DDDDDDDDDDDDDDDDDDDDDD

FINAL REPORT

Removal Of Microalgae and Total
Nitrogen in Effluent Water from
Prawn Farms Using
Electrocoagulation (EC) Water
Treatment Technology

Christine Huynh, Christian van Rijn, Tony Land

31 May 2024

FRDC Project No: 2022-019

Version 1.1


http://frdc.com.au/research/info_for_curr_researchers/Pages/frdc_logos.aspx

© 2024 Fisheries Research and Development Corporation.
All rights reserved.

ISBN: 978-0-646-89042-5

Removal Of Microalgae and Total Nitrogen in Effluent Water From Prawn Farms Using Electrocoagulation (EC) Water
Treatment Technology

FRDC Project: 2022-019

Ownership of Intellectual property rights
Unless otherwise noted, copyright (and any other intellectual property rights, if any) in this publication is owned by the
Fisheries Research and Development Corporation and Nautilus Collaboration Pty Ltd.

This publication (and any information sourced from it) should be attributed to Nautilus Collaboration, 2024, Removal Of
Microalgae and Total Nitrogen in Effluent Water from Prawn Farms Using Electrocoagulation (EC) Water Treatment
Technology, Tasmania, May. CC BY 3.0.

Creative Commons licence
All material in this publication is licensed under a Creative Commons Attribution 3.0 Australia Licence, save for content
supplied by third parties, logos and the Commonwealth Coat of Arms.

Creative Commons Attribution 3.0 Australia Licence is a standard form licence agreement
® that allows you to copy, distribute, transmit and adapt this publication provided you
attribute the work. A summary of the licence terms is available from
https://creativecommons.org/licenses/by/3.0/au/. The full licence terms are available from
https://creativecommons.org/licenses/by-sa/3.0/au/legalcode.

Inquiries regarding the licence and any use of this document should be sent to: frdc@frdc.com.au

Disclaimer

The authors do not warrant that the information in this document is free from errors or omissions. The authors do not accept
any form of liability, be it contractual, tortious, or otherwise, for the contents of this document or for any consequences
arising from its use or any reliance placed upon it. The information, opinions and advice contained in this document may not
relate, or be relevant, to a readers particular circumstances. Opinions expressed by the authors are the individual opinions
expressed by those persons and are not necessarily those of the publisher, research provider or the FRDC.

The Fisheries Research and Development Corporation plans, invests in and manages fisheries research and development
throughout Australia. It is a statutory authority within the portfolio of the federal Minister for Agriculture, Fisheries and
Forestry, jointly funded by the Australian Government and the fishing industry.

Researcher Contact Details FRDC Contact Details
Name: Christine Huynh Address: 25 Geils Court
Address: 410 Cloverside Road, Lucaston TAS 7109 Deakin ACT 2600
Phone: +61 400 608 590 Phone: 02 6122 2100
Fax: Email: frdc@frdc.com.au
Email: chuynh@nautiluscollaboration.com Web: www.frdc.com.au
Doc ID: Version: https://frdc1- 13:54:35 14-Oct-24 Page ii of 89
NEMO-17858-32 0.7 my.sharepoint.com/personal/wayne_hutchinson_frd

c_com_au/Documents/1 FRDC/1 IPAs &
Programs/APFA/Projects/2022-019 EC Nitrogen
removal/2022-019 Final Report - Final.docx



https://creativecommons.org/licenses/by/3.0/au/
https://creativecommons.org/licenses/by-sa/3.0/au/legalcode
mailto:frdc@frdc.com.au

In submitting this report, the researcher has agreed to FRDC publishing this material in its edited form.

Executive Summary

The growing Australian Prawn Industry is committed to improving its practices around the issues of
environmental sustainability and compliance. The importance that the industry places on meeting its
sustainability goals is reflected in the APFA strategic plan, where key goals to improve water quality
and reduce nutrient effluent are highlighted. Optimizing wastewater nutrient levels is a key strategy
for enabling the aquaculture industry to increase production outputs sustainably. By reducing
environmental impact from farming activities, and reducing the footprint required for bioremediation
infrastructure before discharge to receiving waters, extra space could be utilised for extra production
ponds (i.e. more production output for the same CAPEX OR reuse of water), or existing ponds can
increase their production.

This project focused on addressing a key challenge of the Australian prawn industry: the reduction/
removal of nitrogen (N) and the coagulation of suspended solids (including microalgae) to facilitate the
expansion of the industry whilst continuing to meet these sustainability targets. Most of the total
nitrogen (TN) output from the Australian prawn industry is organic nitrogen, of which microalgae
assimilate a large proportion. The project team explored the potential of electro-coagulation (EC)
technology for removal of suspended solids (including microalgae), particularly in the context of
treating settlement pond discharge.

Electrocoagulation is a process that uses an electric current to clump together suspended particles in
liquids. It is used to remove contaminants such as metals, oils, and organic compounds in potable water
and wastewater treatment. The process involves releasing metal-hydroxide cations and producing
hydrogen anions by applying a direct electrical current to an electrolytic cell. Most colloidal particles
have a negative surface charge and repel each other, but adding positively charged metal-hydroxides
destabilises their surface charge and causes them to clump together via van der Waals force. These
clumped particles can be removed through sedimentation, flotation, or filtration. Flocculated particles
float to the surface with hydrogen gas formation, while compounds bound with metal-hydroxides
precipitate out and form sludge. The effectiveness of the technology depends on optimising factors
such as contaminant type and concentration, electrode materials, voltage, current, pH, and
conductivity to achieve efficient coagulation while minimising energy usage and electrode wear,
tailored to the specific site conditions.

The project was led by Nautilus Collaboration, in collaboration with Hydrenesis and Natural Shrimp
Inc., funded by the Australian Prawn Farmers Association (APFA) and the Fisheries Research and
Development Corporation (FRDC). The trials took place at Australian Prawn Farms (APF) llbilbie,
Queensland.

The aims and objectives for the project were:

1. Assess technical feasibility for commercial application of electrocoagulation unit for
wastewater remediation.

2. Assess the economic feasibility for commercial application of electrocoagulation for
wastewater treatment.

3. Determine any bottlenecks for commercial application of EC for prawn effluent treatment.
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The application of proprietary EC technology developed by Natural Shrimp Incorporated (USA) was
assessed under Australian conditions in the settlement pond discharge of APF. A gravity-fed EC unit
was installed pondside that drew water from the settlement pond, treated it and then discharged into
a settlement tank before spilling over a weir and back into the pond. The five anode/cathode plate
material combinations tested were:

e Mild steel
e Aluminium
e Graphite

e Titanium-Coated Mixed Metal Oxide
e Titanium and graphite (using Titanium as power plates)

Each electrode plate material was evaluated to determine which was the most effective for this
application, and an Amazon Web Services Dashboard was built for remote monitoring and adjusting of
the equipment. Water quality properties of input and output water was monitored during the testing
of different plate materials, including nutrients, physicochemical properties, total and soluble metals,
and particulate analysis. Operating parameter data was also collected to conduct a feasibility study,
including CAPEX and OPEX costs for adopting the technology at a commercial scale.

After testing 5 different plate materials, it was determined that a titanium-coated mixed-metal oxide
plate struck the optimal balance between effectiveness of total N reduction, coagulation of suspended
solids and estimated operating costs (including plate cost and lifespan). There was also a significant
amount of technical learnings for adopting this traditionally indoor RAS technology to the harsh
environment of a commercial Australian prawn farm. These include corrosion prevention, optimisation
of sensor location, and several design aspects of the EC unit.

Reduction after EC treatment — All plate types

Mild Steel Aluminium Graphite Titanium Tltamurn X
MMO Graphite

% reduction |% reduction |% reduction % reduction |% reduction |% reduction |% reduction |% reduction
Parameter (Sample in vs [(post- (Samplein |(post- (Sample in vs|(Samplein [(Samplein vs|(Samplein

Out) filtration) vs Out) filtration) Out) vs Out) Out) vs Out)
Ammonia as N -3% -4% -3% -3% -18% 5%
Chlorophyll A® -66% 9% 38% 58% 75% 91% 82% 74%
Conductivity -19% -19% 9% 0%
Nitrate + Nitrite NOx-N 0%] 0%] 0%] 0% -50% 32% 6% 6%
Salinity -21% -21% 9% 0%
Total Kjeldahl Nitrogen-N 17% 31% -6% 6% -11% 13% 16% 14%
Total Nitrogen* 17% 33% -6% 8% -11% 14% 15% 12%
Total Phosphorus 14% -114% -467% -200% 11% -14% 0% 15%
Total Suspended Solids 17% 94% -61% 23% 27% 30% -31% 29%
Turbidity -287% 76% -66% 69% 16% -10% 10% -6%

The mild steel plates seemed to yield the best reduction in N and P, however the orange discharge
generated by these plates make this option unworkable. The best plate material based on the results
from these trials, with a 15% reduction of TN. The graphite and titanium/graphite combination only
gave modest results, and the plate warping issues seen in the graphite plate trial could be a WHS issue
in future applications unless there are design modifications to assist with the morphing of the material.
The graphite material alone did not reduce N as much as anticipated (following experience in RAS). This
seemed to be due to the retention time in the tanks. The solids after they were coagulated, were not
removed quickly enough and it is likely, that there was some algal/solids break down within the
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retention tank which showed on the initial results on the 10™ March. Other results were reflective of
running the machine with a clean/clear retention tank at the start-up of the machine.

From a nitrogen reduction perspective, a previous study on electro-flocculation of aquaculture
wastewater found that there was a TN reduction of 64% in their benchtop trial (Capper et al., 2024).
This was not seen with the in-field evaluation, and the results were not as consistent. This could have
been due to the amount of microalgal biomass (and in-field variation), or it could have been due to
concurrent breakdown of the microalgae within the retention tank. The consistency of removal was an
issue in calculating some of the assumptions for total nitrogen reduction, but this does highlight that
there are very practical implications when technology is scaled from benchtop to small scale pilots.

There was undoubtedly a coagulation effect for both Titanium MMO and Titanium MMO X graphite
combination. These plate materials showed a 82% and 74% reduction in chlorophyll-a respectively. The
titanium MMO showed an increase in suspended solids, whilst the titanium MMO X Graphite plates
showed a 30 % reduction. A total of 0.05 grams of dry weight per litre is estimated for these two plate
combinations (from benchtop studies) — this means that for the current gravity fed flow-through EC at
450 lpm, a total of 32,400kg of solid waste would be produced/coagulated per production cycle. Of
this, we estimate that 50% of the solids can be captured if there is a mechanical filtration method e.g.
drum screen filter. This is a conservative estimate. Therefore, to process the wastewater from this
farm, using 63 equivalent systems then approximately 2 tonnes of solids will be able to be captured in
one day. This figure would need to be evaluated for use e.g. biogas — but this technology is not yet fully
developed for commercial application (see below section on biogas). Consultation was sought from
Kevin Sowers and Sterner Group, as they have commercially available systems in Norway. Most of the
systems deployed process fish waste and mortalities. Current methods included thermos-chemical
pretreatment with reported yields up to 740 mL/gVS and mechanical treatment with reported yields
up to 615 mL/g VS. Microalgae can be digested without treatment, but the conversion efficiency is
lower than full potential yield (pers comms. Kevin Sowers).

