/supports 

Failure of 

exchange 

membranes

• O2 permeation

• Low conductivity

• Mechanical damage, e.g. cracks, 
pores

• Membrane degradation

• Active site occupation

TYPES MECHANISMS

• Changes in chemical/ 
structural features

Activity decay

Electrode 

catalyst 

damage

PERFORMANCE

Impacts of impurities & mitigation strategiesTechnical viability: 



Developing active & robust catalysts

Post-treatment (e.g., acidic washing)

Introducing protective shells 

Exchange 
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Manufacturer Technology Name Operating Pressure Hydrogen Flowrate Energy Consumption Operating Range Water Consumption Power Electrical Efficiency

Manufacturer 1

HOGEN S10
13.8 barg

0.265 Nm3/hr - 0.57kg/d
74 kWh/kg H2 0-100% 9.9 L/kg H2

1.1 kW -
HOGEN S20 0.53 Nm3/hr - 1.14 kg/d 2.2 kW -
HOGEN S40 1.05 Nm3/hr - 2.27 kg/d 4.3 kW -

H2
15 barg / 30 barg option

2 Nm3/hr 81 kWh/kg H2

0-100% 10.2 L/kg H2

8.1 kW -
H4 4 Nm3/hr 78 kWh/kg H2 16.1 kW -
H6 6 Nm3/hr 76 kWh/kg H2 23.7 kW -

Manufacturer 2

ME 100/350 15 - 30 barg 15-46.3 Nm3/hr 55 kWh/kg H2 32-100% 14.4 L/kg H2 225 kW 73%
ME 450/1400 15 - 30 barg 42-210 Nm3/hr 53 kWh/kg H2 20-100% 13.8 L/kg H2 1 MW 74%

HCS 2MW 15 - 30 barg 420 Nm3/hr
<53 kWh/kg H2 20-100%

16 L/kg H2 2 MW
>74%HCS 4MW 15 - 30 barg 840 Nm3/hr 17 L/kg H2 4MW

HCS 10MW 15 - 30 barg 2100 Nm3/hr 18 L/kg H2 10MW
S30/10 0 - 20 barg 0.22 Nm3/hr - - 29 kg/hr 1 kW

78%S30/30 0 - 20 barg 0.66 Nm3/hr - - 87 kg/hr 3 kW
S30/50 0 - 20 barg 1.10 Nm3/hr - - 145 kg/hr 5 kW

Manufacturer 3

HyLYZER 200

30 barg

200 Nm3/hr
<55 kWh/kg H2

5 - 100%
9 L/kg H2 - -

HyLYZER 250 250 Nm3/hr
HyLYZER 400 400 Nm3/hr

<54 kWh/kg H2
HyLYZER 500 500 Nm3/hr

HyLYZER 1000 1000 Nm3/hr <51 kWh/kg H2 5 - 125%

Manufacturer 4
SILYZER 200 35 bar 225 Nm3/h - - 17 L/kg H2 1.25 MW 60-65%
SILYZER 300 - 1300 kg/hr - 0-100% 10 L/kg H2 ~70 MW >75.5 %

Technical viability 
• Volumes of water required: Theoretically 9kg of H2O to produce 1 kg H2. At

scale: estimated to be up to 90 kg electrolyser cooling

• Energy consumed for hydrogen production



Scalability of production processes

• The scalability of production processes is also a key concern:
o Regional utilities: many plants distributed across a large geographic area.

• The risks associated with utility involvement in a hydrogen circular
economy are also poorly defined:
o Core business of a water utility?

• From a sustainability perspective a key potential risk is the allocation of
water for hydrogen production in regions where water resource
availability is subject to extreme variability due to climate change.
o In this context, how can we not only secure water for electrolysis but continue to

meet accessibility and affordability for other uses?



Water “core partnership” workshop May 6th 2022 (online) - Themes:
• Water sources and their social licence;
• Technology needs for water reuse and beneficial co-products;
• Co-location opportunities (including renewable energy generation) and

Integrated planning.

Scalability:

WaterRA water 
industry consortium

Contact me to join the workshop:
arash.zamyadi@waterra.com.au
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Enjoying a bit of 
beach life here in 
Melbourne, Australia 
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Thank you and please contact me to co-design interesting project!

Arash Zamyadi, Ph.D.  
WaterRA Senior Research Manager (hosted by Melbourne Water) & Senior Lecturer
Chemical Engineering | Faculty of Engineering and Information Technology
The University of Melbourne, Victoria 3010 Australia

T: +61 4 3773 1414 E: arash.zamyadi@unimelb.edu.au / arash.zamyadi@waterra.com.au

https://findanexpert.unimelb.edu.au/profile/862353-arash-zamyadi