If 50% of the particles can be coagulated and captured (as per field-test results from particle size
analysis), it is estimated that total reduction of 21-22% of total N could be achieved (assuming that 42-
45% of total N is captured as particulate nitrogen (Jackson et al., 2003). The in-field total suspended
solids reduction was achieved using a retention tank; and not a designed mechanical filtration system.
It is likely that with the right mechanical removal process (further discussed in this document), then
this reduction would be feasible. This is markedly less than quoted benchtop trials (Capper et al., 2024),
but provides a conservative estimate for feasibility assessment.

The mechanical removal of the coagulated particles is one of the most important processes when using
an EC machine, so consultation with filtration suppliers would be necessary to find the best solution
available on the market if the APFA would like to further explore this technology. This could be achieved
with an additional operational expenditure of $0.67/Kg. These costs would need to be assessed by each
individual operation to determine if the investment is suitable, and it is recommended to test this along
with mechanical filtration technology at a slightly larger scale prior to any significant investments.

It was also suggested by the design team, that a pressurised EC unit design would be recommended
for the next phase of commercial testing. Pressurized EC units offer several advantages over gravity
flow units:

e They contain chlorine vapor within the water stream, preventing corrosion and safety issues
associated with vapor release.
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e Pressurized units operate cleaner, eliminating saltwater overspray for simpler electrical

connections, safer operation, and reduced maintenance costs.

e They enable faster water flow, allowing for use in pressurized (pump-driven) systems.

They also could have a smaller machine footprint and can be more cost-effective, potentially

saving up to 50% in capital expenditures when ordered at scale, based on plate area and treatment

volume, as detailed in the costing section below.

Because this technology is relatively new in aquaculture, there are design developments that need

to be made before it is able to be applied at full scale. From a commercialisation perspective, a

full commercial prototype could be still 2-3 years away.

Summary of Capital Expenditure for the commercial application of a pressurised EC unit:

Description

Value (approximate)

Commercial PILOT (3 megalitres per day): Cost of a 2-chamber unit

$161,000 USD or $254,000 AUD

Commercial PILOT (3 megalitres per day): Processing capacity per
day (2-chamber unit)

650,000 litres (for pilot)

Commercial UNIT (40 megalitres per day): Cost with volume and
mass production discounts for pressurised system

$6.6 million AUD

Freight costs

Unknown

Commercial UNIT (40 megalitres per day): Equivalent cost for
gravity-based systems

$14.5 million AUD

Commercial UNIT (40 megalitres per day): Cost if pressurized EC is | $2 million AUD
4 times more efficient

Capital life span 10 years
CAPEX per m3 of water based on commercial scenario using a $6.6m | $165/m3
system

CAPEX per Ha production $132000/Ha

CAPEX Depreciated over 10 years

$13200/Ha over 10 years

Note: These costs are based on a 50 Ha farm, valid at the time of writing and are indicative only. Many variables will affect

these costs, including supply chain factors and availability.

Summary of estimated Operating Expenditure:

Description Value

Power Requirements 3,600 kW/h per day
Cost per kW/h $S0.16 AUD

Daily Power Cost $600 AUD

Annual Power Cost $220,000 AUD

Maintenance (per chamber, per year)

1 labour hour

Estimated Total Labor Hours for 40 Megalitres

30-120 labour hours

Plate Assembly Lifespan

2-4 years

Cost of Plate Assembly (each)

$7,000 AUD

Annual Cost for Plate Assemblies (amortized)

$70,000 - $280,000 AUD

Total Operating Expenditure

$290,000 - $500,000 AUD

OPEX per m3 of ‘discharge’ water

$7.25-$12.50 AUD
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OPEX per T of production assuming 15T per Ha

$667/T

OPEX per Kg of production assuming 15T per Ha for a net
reduction in total N by 21% (estimate)

$0.67/Kg

Note: These costs are based on a 50 Ha farm, are valid at the time of writing and are indicative only. Many variables will affect

these costs, including final design of unit, available technical services, supply chain factors and availability.

The above figures will vary per farm, depending on yield per pond. The project team have made an
assumption of 15T/Ha of production on a 50 Ha farm for this exercise.
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Final Recommendations

The project team believe this is a feasible technology (at scale) for coagulation of microalgae.
In general, the current density that is required and the amperage and voltage is much less to
achieve effective coagulation than the requirement to produce chlorine — and is unnecessary

unless breakpoint chlorination or disinfection is a requirement of the technology from the

APFA.

e The design of the EC system will need to marry with the design of the sludge collection, and
some design time will be required to put a commercial pilot together.
e Rental sludge collection units are recommended for the commercial prototype, but there are
a lot of design modifications required prior to trialling another unit.
e Additional expert consultation with biogas professionals to determine how to use the algal

biomass is required.

Alternatively, ECs could be installed on a per pond basis, assisting with water treatment on an as needs
basis. Small units and their power supplies are exponentially less expensive than their larger
counterparts. These could also be gravity fed despite being “pressurized” resulting in no pumping

expenses. These different options could be explored further by desktop analysis.

Phase 2 (potential second phase commercial trial) approximate costs:

Phase 2 of this project should be conducted using 3 megalitres as the daily treatment benchmark. With
this daily treatment volume, the costs would be approximately $540,000 AUD for the required EC
chambers and ancillary equipment, not including pumping or infrastructure.

Additional to this:

e Additional design time for prototyping required — there are many modifications and corrosion
protection needed for the next iteration (the design considerations are covered in a later

section of this report)

e Additional design time for engineering for sludge recovery

e Flow simulation may be required for water flow

e Rental costs for the DAF and incline plate settler- TBD if the R&D committee would like to
progress then the project team can contact suppliers for rental costs

Keywords

Prawn Faming, Wastewater treatment, Nutrients, Electrocoagulation, Total Nitrogen, Microalgae,

Sustainability, Productivity.
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1 Introduction

Most of the total nitrogen (TN) within water discharged from Australian prawn farms is organic nitrogen, of
which microalgae assimilate a large proportion. This project investigated the use of electro-coagulation (EC)
technology to remove or reduce microalgae and minimise the level of TN within discharge water.

EC is an electrochemical process that involves the use of an electric current to coagulate or agglomerate
suspended particles in a liquid medium. It is commonly used in potable water treatment (Vik et al., 1984) ,
wastewater treatment (Boinpally et al., 2023; Butler et al., 2008; Das et al., 2022), and industrial processes
to remove contaminants such as metals, oils, and organic compounds (Moussa et al., 2017; Nidheesh et al.,
2020; Shokri and Fard, 2022). The process works by applying a direct electrical current (DC) to an electrolytic
cell, which is suspended in a liquid medium. The current releases metal-hydroxide cations from a sacrificial
anode (the positively charged electrode plate), while simultaneously producing hydrogen anions (OH™) at the
cathode (the negatively charged electrode plate) (Holt et al., 2004).

Most colloidal particles have a net-negative surface charge and will repel from other particles with a net
negative charge. This results in fine dispersed particles that can easily flow through most conventional
filtration. However, the addition of the positively charged metal-hydroxides destabilizes/neutralizes the
surface charge of these particles. The destabilized particles are now attracted to each other and coagulate
or agglomerate via van der Waals Force to form larger particles. These larger particles can be easily removed
from the liquid medium through sedimentation, flotation, or filtration. Flocculated particles float to the
surface with the aid of the hydrogen gas formation at the cathode, whilst compounds bound with metal-
hydroxides precipitate out of suspension and form sludge at the bottom of the reactor (Das et al., 2022; see
Figure 1).

The effectiveness of EC depends on several factors, including the type and concentration of contaminants,
the electrode material and configuration (Fan et al., 2020), the applied voltage and current, and the pH and
conductivity of the liquid medium. The process can be optimized by adjusting these parameters to achieve
maximum coagulation efficiency and minimize energy consumption and electrode wear. Tuning in these
parameters to the local conditions on site are critical to the project’s success.
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Figure 1. Chemical interactions occurring within an electrocoagulation reactor (image: Das et al., 2022).
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2 Objectives

The objectives for this project are as follows:

Objective

Description

Section addressed
in this report

Assess technical feasibility of
electrocoagulation unit for
wastewater remediation.

To achieve this objective the project will collect
comprehensive data on relevant water quality
and other parameters (i.e., salinity, pH,
organic/inorganic particle load, microalgae
composition, microalgae concentration,
ammonia, chloramine, TKN, total P, TSS,
turbidity, free chlorine, total chlorine, bacterial
colony counts, thermotolerant coliforms, vibrio
sp.) in prawn farm discharge water before and
after EC treatment over the production cycle
encompassed by this project

Section 3-5

Section 6-7

Assess the economic
feasibility of

To achieve this the project will collect data to
determine costs of the EC system including

Section 6.1-6.4

Programs/APFA/Projects/2022-019 EC Nitrogen
removal/2022-019 Final Report - Final.docx

c_com_au/Documents/1 FRDC/1 IPAs &

electrocoagulation for capital and installation costs, daily volume of Section 7
wastewater treatment. water treated, daily power consumption, and

ongoing maintenance requirements
Determine any bottlenecks | To inform future consideration of subsequent Section 6.1
for application for prawn | particle removal treatment options that are not
effluent treatment. part of this project, particle aggregates

(density/size) will be characterised over time

post EC treatment, including settlement or

flotation velocity, and cohesiveness under

mechanical stress.
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3 Methods

3.1 Electrocoagulation (EC) Equipment Installation and Layout

Electrocoagulation (EC) equipment was delivered to the Australian Prawn Farm located in llbilbie,
Queensland, Australia, with the aim of assessing the efficacy of electrocoagulation technology in treating
aquaculture discharge water. The installation of the equipment, executed by Fresh By Design, was completed
by January 23, 2023, marking the commencement of the trial. A comprehensive overview of the EC system's
layout is provided below.

The testing setup was as follows:

1. Water Input: Water is drawn in from the settling pond of the prawn farm via a pump.
Sample Port 1: Immediately after the pump was a water sample port and the input turbidity
sensor.

3. Flow meter: Water was pumped through a flowmeter to the EC chamber.

4. EC Chamber: Water flows up through to the EC chamber where the plates are located.

5. Internal Weir: Water then cascades over the top of a small barrier, into the weir (a small sump
area).

6. Monitoring: In the weir there is a water temperature probe, and the free chlorine sensor.

7. Post-EC: Water drains out the bottom of the weir, and into the discharge pipe.

8. Discharge: The discharge pipe leaves the shed and runs approximately 30 meters along the side of
the settlement pond where it empties into the settling tank.

9. Settling tank: Water transits the settling tank, where it is then discharged by either the turbidity
out sensor, or the overflow discharge. Baffles and piping were oriented in a manner that slowed
the velocity of the water.

EC Control
EC Shed
o Power Supply Sample Point:
o Water In
Outflow Pipe EC Chamber | — 2O 2
P ) 5 .
% 17 i, /

Input Turbdidty Sensor

Sample Point:
Water Out

=~ (Tank1) Pum

Settling Tank

Input Pipe

Qutflow Turbidity Sensor

Sample
Point: Iqﬂ{
Water Out

Figure 2. Diagram of EC trial system layout. Note that this diagram is not to scale.
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3.2 Plate Material Testing

Different plate materials were trialled to determine which material produced the best coagulative effects,
and which were more successful at generating chlorine for break-point chlorination and removal of ammonia.
Initially, the aim was to rapidly test the different plate materials that were chosen for the trial. Once this
testing was completed, different combinations of plate materials were tested for the desired outcome. The
equipment was monitored to determine its operational feasibility, and recommendations for future design
considerations.

The following plate materials were included in the trial:

Mild steel (A36)

Aluminium

Titanium coated mixed metal oxide (MMO)
Graphite

Titanium x Graphite combination.

vk wnNe

Additionally, this trial aimed to determine the optimal plate material for both power plates and neutral
plates. Once the materials are tested, a combination of them will be assessed in the field for two purposes:

1. Coagulating microalgae for filtration.
2. Producing chlorine for break-point chlorination and removing total ammonia nitrogen.

To assess each plate material type, plates were added to the EC units in the following configuration:

6 cells (4 positive, 3 negative) - 12 tabbed and 30 untabbed plates - 5 out of 41 gaps without treatment (12% untreated)
112|3|4(5|6|7|8]|9|10|11|12|13|14|15|16|17|18|19|20|21|22|23|24|25|26|27|28|29|30|31|32|33|34|35(36|37|38(39(40|41(42
T|u|jUu|Uju|lu|T|T|U|U|Uu|jUu|jUu|T|T|UlU|jU|lU|U|T|T|UjUjUlUJU|T|T|UjUlUJUJU[T|T|UJUJUJU[U|T

The polarity switching occurring between the anode and the cathode is 1800 seconds which causes the
oxidation and passivation to occur at a slightly uneven ratio. “T” represents powered plates, while “U”
represents the neutral plates. To increase the lifespan of the plates, the period between polarity switching is
increased. The current EC machines allow a period of 9999 seconds between polarity switches.

Between each running period, the retention tanks are emptied, and the sludge is removed to limit
contamination from the previous testing material. Measurements and plate weights were collected in order
to determine efficiency and effects of wear and tear/corrosion on the plates. However, these measurements
proved to be difficult to take in the field and the results of these measurements proved to be unreliable.

3.3 Water Testing

All samples collected were a well-mixed sample of the water collected and any settled solids were
resuspended before analysis. Where supernatant samples are referred to, these were taken from the upper
portion of the sample without re-suspending the sludge that formed in the bottom of the sample bottle —
these samples are most indicative of the water quality post-settlement and would represent the quality of
the water that would be discharged back into the system. Selected samples were also analysed for dissolved
(soluble) and total metals, and particle size analysis.
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3.3.1 Nutrient and physicochemical parameters

For assessment of all plate types, water samples were taken before and after EC treatment. Water samples
were analysed for the following parameters:

e Turbidity (NTU)

e Total Suspended Solids (mg L?)

e Chlorophyll A (mg m3)

e Ammoniaas N (mgL?)

e Total Nitrogen (mg LY)

e Total Kjeldahl Nitrogen-N (mg L?)
e Nitrate + Nitrite NOx-N (mg L?)
e Total Phosphorus (mg L?)

3.3.2 Metal Analysis

Selected samples were analysed for total and soluble metal content by a NATA-accredited 3™ party laboratory
service.

3.3.3 Particle Size Analysis

Selected samples were also sent to a NATA-accredited laboratory for particle size analysis (PSA). The particle
size distribution of these samples was determined by Light-Scattering using a Mastersizer 3000 instrument.
Dv50, or Volume Median Diameter, is a parameter used in particle size distribution analysis. It represents the
particle size below which 50% of the cumulative volume of particles is contained. In order to assess the
effectiveness of EC coagulation, the Dv50 metric can be used to compare median particle size pre- and post-
treatment. By analysing a water in, water out and a sludge sample, we can determine the effectiveness of
the EC at coagulation, and also the size of mechanical filtration required to remove these solids from the
system before the treated water is discharged back into the system.
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Water Out
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Water In

Figure 3. Computer rendering of EC trial setup with shed walls removed for clarity. Not painted or to scale.

3.4 Sludge Testing

In order to determine the likely particulates that make up flocculated solids, sludge samples were extracted
from the retention tank after treatment and sent to the lab for nutrient, metal and particle size analysis.
These samples were collected in a similar manner to the water samples and sent to the same laboratory for

analysis.
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4 Results and Discussion

4.1 Mild steel (A36) vs Aluminium Plates

4.1.1 Physical Characteristics
4.1.1.1 Mild Steel (A36)
On January 29%, 2023, the mild steel plates were installed, and the trial began.

Immediately at the start of treatment, an orange discharge was observed flowing from the weir into the
settlement tank and settlement pond. After about 30 minutes, a very thick orange coloured algae mat was
observed on the top of the settling tank. The orange discharge is most likely to be iron oxide and was
produced as the main particle post-EC treatment, causing the water to turn orange-brown (see Figure 4). This
stained orange-brown water was also collected at the discharge point. This means, that after 4 minutes of
settling time, the particles were small and light enough to remain in suspension. This discolouration is not
favourable, and it will likely take an extra filtration step to reduce the staining.

The EC with mild steel palates was operated for 3 hours during which time a loss of 0.57% of the weight of
the plates was recorded (+ 50 g) and the thickness of plates reduced by 5.06% (Table 1). The corrosiveness
of these plates under 250amps and 8V resulted in these plates being ruled out as a feasible option for EC
plate material but provided a good baseline, as it is a commonly used material in wastewater treatment
(Castafieda et al., 2021; Sengil and 6zacar, 2006).

Table 1. Weights of mild steel plates on installation and after removable following trial.

Mild Steel Plates Weight — sum of 12 plates | Weight — Avg per plate | Thickness — Avg
On installation 87.050 kg 7.254 kg 3.063 mm

At removal 86.550 kg 7.213 kg 2.908 mm
Difference 0.500 kg 0.042 kg 0.155 mm

% Loss 0.57 % 0.57 % 5.06 %

N )

Figure 4. (a) A36 steel plates during water treatment; (b) Mild steel floating fraction of treated ater o
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4.1.1.2 Aluminium

Aluminium cathodes are commonly used in EC systems for wastewater and industrial water treatment
(Ahmed et al., 2012; Castafieda et al., 2021; Igwegbe et al., 2021). Aluminium plates were installed on the
30t of January 2023. Upon initial inspection, the aluminium plates were found to coagulate more effectively
than mild steel. A visual inspection at the end of the day on 2" Feb (after 4 days), showed corrosion on the
aluminium plates, down to ~1mm above the waterline. The following day, the machine was run for a total of
22.3 hours of treatment time, treating a total volume of 605m3 of water. The Al plates were then removed,
scrubbed, measured, and weighed on the 3™ of February.

The aluminium plates produced visible coagulation in the retention tank (Figure 8), which allowed on average
4 minutes of retention time during the treatment process. The baffled side created a less turbulent
environment which allowed the coagulated algae to float to the surface of the tank. The machine was run at
250 amps and 8V during the period of treatment. The amount of free chlorine generated was minimal, at an
average of 0.02-0.03ppm which means that the aluminium plate material is unlikely to remove any ammonia
with the break-point chlorination reaction.

The average plate weight loss was only around 1.88 %, however the average loss in thickness was 64.43%
(Table 2). These weights were difficult to capture and the aluminium oxide covering also obscured the data
set. It is recommended to not place too much emphasis on the weight of the plates, rather more the areas
of degradation for the evaluation of the materials. Throughout the treatment process, aluminium oxide was
accumulating on the plate surfaces and flakes accumulated at the bottom of the treatment chamber (Figure
7). This residue was acid washed and scrubbed before measurements were taken, however it was quite
difficult to remove. The molecular weight of aluminium oxide is 3.78 x heavier than Al. Since the plate is losing
Al molecules, but accumulating aluminium oxide, its likely this is contributing to the uneven weight loss —
thickness wear ratio. Additionally, the thickness varied significantly depending on where it was measured on
the plate. The thickness was measured at what was visually assessed as being the thinnest point of the plate,
however there are a few other contributing factors:

i The measurements taken with callipers are precise only to + 0.1mm (measurements varied
depending on the placement of callipers.
ii.  The level of erosion was significantly higher on the plate edges than in the rest of the plate area.
iii. It was clear from observation that the bulk of the material shed from each power plate was
located between the top edge of the neutral plate and the water line. (See diagrams below.)

SolidWorks is a computer-aided design (CAD) software used for creating and modelling 3D designs of
mechanical and engineering components and assemblies. SolidWorks predicted the weight of each power
plate to be 2500 grams. This was a discrepancy of 57.25 grams from the average weight of the physical plates.
(Perhaps from the width of the cutting path in the water jet process.) When an area of material similar to the
observed erosion is removed from the CAD file in SolidWorks, the computer then estimates the mass to be
2360 grams, which is consistent with the average weight of the plates when they were removed.

After almost 5 days operating, the plate thickness reduced from 3mm down to less than 1mm in some areas
presenting concern about the plates breaking with catastrophic results. Visual observations indicated that
most of the mass lost was from the segment between the top of the neutral and the waterline (Figure 5b).
The cause of the wear above the waterline needs to be determined because excessive degradation in this
area may cause a failure in the structural integrity of the plate. The plates were cut down to reduce foam
build up associated with coagulation in the weir of the machine.
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Table 2. Weight and thickness of aluminium plates on installation and after removable following trial.

Aluminium Plates Weight - sum of 12 plates | Weight — Avg per plate | Thickness — Avg
On installation 29.313 kg 2.443 kg 3.038 mm

At removal 28.761 kg 2.397 kg 1.081 mm
Difference 0.552 kg 0.046 kg 1.958 mm

% Loss 1.88 % 1.88 % 64.43 %

Figure 5. (a) 6061 aluminium plates at the start of their trial; (b) Erosion pattern after 20 hours of treatment on aluminium power
plates
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Figure 6. Diagram showing a sample erosion wear pattern observed on aluminium power plates.

Figure 7. Bottom of the EC chamber after aluminium plates were removed, showing what is presumed to be aluminium oxide
flakes.
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Figure 8. Coagulated algae accumulating in the baffled tank.

4.1.2 Water Quality

There was a significant increase in turbidity post-treatment with both mild steel and aluminium plates, most
likely due to the coagulative effects of the EC treatment (see Table 3). Since mechanical filtration is
recommended in any commercial scale system, the filtered sample represents the fraction of water that
would be discharged into the environment. The mild steel plates resulted in a 17% reduction in total nitrogen
after treatment, and 31% reduction in the filtered sample compared to the input water sample (Table 3).

Total suspended solids showed that aluminium provided the best coagulative effect on solids (i.e. algae)
when compared with the steel plates. Total suspended solids associated with the mild steel plates was lower
in the outgoing water of the machine than the input water. This is likely due to the overall weight of iron
oxide generated by the mild steel plates. Chlorophyll A was reduced following EC treatment using both types
of metal plates.

Total phosphorous increased after EC treatment using both types of metal plates. The level of phosphorous
increase using aluminium plates was significantly higher when comparing the use of iron plates.
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Table 3. Water Quality Parameters for Mild steel and Aluminium plates
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Mild Steel Aluminium
% % . .
Sample Out . . Sample Out| % reduction |% reduction
. Sample reduction | reduction Sample .
Parameter Unit | PQL |Sample In - . Sample In - (Sampleinvs| (post-
Out (Samplein| (post- Out ) .
Supernatant ] . Supernatant Out) filtration)
vs Out) | filtration)
Time Sampled 12:06 12:07 12:07 11:58 12:02 12:02
Sampling Date 29/1/2023|29/1/2023 29/1/2023 30/1/2023 |30/1/2023 [30/1/2023
Sample Time 12:06 12:07 12:07 11:58 12:02 12:02
Ammonia as N mg/L |0.005/1.786 1.847 1.856 -3% -4% 2.338 2.402 2.4 -3% -3%
Chlorophyll AA mg/m33.0 |53 88 48 -66% 9% 181 112 76 38% 58%
Nitrate + Nitrite NOx-N mg/L |0.01 [0.03 0.03 0.03 0% 0% 0.04 0.04 0.04 0% 0%
Total Kjeldahl Nitrogen-N  |mg/L 0.2 |2.9 2.4 2 17% 31% 3.5 3.7 33 -6% 6%
Total Nitrogen* mg/L 0.2 3 2.5 2 17% 33% 3.6 3.8 33 -6% 8%
Total Phosphorus mg/L 0.1 [0.7 0.6 1.5 14% -114% 0.3 1.7 0.9 -467% -200%
Total Suspended Solids mg/L (1 139 115 8 17% 94% 118 190 91 -61% 23%
Turbidity NTU (0.1 [32.8 127 8 -287% 76% 30.8 51.1 9.5 -66% 69%
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4.1.3 Total and Soluble Metal Analysis
4.1.3.1 Mild Steel Plates

The dissolved fraction of iron from the mild steel plates reduced after treatment through the EC; and the
dissolved fraction of aluminium increased from 16.9ug/L to 310ug/L (see Appendix 1 — Metal Analysis (Total
& soluble)). These concentrations may have sub-lethal effects on prawn health, particularly in low-pH
conditions (Russell et al., 2019).

The total iron increased throughout the treatment process which is likely due to the production of iron oxide
from the corrosion of the plates; and the total aluminium increased post-EC likely due to the sacrificial nature
of the plates and the production of metal oxides and hydroxides; and aluminium ions coagulating particles
as part of the flocculation process of the EC.

4.1.3.2 Aluminium Plates

As expected, water collected post-EC treatment using Al plates showed a significant increase in both total
and soluble Al compared to input water. There was also an increase in total titanium, and a decrease in
arsenic (total), uranium (total) and cobalt (total and soluble). All other metals were relatively consistent
before and after EC treatment.
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4.1.4 Particle Size Analysis (Aluminium plates only)

After ruling out mild steel plates (A36), the aluminium plate treatment was sampled for particle size. Water
sample mid-stream going into the machine (Figure 9), immediately out of the machine (Figure 10) and after
4 minutes of retention time (Figure 11). This sampling was performed to represent water that is likely to be
mechanically filtered.

4.1.4.1 Sample In vs Sample Out

The ‘Sample In’ in the aluminium trial had a Dv50 of 17.3um (Figure 10), meaning that 50% of the volume of
particles were less than this value. This distribution changed in the water post-EC treatment as particles
coagulated. In tank 2 (water out), the Dv50 was 18.5um (Figure 10), showing that there was some coagulation
occurring during the EC process after 4 minutes of retention. The figures below show the frequency
distribution and cumulative volume of the particles analysed in each sample.

Analysis Result
Particle Name ALS Concentration 0.0048 %
Particle Refractive Index 1.550 Span 3.019
Particle Absorption Index 0.100 Uniformity 1.006
Dispersant Name Water Specific Surface Area 610.9 m¥/kg
Dispersant Refractive Index 1.330 D [3,2] 9.82 um
Scattering Model Mie D [4,3] 264 um
Analysis Model General Purpose Dv {10) 421 um
Weighted Residual 0.55 % Dv (50) 17.3 um
Laser Obscuration 4.03 % Dv (90) 563 um
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12:02:01 PM 12:02:01 PM
Result
Size furm; % Volume Under  Size (um)] % Volume Under  Size{wm) 5% Volume Uncer  Sze{um] %¥olume Under  Size (um) % VolmeUnder  Size (am} % Volume Under  Size fum} % Volume Under  Size (um) % Valume Under
00100 000 00557 [ili) 0287 00 213 313 127 3721 760 946y 454 W00 2710 10000
00114 000 ©.0679 000 0405 000 242 421 145 4247 864 96.04 516 100.00 3080 100.00
o1z Q00 00771 0.00 0460 200 275 541 16.4 47.90 981 97.08 586 100.00 3300 100.00
0047 000 0.0876 0.00 Q523 0.00 EA Y 670 187 53.36 111 97.68 66 100.00
0.ma7r 000 00995 0.00 0.594 Q00 353 803 212 5874 127 9846 758 100.00
00185 000 0113 000 675 Q00 403 549 241 £395 144 9887 859 100.00
00215 000 0128 000 0767 Q00 458 105 274 6893 182 99.16 476 100.00
0.0244 000 0.146 0.00 0872 Q00 5.21 12.80 31 7360 186 9937 110 100.00
0.0278 oo 0.166 0.00 s394 003 5.82 14.85 333 7793 211 99.53 1260 100.00
00315 000 0188 000 113 0.20 672 1728 401 8185 249 99.66 1430 100.00
00358 000 0214 000 128 047 764 2021 455 8533 a2 99,77 1630 100.00
0.0407 000 0.243 0.00 145 088 BE8 2368 518 BE35 310 99.86 1850 100.00
00463 [a)eli} 0.276 000 165 146 986 2770 589 s089 352 99.94 2100 10000
0.0526 000 0.314 0.00 188 220 1.2 3224 669 92.9¢ 400 98.98 2390 100.00

Figure 9: Particle size distribution of “Sample In” water, prior to EC treatment. The red line shows the frequency distribution of
the particles with size class (x-axis), against the volume density (%). The green like shows the cumulative volume (%) at each size
class.
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Analysis Result

Particle Name ALS Concentration 0.0206 %
Particle Refractive Index 1.550 Span 2.765
Particle Absorption Index 0.100 Uniformity 1.022
Dispersant Name Water Specific Surface Area 491.9 m%/kg
Dispersant Refractive Index 1.330 D [3,2] 122 um
Scattering Model Mie D [4,3] 299 um
Analysis Model General Purpose Dv (10) 6.70 um
Weighted Residual 0.36 % Dv (50) 185 um
Laser Obscuration 1301 % Dv (90) 58.0 um
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00100 000 00537 000 0357 000 213 1.89 12.7 3001 760 9296 454 9958 2710 100.00
0014 000 0oe7s 0.00 0405 Q00 242 245 14.5 3641 e 9407 5le 100.00 3080 10000
00128 000 CO7T1 0.00 0460 000 275 307 164 4329 981 95.07 586 100.00 3500 10000
00147 000 00876 000 0523 0.00 312 37 187 5037 1 8595 666 100.00
0.0a7 000 00335 000 0594 Q.00 1] 440 212 5736 127 9673 756 100.00
00183 0.00 0113 000 0675 000 4.03 5.14 241 6397 144 87.39 B5% 100.00
0.0215 000 028 0.00 0767 000 4.58 557 274 69.97 163 9795 476 100.00
00244 000 0146 000 08y Q.00 521 658 31 =21 186 9841 1110 100.00
00278 000 0.166 0.0 shei] [sEirg 582 830 353 7963 &N 9881 1260 100,00
00315 000 0183 0.00 113 0.20 672 1005 40.1 8325 240 9814 1430 100.00
0.0358 000 0.214 0.00 128 0.3% 764 124 45.6 B6.13 212 9943 1630 100.00
0.0407 ooo 0.243 000 145 065 B68 1551 518 8841 310 99.66 1850 10000
0.0463 000 0276 0.00 185 098 986 1947 589 9022 352 9984 2100 100.00
0.0526 000 0314 0.00 188 1.40 "2 2432 569 9170 400 9994 2390 100.00

Figure 10: Particle size distribution immediately post-EC machine (Tank 1). The red line shows the frequency distribution of the
particles with size class (x-axis), against the volume density (%). The green like shows the cumulative volume (%) at each size class.

4.1.4.2 Sludge sample

The sludge sample was extracted from the retention tank and analysed to determine the likely particulates
that were being flocculated. The Dv50 of this sample was 30.1 um (Figure 11). This means that
theoretically, a 30um mechanical filtration unit would filter out around 50% of the volume of particles
before it was discharged.
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Analysis Result

Particle Name ALS Concentration 0.0353 %
Particle Refractive Index 1.550 Span 4.599
Particle Absorption Index 0.100 Uniformity 1.400
Dispersant Name Water Specific Surface Area 296.8 m*/kg
Dispersant Refractive Index 1.330 D [3,2] 20.2 um
Scattering Model Mie D [4.3] 595 um
Analysis Model General Purpose Dv (10) 10.7 um
Weighted Residual 0.22 % Dv (50) 30.1 um
Laser Obscuration 13.29 % Dv {90) 149 um
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00114 000 6.0679 000 0405 0.00 242 050 145 1785 864 8227 516 99.79 3080 109.00
00123 000 00771 0.00 Q460 Q.00 275 115 16.4 2254 981 8433 586 59.56 3500 10000
0.0147 0.00 0.0876 0.00 0523 000 312 143 18.7 27.75 1m 86.21 BE6 100.00
0067 000 00885 000 0584 0400 355 172 212 3244 121 67.95 756 10000
00188 000 0113 000 0675 0.00 403 205 241 3944 144 8956 859 10000
00215 000 0128 000 o767 0.00 4358 24 274 4552 183 9108 476 10000
00244 000 0.146 009 0872 200 521 283 311 5147 186 9250 1me 10000
00278 000 0.166 000 0591 .00 582 3.37 353 57.11 a1 9384 1260 10000
00315 000 0,183 000 113 000 672 408 40.1 6228 249 95,09 1430 100.00
0.0358 aoa 0214 000 128 008 764 510 456 BE680 272 96.25 1830 10000
00407 000 0.243 000 145 [+R1.] 888 €49 518 7082 310 97.29 1850 100.00
0.0463 000 0276 000 165 032 a86 838 589 743¢% 352 98.19 2100 10000
00526 000 0314 000 128 048 12 1088 56.9 7738 409 2831 2390 10000

Figure 11: Particle size distribution after 4 minutes retention. The red line shows the frequency distribution of the particles with
size class (x-axis), against the volume density (%). The green like shows the cumulative volume (%) at each size class.

4.1.5 Aluminium Summary
After conducting the trial with the aluminium EC electrode plates, initial results indicate:

1. Based on PSA data, nutrient data, and observation, aluminium plates coagulated particles
(microalgae) effectively.

2. Heavy metals including aluminium, iron, and manganese were also elevated — likely due to the
flocculating characteristics of the EC and the size of the particles, in combination with the sacrificial
nature of the plates. A similar trend was noted in the water samples, as flocculated iron settled out
of the water column.

3. There was evidence of algae break down due to the longer retention time of the sludge. Therefore,
immediate removal of the flocculated algae will be necessary for any future system design.

The sludge will need to be assessed to determine the composition of biosolids and what disposal category
will be required. This has not been conducted yet as a part of the study. It is likely that the solids will need
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to be removed immediately, and there will be some fine tuning associated with the retention time for
flocculation.

4.2 Graphite Plates

4.2.1 Physical Characteristics

Graphite plates were weighed and installed on March 10", 2023. The plates were initially run at various
amperages and chlorine generation versus amperage was observed. Chlorine generated in forward polarity
was much higher than in reverse polarity. At 120 amps, in forward, the machine generated 10 PPM. In reverse
polarity at the same amperage, only 2 PPM was generated.

The theory (presented by the EC experts at IP Automation and Natural Shrimp) was that chlorine generation
occurs on each anode face, and we accepted this at face value. However, it is not just the power plate anode
- each neutral plate will have an anode face and a cathode face. Because there are an odd number of power
plates, we expected to see a slight reduction in chlorine generation in reverse polarity than forward. This is
because in forward configuration there are 4 power plate anodes and 3 power plate cathodes. In reverse, it
becomes 3 anodes and 4 cathodes. Surprisingly, chlorine generation appears not occur on every anode face.
Rather, it may only occur on the power plate anode. When inspecting visually, it is possible to see bubbles
where the chlorine is being produced. Upon visual inspection, none of the neutral anodes appeared to be
producing chlorine bubbles.

Since the chlorine sensor was located in the corner of the EC chamber weir, it was more or less directly
downstream from anode #1. In forward polarity, what we were seeing was all the chlorine generated from
anode #1. When the machine reversed polarity, that anode becomes a cathode, and no more chlorine is
appeared to be generated. At this point, the anode is located 66 millimetres to the right on the X-axis, and it
is no longer upstream from the sensor. Chlorine is still being generated at the same rate for the new anode,
but the majority of it (80% approx.) is missing the sensor and not being measured. It was presumed the
chlorine would homogenize in the weir better than it did.

This discrepancy did not occur with steel or aluminium plates, as we were either not generating chlorine in
measurable quantities, or the chlorine was reacting with the metals before it could be measured. Either way
there was no measurement on the sensor whatsoever. The discrepancy was actually observed on both the
titanium and graphite, although this wasn’t discovered until the graphite portion of the trial had concluded.

Had the chlorine sensor been located further downstream, it’s possible we would have observed completely
different measurements. However, this data helped disproved the commonly held belief that chlorine was
generated on every anode surface.

The plates were removed and weighed on March 15 after 22.4 hours of treatment time. The plates weights
were significantly higher after use, than when installed, and it was suspected they had absorbed water.
Severe warping was observed on all power plates and some neutral plates despite the use of the plastic
spacers which were intended to prevent this.

In response to the observed weight increase, the plates were dried for 5 days. Following this period, they
were re-weighed, however measurements were comparable to the previous ones. Since the power plates
were not reused, an additional 4-day drying phase was allotted before conducting another weighing session.
Once again, similar weight results were obtained. These findings suggest two possible explanations:

1. Either the plates absorbed water and failed to dry adequately, or;
2. An alternative factor is contributing to the weight gain which we currently do not fully understand.
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During the period of treatment, voltages were observed as high as 21 volts, and a thick and dense brown-
green algae mat was observed on top of the settling tank. Free chlorine facilitates break point chlorination,
which theoretically reduces ammonia.

To verify the readings, dip sticks for free chlorine were also used (see Figure 12). Free chlorine was detected
immediately post-treatment and at the start of the retention tank. At the end of the retention tank, there
was no more chlorine detected.
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Figure 12: Dip sticks were used throughout the process to verify logged data.
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Figure 14: Graphite plates prior to use - immediately after assembling.
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Figure 16: Start of treatment using graphite plates - algae is coagulating and forming a floating mat at the start of the tank.
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4.2.2 Water Quality

Water quality results from the graphite plate trials can be summarised as follows:

e There was a reduction in turbidity, TSS, and chlorophyll a, and total phosphorus in the samples collected on the 10t of March, however nitrogen parameters
all increased (see Table 4)
e The results collected on the 14" of March showed a 10% increase in turbidity, and increases in total and reactive phosphorus, and a significant decrease in
TSS, Chlorophyll a, and nitrogen parameters — which is more indicative of what we would expect to see in a commercial set up.
e There was a 68 % reduction in Total Nitrogen and a 78 % reduction in total phosphorus in the supernatant of a sample taken post-EC after it was allowed to
settle for 24 hours see (Table 5)

Table 4. Water quality results pre- (input) and post (tank 1 & tank 2) EC using graphite plates.

c_com_au/Documents/1 FRDC/1 IPAs &
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Graphite

PQL % reduction % reduction

(Detection Sample out — | Sample out— | (Input  to Sample out- | Sample out - | (Input to
Sample Description Unit limit) Sample in Tank 1 Tank 2 Tank 2) Sample in Tank 1 Tank 2 Tank 2)
Turbidity NTU 0.1 27 21 22.8 16% 25.3 32.2 27.9 -10%
Total Suspended Solids mg/L 1 67 42 49 27% 159 128 111 30%
Chlorophyll A? mg/m3 3 51 32 13 75% 135 49 12 91%
Ammonia as N mg/L 0.005 2.936 3.361 3.464 -18% 3.629 3.435 3.459 5%
Total Nitrogen* mg/L 0.2 5.3 5.9 5.9 -11% 7.9 6.9 6.8 14%
Total Kjeldahl Nitrogen-N mg/L 0.2 53 5.9 5.9 -11% 7.6 6.7 6.6 13%
Nitrate + Nitrite NOx-N mg/L 0.01 0.04 0.06 0.06 -50% 0.25 0.17 0.17 32%
Total Phosphorus mg/L 0.1 0.9 0.9 0.8 11% 0.7 0.7 0.8 -14%
Conductivity ms/cm 36571 42317 43576 -19% 36852 42460 43695 -19%
Salinity PPT 0 24 28 29 -21% 24 28 29 -21%
Nitrate ug/L 30 | <30 <30 <30 <30 <30 <30
Nitrite ug/L 40 | <40 <40 <40 <40 <40 <40
Orthophosphate as P mg/L 0.1 0.269 0.295 0.292 -9% 0.207 0.289 0.293 -42%
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Table 5. Water quality results from combined, sludge and supernatant samples post-EC (tank 2) using graphite plates. “Combined”
sample is a well-mixed sampled where solids were resuspended in the liquid before testing. Sludge is the settled fraction after 24
hr. supernatant is the liquid fraction after 24hr settlement.

Graphite
% reduction

Sludge Sample out - (Combined vs
Sample Description Combined (Pellet) supernatant Supernatant)
Ammonia as N 15.365 15.365 0%
Total Nitrogen* 187.4 2857.9 59.5 68%
Total Kjeldahl Nitrogen-N 187.2 2857.8 59.3 68%
Nitrate + Nitrite NOx-N 0.17 0.17 0.17 0%
Total Phosphorus 27.9 430.3 6.2 78%
Orthophosphate as P 2.089 2.089 0%

4.2.3 Total and Soluble Metal Analysis

Water treated by EC with graphite plates fitted showed an increase in total arsenic and zinc, and an increase
soluble manganese. However, this water also showed a significant decrease in the following:

e Total metals: Silver, nickel, tin, uranium

Soluble metals: antimony, arsenic, beryllium, chromium, copper, lead, molybdenum, selenium, silver,
thallium, tin, titanium, uranium

Figure 17: Mat of algae noted with the graphite plates — this mat started forming wifhin 3 hours of treatment.
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4.2.4 Particle Size Analysis

Particle size analysis of the samples pre- and post-EC treatment (Figure 18 & Figure 19) using graphite plates
showed that there was a change in the particle size composition after treatment. Initially, the Dv50 was 24.9
pum (i.e. 50% of the particles were bigger than this size). The water sample post-EC treatment showed a
reduction in particle size, with a Dv50 of 10.9um (Figure 19). Since there was visible coagulation during this
experiment (see Figure 17), it appears that particles have coagulated and settled out as sludge (Figure 19),
where the Dv50 was 87.5um. The specific surface area also decreased throughout the process, which is
another indication of coagulation.

In this situation, an 80 micron filter would conservatively remove approximately 50% of the solids/sludge.
There were some issues with the integrity of the graphite plate integrity when used as power-plates, which
is discussed further along in this report, but it reduces its feasibility in a commercial setting due to the
maintenance and replacement costs.

Analysis Result
Particle Name ALS Concentration 0.0028 %
Particle Refractive Index 1.550 Span 2.608
Particle Absorption Index 0.100 Uniformity 1.034
Dispersant Name Water Specific Surface Area 511.4 m?/kg
Dispersant Refractive Index 1.330 D [3,2] 11.7 um
Scattering Model Mie D [4,3] 37.7 um
Analysis Model General Purpose Dv (10) 4.63 um
Weighted Residual 0.45 % Dv (50) 24.9 um
Laser Obscuration 1.95 % Dv (90) 69.6 um

Frequency (compatible} and Undersize
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Y T T T T TT1T1T1] T T T TTTT11] —0
0.01 01 10 100 100.0 1,000.0 10,000.0
Size Classes (pm) )
[Frequency] - [13] EN2303158-001-5/04/2023 LU eTSIZE] - [13] EN2303158-001-5/04/2023
10:53:15 AM 10:53:15 AM
Result
Size {umj % Volume Under  Size (um] % Volume Under  Size {Lm) % Voume Under  Sze fumj % Volume Under  Size (um) % Valume Under  Size fom} % Volume Under  Sizefum} % Volume Under  Size (um) % Volumne Under
00100 000 00597 0 0257 Q00 213 246 127 2757 760 9192 454 99.47 270 10000
00114 0o 0679 0.00 0405 sRele] 242 341 14.5 30893 864 84,05 516 29.64 3080 10000
00128 000 [+Xoraal 000 Q460 Q00 275 449 16.4 3469 98.1 95.58 586 9977 3500 10000
00147 0.00 0.0876 000 0523 200 312 5.69 187 3888 m 96.63 666 9985
00167 0.00 0.0995 0.0 0594 a0 158 6498 212 4351 127 97.30 756 9952
00183 000 0113 004 0675 a00 403 838 241 4856 144 a7.70 859 4997
00215 000 0128 000 Q767 000 458 987 274 5359 163 9794 976 9999
00244 0.00 0.146 000 0872 Q00 5.21 1147 IR S967 186 95.09 1110 100.00
00278 0.00 0166 000 0591 000 582 13.20 353 6544 21 98.21 1260 100.00
00315 aco 0.188 000 113 Q0% 672 15.08 401 nn 243 9836 1430 100,00
0.0358 Q.00 0.214 0.00 128 .27 764 1712 458 7648 272 88,54 1630 100.00
o407 000 0243 a00 145 058 668 19.36 518 8135 310 98.76 1850 100.00
00463 0.00 0.276 0.00 165 104 986 2182 56.9 8359 352 99.00 2100 100.00
00526 0eo 0314 000 188 1.66 12 2455 869 8812 400 9924 2390 100,00

Figure 18. Particle size analysis pre-EC treatment using graphite plates on 14t March.
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Analysis Result
Particle Name ALS Concentration 0.0026 %
Particle Refractive Index 1.550 Span 7.164
Particle Absorption Index 0.100 Uniformity 2.574
Dispersant Name Water Specific Surface Area 922.8 m%/kg
Dispersant Refractive Index 1.330 D [3,2] 6.50 um
Scattering Model Mie D [4,3] 337 um
Analysis Model General Purpose Dv (10) 260 um
Weighted Residual 0.75 % Dv (50) 10.9 um
Laser Obscuration 3.35 % Dv (90) 80.7 um
Frequency {compatible} and Undersize
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Y ] T FTrrrrmg 1 T TTTrg 1 T T TrrrTy 1 1 LI 1 T TTrr 1 1 L Q
0.01 01 10 100 100.0 1,000.0 10,000.0
Size Classes (pm) )
e L FrEQUENCY] - [25] EN2303158-002-5/04/2023 s Undersize] - [25] EN2303158-002-5/04/2023
11:2949 AM 11:2949 AM
Result
Size {prm} % Volume Under Size (wm} % Volune Under Size {wm) % Volume Uncer S7e {pm] % Volume Under Size (pm) % Volume Under Size (w9 Volume Under Size fum} % Volume Under Size (um) % Wolume Under
00100 000 00597 000 0357 200 213 658 127 5650 769 8957 454 2045 710 100.00
00114 060 Q0679 0.00 02405 Q.00 242 884 14.5 61,60 864 2049 516 9975 3080 100.009
0.ma2g 000 0077 0.00 Q460 Q00 275 10,87 16.4 B6.29 8.1 9142 586 99.93 3300 10000
0047 000 00876 000 05823 000 A Pl 1301 187 7047 m 9235 66 100.00
00167 aco 0995 000 0594 ade 3355 {58 212 7409 127 9324 756 100,00
00182 000 0113 000 0675 000 403 1775 241 7743 144 9406 85¢ 10000
00215 060 0.128 0.0 0.767 Q00 4.58 2047 274 7965 163 94.80 G76 100,60
00244 0o 0.146 000 o872 ALY 521 2354 311 8170 186 9547 1110 100,00
00778 000 0166 0.00 0.891 Q47 587 2706 353 BA3T 1 96.0% 1260 100.00
0.0315 000 0.188 0.00 113 101 B.72 nor 40.1 B4.74 240 96.70 1420 100.00
0.0358 0o 0.214 0.00 128 1.7 764 3557 456 8290 272 97.30 1630 100.00
0.0407 000 0243 0.00 145 27N B6S 4051 518 8680 310 97.91 1850 100.00
00463 000 0276 000 165 3.89 286 A5.76 589 B781 352 98.4% 2100 100.00
0.0526 000 0314 000 188 531 1n2 5116 869 BB Y 400 95.02 23850 100.00

Figure 19. Particle size analysis post-EC treatment using graphite plates 14t March of water samples (without mixed sludge)
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Analysis

Particle Name ALS

Particle Refractive Index 1.550
Particle Absorption Index 0.100

Dispersant Name Water

Dispersant Refractive Index 1.330

Scattering Model Mie

Analysis Model General Purpose
Weighted Residual 0.24 %
Laser Obscuration 15.22 %

Frequency (compatible) and Undersize

Result

Concentration 0.0583 %

Span 3.888
Uniformity 1.180
Specific Surface Area 2064 m
D [3,2] 29.1 um
D [4,3] 141 pm
Dv (10) 12.6 pm
Dv (50) 87.5 um
Dv (90) 353 um

2/kg
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Size Classes (um) .
 LFrEQueNcy] - [23] EN2302688-001-23/03/2023 [Undersize] - [23] EN2302688-001-23/03/2023
12:32:45 PM 12:32:45 PM
Result
Size (um) % Volume Under = Size (um) % Volume Under ~ Size (um) % Volume Under Size (um) % Volume Under = Size (um) % Volume Under ~  Size (um) % Volume Under Size (um) % Volume Under = Size (um) % Volume Under
0.0100 0.00 0.0597 0.00 0.357 0.00 213 0.66 127 10.08 760 45.46 454 94.47 2710 100.00
0.0114 0.00 0.0679 0.00 0.405 0.00 242 0.89 145 1148 864 4957 516 96.25 3080 100.00
0.0129 0.00 00771 0.00 0.460 0.00 275 116 164 13.02 98.1 53.84 586 97.66 3500 100.00
0.0147 0.00 0.0876 0.00 0.523 0.00 312 1.48 187 14.70 m 58.17 666 98.71
0.0167 0.00 0.0995 0.00 0.594 0.00 355 1.86 212 16.55 127 6247 756 99.43
0.0189 0.00 0.113 0.00 0.675 0.00 4.03 2.30 241 18.55 144 66.64 859 99.84
0.0215 0.00 0.128 0.00 0.767 0.00 4.58 2.81 274 2073 163 70.63 976 99.98
0.0244 0.00 0.146 0.00 0.872 0.00 5.21 EX 311 23.09 186 7439 1110 100.00
0.0278 0.00 0.166 0.00 0.991 0.00 5.92 4.08 353 2563 21 7792 1260 100.00
0.0315 0.00 0.188 0.00 113 0.00 6.72 484 401 2837 240 81.24 1430 100.00
0.0358 0.00 0.214 0.00 128 0.07 7.64 5.69 45.6 3132 272 8435 1630 100.00
0.0407 0.00 0.243 0.00 145 0.18 8.68 6.63 518 34.49 310 87.26 1850 100.00
0.0463 0.00 0.276 0.00 165 031 9.86 767 589 37.89 352 89.94 2100 100.00
0.0526 0.00 0314 0.00 188 047 12 8.81 66.9 4155 400 9236 2390 100.00
Figure 20. Particle size analysis in sludge sample collected from water post-EC treatment with graphite plates (14t March).
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4.3 Titanium-Coated Mixed Metal Oxide (MMO) Plates
4.3.1 Physical Characteristics

Previous research has suggested that titanium-based electrode plates are effective for electrocoagulation
(Chen and Deng, 2012; Naje et al., 2015; Parga et al., 2009). The titanium plates were weighed and installed
on March 21%. As we had concerns about the shorter neutral plates affecting chlorine generation and
coagulation, it was decided to elevate the plates out of the water using the same wood brace across the
chamber plate support. This raised all plates approximately 100mm up and kept the tops of all neutral plates
out of the water. During the period of treatment, voltages of up to 21 volts were observed. The same
observations regarding more chlorine generation in forward versus reverse polarity was noted in titanium
plates as in the graphite plates, and the same dense brown-green algae mat on the top of the settling tank
was noted.

Precise monitoring of the treatment time is not available from the period of March 22 onward due to the
power supply failure (documented in detail below.). Titanium plates were then tried in the submerged
configuration with poor results. This will be discussed in detail below.

Figure 21: Titanium MMO coated plates assembled.
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Figure 22: Algal mat forming after Titanium MMO treatment.

4.3.2 Water Quality

Water quality results from the Titanium MMO plate trials can be summarised as follows:

e The results collected on the 21t of March showed a 23 % decrease in Ammonia, and a 4 % decrease
in Total N. There were increases in total and reactive phosphorus, and nitric oxides (see Table 6).

e There was a significant percentage reduction in turbidity, chlorophyll a, and nitrogen parameters in
the samples collected on the 23™ of March, however phosphorus parameters all increased (see Table
7) —this is discussed further in the document.

e There was also an increase in total suspended solids, indicating that there was a coagulation of

suspended particles.

Table 6. Water quality results after EC trial using Titanium MMO plates (from 21t March test).

c_com_au/Documents/1 FRDC/1 IPAs &
Programs/APFA/Projects/2022-019 EC Nitrogen
removal/2022-019 Final Report - Final.docx

Titanium MMO

Sample Description | Uit | Samplein | SIMPIe U | Samle out | % veducton | Studge
Ammonia as N mg/L 3.819 2.747 2.947 23% 3.361
Total Nitrogen* mg/L 8.5 7 8.2 4% 488.1
Total Kjeldahl Nitrogen-N | mg/L 7.9 6.3 7.5 5% 487.4
Nitrate + Nitrite NOx-N mg/L 0.54 0.71 0.72 -33% 0.7
Total Phosphorus mg/L 1.3 1.5 1.6 -23% 94
Orthophosphate as P mg/L 0.118 0.146 0.138 -17% 0.419
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Table 7. Water quality results after EC trial using Titanium MMO plates (from 23 March test).

Titanium MMO
% reduction
. . Sludge

Sample Description Unit Input Tank 1 Tank 2 (Input to Tank

2) (coagulated)
Turbidity NTU 20.4 19.3 18.4 10%
Total Suspended Solids mg/L 55 37 72 -31%
Chlorophyll AA mg/m3 121 15 22 82%
Ammonia as N mg/L 1.164
Total Nitrogen* mg/L 8.4 8.8 7.1 15% 396.4
Total Kjeldahl Nitrogen-N | mg/L 7.6 8 6.4 16% 395.3
Nitrate + Nitrite NOx-N mg/L 0.81 0.76 0.76 6% 1.08
Total Phosphorus mg/L <0.5 <0.5 <0.5 6% 158.8
Conductivity ms/cm 49519 48206 45267 9% | >20000
Salinity PPT 33 32 30 9%

4.3.3 Total and Soluble Metal Analysis

Titanium MMO plates had a negligible effect on total and soluble metals in water post-EC treatment (see
Appendix 1 — Metal Analysis (Total & soluble)).

83 General / 100GPMEC ¢ <§

HMI Message Free Chiorine Status Voltage

50.00
0
01/01 5/0 07/01 /01

Voltage La:

Turbidity In L Free Chlorine Amperage

2000 —— 400.000 ppm
07/01 09/01

1500 300.000 ppm

200.000 ppm

Temperature

0ppm -
07/01 09/01 o1/ 3 / 07/01 09/01 1/01 / 3/ 5/ 09/01

Turbidity Out ¢ RUN

15000
09/01 i 07701
10000 -
Notifications
5000
o 2023-03-24 16:34:31.000 001-000954-000590-0000818
05701 07/01 09/01 1/ 01701

— TREAT Last * Off 2023-03-24 16:34:01.000 001-000954-000590-0000818

2023-03-24 16:33:15.000
Thermistor 2 Temperature
2023-03-24 16:32:15.000

I 2023-03-24 16:31:45.000
o Il

Figure 23. A screengrab of Grafana AWS Dashboard. This was built by the NSI team and used to monitor real-time data remotely.
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4.3.4 Particle Size Analysis

In sludge samples collected pre-EC treatment, Dv50 was 16.7micron, lower than the initial sample taken from
the graphite pre-EC sampling point. A subsequent analysis of another sludge sample post-EC treatment
showed that around 50.72 % of the particles were less than 58.9 micron (Figure 25). This is in-line with what
has been observed in RAS applications. Practically, using an 80 micron drum screen filter post-coagulation
(or similar) would capture 40% of the solids (conservatively). This is less than graphite, but for the longevity
of the plates and reduced warping, this would be a preferred metal if the EC progresses commercially for this
application.

Analysis Result
Particle Name ALS Concentration 0.0213 %
Particle Refractive Index 1.550 Span 9.035
Particle Absorption Index 0.100 Uniformity 2.696
Dispersant Name Water Specific Surface Area 665.4 m?/kg
Dispersant Refractive Index 1.330 D [3,2] 9.02 pm
Scattering Model Mie D [4,3] 532 um
Analysis Model General Purpose Dv (10) 3.80 pm
Weighted Residual 0.39 % Dv (50) 16.7 um
Laser Obscuration 17.82 % Dv (90) 155 pm

Frequency (compatible) and Undersize
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0.01 0.1 10 10.0 100.0 1,000.0 10,000.0
Size Classes (um) .
 LFrEqUENCY] - [8] EB2310121-001-13/04/2023 [Undersize] - [8] EB2310121-001-13/04/2023
10:33:42 AM 10:33:42 AM
Result
Size (um) % Volume Under = Size (um) % Volume Under = Size (um) % Volume Under = Size (um) % Volume Under = Size (um) % Volume Under = Size (um) % Volume Under  Size (um) % Volume Under  Size (um) % Volume Under
0.0100 0.00 0.0597 0.00 0357 0.00 213 4.07 127 41.10 76.0 7829 454 99.23 2710 100.00
00114 0.00 0.0679 0.00 0405 0.00 242 5.04 145 4532 86.4 80.17 516 99.52 3080 100.00
0.0129 0.00 0.0771 0.00 0460 0.00 275 6.17 16.4 4941 98.1 8221 586 99.72 3500 100.00
00147 0.00 00876 0.00 0523 000 312 7.48 187 5329 m 8437 666 9987
00167 0.00 00995 0.00 0594 000 355 9.03 212 56.87 127 8659 756 9996
00189 000 0113 0.00 0675 000 403 1084 241 6014 144 8878 850 100.00
0.0215 0.00 0.128 0.00 0767 0.00 4.58 1295 274 63.05 163 90.85 976 100.00
00244 0.00 0.146 0.00 0872 016 521 15.40 311 6563 186 9272 1110 100.00
00278 0.00 0.166 0.00 0991 046 592 18.19 353 67.90 211 9435 1260 100.00
00315 0.00 0.188 0.00 113 087 672 2134 401 69.90 240 9571 1430 100.00
00358 0.00 0214 0.00 128 137 764 2483 456 7169 212 9681 1630 100.00
00407 0.00 0243 0.00 145 192 868 2863 51.8 7334 310 9767 1850 100.00
00463 0.00 0276 0.00 165 254 9.86 32.66 589 7493 352 9834 2100 100.00
00526 0.00 0314 0.00 188 325 12 3685 66.9 76.56 400 9885 2390 100.00

Figure 24. Particle size analysis in sludge sample pre-EC treatment using titanium plates 215t March.
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Analys

is

Particle Name ALS
Particle Refractive Index 1.550

Particle Absorption Index 0.100

Dispersant Name Water

Dispersant Refractive Index 1.330
Scattering Model Mie

Analysis Model General Purpose

Weighted Residual 0.23 %

Laser Obscuration 19.16 %

Frequency (compatible) and Undersize

Result

Concentration 0.0605 %

Span

Uniformity

3.840
1.286

Specific Surface Area 257.0 m?/kg
D [3,2] 23.3 um
D [4,3] 101 pm
Dv (10) 114 um
Dv (50) 57.6 um
Dv (90) 233 pm
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0 T T LI 1 T T TrTTrrn T 1 LI 1 T LI T 1 LI 1 1 LR 0
001 0.1 1.0 10.0 100.0 1,000.0 10,0000
Size Classes (um)
 LFrEQUENCY] - [22] EB2310127-001-13/04/2023 e [UNdersize] - [22] EB2310127-001-13/04/2023
10:46:13 AM 10:46:13 AM
Result
Size (um) % Volume Under Size (um) % Volume Under Size (um) % Volume Under Size (um) % Volume Under Size (um) % Volume Under Size (um) % Volume Under Size (um) % Volume Under Size (um) % Volume Under
0.0100 0.00 0.0597 0.00 0357 0.00 213 1.05 127 1133 76.0 59.65 454 96,61 2710 100.00
00114 0.00 0.0679 0.00 0405 0.00 242 133 145 13.12 86.4 64.17 516 97.52 3080 100.00
0.0129 0.00 00771 0.00 0460 0.00 275 1.65 164 1519 98.1 68.65 586 9830 3500 100.00
0.0147 0.00 0.0876 0.00 0523 0.00 312 2.0 187 1757 m 7297 666 98.94
0.0167 0.00 0.0995 0.00 0.594 0.00 3.55 243 21.2 2028 127 77.00 756 99.42
0.0189 0.00 0.113 0.00 0675 0.00 4.03 290 24.1 2330 144 8063 859 9975
0.0215 0.00 0.128 0.00 0.767 0.00 4.58 343 274 26.62 163 8378 976 99.94
0.0244 0.00 0.146 0.00 0872 0.00 5.21 4.04 311 3020 186 8643 1110 100.00
0.0278 0.00 0.166 0.00 0991 0.06 5.92 4.7 353 3401 21 88.62 1260 100.00
0.0315 0.00 0.188 0.00 113 017 6.72 5.48 40.1 38.00 240 9042 1430 100.00
00358 0.00 0214 0.00 128 030 7.64 6.35 456 4214 272 9195 1630 100.00
0.0407 0.00 0243 0.00 145 045 8.68 734 518 4638 310 9328 1850 100.00
00463 0.00 0276 0.00 165 062 9.86 848 589 50.72 352 9449 2100 100.00
0.0526 0.00 0314 0.00 1.88 0.82 1.2 9.80 66.9 55.15 400 95.60 2390 100.00
Figure 25. Particle size analysis in sludge sample post-EC treatment using titanium plates 13t April.
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4.4 Titanium / Graphite Plate Combination

4.4.1 Physical Characteristics

The last combination tested was titanium/graphite combination. On March 23", the machine configuration
was switched to titanium power plates with graphite neutral plates. Treatment began at 16:16 and manual
chlorine, voltage and amperage readings across a variety of amperage settings.

On March 24™, the titanium/graphite configuration resumed treatment at 06:59 across a range of amperages
from 130 to 190 in both forward and reverse polarity. Chlorine, voltage and amperage were logged. At 5:30
the trial was terminated after approximately 9.5 hours on the titanium / graphite plates. Similar max voltage
(21 volts) and brown-green algae mat was noted in the settling tank.

4.4.2 Water Quality
Water quality results from the Titanium x Graphite plate trials can be summarised as follows:

e There was an increase in turbidity, and a reduction in suspended solids.
e There was a significant reduction in Chlorophyll a, and reductions in nitrogen parameters.

Table 8. Water quality results after EC trial using Titanium x Graphite plates (from 24t March test).

Titanium x Graphite

Sample Description Unit Input Tank 1 Tank 2 Z)nr;jtutcsl'?gnk 2) (Slgggﬁlated)
Turbidity NTU 17.6 20.5 18.7 -6%

Total Suspended Solids mg/L 48 34 29%

Chlorophyll A? mg/m3 117 24 31 74%

Ammonia as N mg/L 2.079
Total Nitrogen* mg/L 4.9 4.3 4.3 12% 754.7
Total Kjeldahl Nitrogen-

N mg/L 4.4 3.8 3.8 14% 754.6
Nitrate + Nitrite NOx-N mg/L 0.53 0.51 0.5 6% 0.04
Total Phosphorus mg/L 1.3 1.1 1.1 15% 339.1
Conductivity ms/cm 49375 49254 49332 0% >20000
Salinity PPT 33 33 33 0%

Nitrate ug/L <0.3
Nitrite ug/L <0.4
Orthophosphate as P mg/L 0.569

4.4.3 Total and Soluble Metal Analysis
Water samples from this plate material combination were not sent for metal analysis.
4.4.4 Particle Size Analysis

The sludge sample collected from tank 2 post-EC treatment also showed a coagulation of particles, where
the Dv50 was 83.1um, demonstrating that 50 % of the particles were less than 83. um (Figure 26).
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Analysis

Particle Name ALS
Particle Refractive Index 1.550

Particle Absorption Index 0.100

Dispersant Name Water

Dispersant Refractive Index 1.330

Scattering Model Mie

Analysis Model General Purpose
Weighted Residual 0.24 %

Laser Obscuration 16.07 %

Frequency (compatible) and Undersize

Result

Concentration 0.0674 %

Span 4.567
Uniformity 1.369

Specific Surface Area 191.0 m?/kg

D [3,2] 314 pm
D [4,3] 149 um
Dv (10) 14.0 um
Dv (50) 83.1 um
Dv (90) 394 pm
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Size Classes (pm) )
— LFrEQUENcy] - [32] EB2310127-002-13/04/2023 e [UNeTSize] - [32] EB2310127-002-13/04/2023
12:19:33 PM 12:19:33 PM
Result
Size (um) % Volume Under Size (um) % Volume Under Size (um) % Volume Under Size (um) % Volume Under Size (um) % Volume Under Size (um) % Volume Under Size (um) % Volume Under Size (um) % Volume Under
0.0100 0.00 0.0597 0.00 0357 0.00 213 047 127 890 76.0 4742 454 9272 2710 100.00
0.0114 0.00 0.0679 0.00 0405 0.00 242 0.65 14.5 1042 864 51.10 516 94.84 3080 100.00
0.0129 0.00 0.0771 0.00 0460 0.00 275 0.85 164 12.16 98.1 54.84 586 96.61 3500 100.00
0.0147 0.00 0.0876 0.00 0523 0.00 3.12 1.09 18.7 14.12 m 5861 666 98.00
0.0167 0.00 0.0995 0.00 0.594 0.00 355 137 212 16.33 127 6234 756 99.00
00189 0.00 0.113 0.00 0675 0.00 4.03 171 24.1 18.77 144 6597 859 99.63
0.0215 0.00 0.128 0.00 0.767 0.00 4.58 211 274 2142 163 69.46 976 99.92
0.0244 0.00 0.146 0.00 0872 0.00 5.21 259 311 2428 186 7279 110 100.00
00278 0.00 0.166 0.00 0991 0.00 5.92 315 353 2729 21 7597 1260 100.00
00315 0.00 0.188 0.00 113 0.00 6.72 379 401 3042 240 7903 1430 100.00
0.0358 0.00 0214 0.00 128 0.03 7.64 455 456 3366 272 82.00 1630 100.00
0.0407 0.00 0.243 0.00 145 0.1 8.68 5.42 51.8 3697 310 84.89 1850 100.00
0.0463 0.00 0.276 0.00 165 0.21 9.86 6.42 589 4036 352 8768 2100 100.00
0.0526 0.00 0314 0.00 1.88 033 mn2 7.58 66.9 4384 400 9031 2390 100.00
Figure 26. Particle size analysis in sludge sample post-EC treatment using titanium x graphite plates 13t April.
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5 Summary of EC Plate Material Performance.

5.1 Nutrient Parameters

All plate materials tested showed varying degrees of improvement in nutrient-related water quality
parameters. Graphite and Titanium-MMO appeared to give the best overall reduction in key nutrients (total
nitrogen, total phosphorus, chlorophyll-a). These results show that whilst there is generally a modest
reduction in nutrient concentration after treatment, post-treatment filtration is necessary to give the largest
reduction before discharge. This filtration was done in the laboratory for this project; however this would
need to be a larger scale mechanical filtration unit when upscaling this equipment to treat larger volumes of
production water. This is discussed in more detail in section 8.2 of this report.

Whilst mild steel also showed good improvements in nutrient concentration the production of undesirable
byproducts (mild steel —iron oxide; aluminium — soluble Al.) made these options unsuitable as a plate
material in this use case.

Table 9. Summary of % decrease in nutrients in settled water sample compared to water intake sample. Green highlighted values
denote a desirable decrease in the nutrient parameter, whereas red indicates an increase in the nutrient concentration.

Mild Steel Aluminium Graphite Titanium Tltamurn X
MMO Graphite
% reduction % reduction [% reduction |% reduction [% reduction |% reduction [% reduction |% reduction
Parameter (Sample in vs |(post- (Samplein [(post- (Sample in vs|(Samplein |(Samplein vs[(Samplein
Out) filtration) vs Out) filtration) Out) vs Out) Out) vs Out)
Ammonia as N -3% -4% -3% -3% -18% 5%
Chlorophyll AA -66% 9% 38% 58% 75% 91% 82% 74%
Conductivity -19% -19% 9% 0%
Nitrate + Nitrite NOx-N 0% 0% 0% 0% -50% 32% 6% 6%
Salinity -21% -21% 9% 0%
Total Kjeldahl Nitrogen-N 17% 31% -6% 6% -11% 13% 16% 14%
Total Nitrogen* 17% 33% -6% 8% -11% 14% 15% 12%
Total Phosphorus 14% -114% -467% -200% 11% -14% 0% 15%
Total Suspended Solids 17% 94% -61% 23% 27% 30% -31% 29%
Turbidity -287% 76% -66% 69% 16% -10% 10% -6%

5.2 Particle Size Analysis

Distribution values (Dv values) quantify the frequency distribution of particles measured during the analysis.
For example, Dv50 is the diameter at which 50% of the sample particles are a diameter less than the value
displayed on the Y-axis (um). Comparing Dv10, Dv50 and Dv90 is a good way to visualise the distribution of
particle sizes.

In the context of this project, we determined that the EC-equipment tested during this project successfully
coagulated suspended particles. This was done by comparing the different Dv values in pre-treatment, post
treatment, and sludge samples treated by each of the plate materials. Figure 27 (below) shows that whilst
mild steel and aluminium had a small spread of particle sizes, Dv50 and Dv90 values of the Graphite, Titanium
MMO, and Titanium x Graphite had significantly larger particle distribution, and contained both larger
median particle size (Dv50) and Dv90 values. This demonstrates that these plates gave an overall higher
coagulation efficacy.
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Figure 27. Particle size (um) at DV 10, 50 and 90 for each of the plate materials

From a practical perspective this means:

Titanium MMO or Titanium MMO X Graphite plates yielded the best performance from a coagulation
perspective. Titanium MMO is more expensive, but generally has a longer life span in comparison to
Graphite. Graphite plates, in RAS applications are needing to be replaced every 3-6 months whereas it is
estimated that the Titanium MMO will have an 18 month life span conservatively.

From the results, it is estimated that either Titanium MMO or Titanium MMO X Graphite will be able to
coagulate 40% and 50% of the particles respectively, at 80 micron filtration. This seems promising for
mechanical filtration but would need to be tested.

6 Observations and Considerations for Further
Development

Observations that were made during the study will assist with future design considerations for:

1. Automation
2. Sensor requirement
3. Sensor placement
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4. Power supply requirements

It is important to note that the sensors were not originally a part of the primary brief however, it was
important for the design team to get data for in-field use, associated with the EC. Below is discussion of the
‘bottlenecks and considerations for commercial EC design.

6.1 Turbidity Sensor Readings and Sensor Adjustment

On February 6%, it was noted that the data from the turbidity sensors did not match the water quality reports
from the lab. As our in-house testing indicated the turbidity sensors had the potential to be very accurate,
we began troubleshooting the sensors. The turbidity sensors operate by shining a very small light from a
horizontal plane in a submerged environment. This light will reflect off any turbidity in the water and the
reflection will be detected by a sensor located on a perpendicular plane to the light source.

Readings generated by the turbidity sensors will be affected by the following:

Light reflecting off an adjacent surface, such as the interior of the pipe or fitting that contains it.
Ambient light shining through the translucent plastic wall of the sensor containment structure.
Ambient light reflecting down the interior length of the piping.

Electrical interference in the wiring from the sensor to the PLC that reads and logs the data. Note
that long lengths of wiring can exacerbate this potential interference, and in this case the
downstream sensor had approximately 30 meters of wire.

After a period of testing, we established the discrepancy in the input sensor data was likely caused by light
reflecting off the inside of the pipe fitting the sensor was located in. On March 3™, the input piping was re-
plumbed, which resolved this issue. For the output sensor, while electrical interference was ruled out, it was
never confirmed whether the cause was from light leaking, or light reflection. It was determined too costly
to replumb the output piping, so the sensor was left as-is.

Something else worthy of note when the data is examined - the outflow turbidity sensor was located at the
end of the settlement tank. As this tank was open to the environment and had no cover, it was exposed to
rainfall. There were several instances where during heavy periods of rain, the turbidity out would read
significantly higher - presumably from water mixing and agitating the contents of the tank prior to contact
with the sensor.

6.2 Power Supply Failure

On March 22", the EC testing began as normal, with the only variable being that the polarity switching
interval was changed to 1200 seconds, to further evaluate the difference between forward and reverse
polarity. Amperage was unchanged at 120 amps, which was the setting from the previous day. The startup
routine performed today was the same as every other day.

After pressing the “treat” button, a loud bang was heard, and the breaker to the shed tripped. The electrician
from the Farm came down within a few minutes and began to troubleshoot. After several failed attempts at
reviving the power supply, and a discussion with manufacturers, a DC arc welder capable of 200 amps
continuous duty cycle was obtained, installed and treatment operation resumed with manual logging of
voltages and amperages to complete the project.
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Figure 28. The pair of photos above illustrate the corrosive effects of chlorine vapor. These photos were taken just under 48
hours apart, after graphite plates were installed. Note how the foil material on the vent pipe is severely discoloured, and the
corrosive spots on the sheet metal duct that feeds the power supply enclosure.
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6.3 Chlorine

As noted above, when using graphite, titanium and titanium/graphite plates, a large discrepancy was
observed on the Halogen chlorine sensor between forward and reverse polarity. Typically, in forward polarity,
~10ppm would be observed, and then at the same power settings in reverse, ~2 ppm would be observed.
This was not observed on aluminium and steel plates simply because either, a) no chlorine was generated,
or b) any chlorine generated reacted immediately with the plate material and was not detectable.

After some experimentation and observation during the titanium/graphite portion of the trial, the
discrepancy was discovered. Chlorine readings were due to the positioning of the chlorine sensor.

Chlorine seems to be generated primarily on the surface of the power plate anode which faces the cathode.
If chlorine is generated on any other surface, it seems to be in much smaller concentrations. Readings on the
chlorine sensor would vary depending on what area of the weir the sensor was located, with the strongest
readings being immediately downstream of the active anode. This appeared consistent with the visual
observation that chlorine bubbles were only visible on the active anode at any given time.

In between the anode and cathode are 5 neutral plates. When the EC machine reverses polarity, that anode
becomes a cathode. This means the planar face generating chlorine has now moved 66 mm laterally away
from the chlorine sensor. While a similar amount of chlorine is generated from this new anode, the sensor is
no longer inline, and therefore cannot sense the chlorine. Due to the turbulent nature of water in the weir,
some chlorine will mix into the sensor cup and be detected, but this is basically overspill, and not
representative of the actual amount being generated.

The chlorine sensor was included in the trial to determine if it could be used for automation in the future.
Chlorine test strips were also taken regularly, and therefore the chlorine sensor placement did not have a
significant impact on the results of the trial.

For applications where break-point chlorination is required, for the removal of TAN, then the chlorine sensor
can come in use. However, for coagulation no free chlorine was necessary to assist.

6.4 Shorter Neutral Plates

Foam accumulation on the top of the EC chamber has been a continual concern with machines in use in
prototype testing facilities (NSI: Natural Shrimp Inc). This foam is unsightly, and overspill causes corrosion
and premature machine wear. Additionally, the foam is a potential fire hazard.

In an effort to mitigate this foam build up on the top of the EC chamber, NSI staff had been cutting their
neutral plates shorter, so they remain below the waterline when the EC pump is running. Therefore, it was
recommended that all the neutral plates used in this trial be cut as well.

Steel, aluminium, and titanium MMO plates were all subsequently fabricated to this new shorter length of
22.34 inches / 567.43 mm. Graphite plates were scheduled to be shipped to a Brisbane fabrication shop,
where they would be cut to the same length before being shipped to the host Farm.

When A36 steel and 6061 aluminium plates were installed and run in the EC machine, we observed little to
no chlorine production. In addition, the maximum voltage that could be achieved was 7 volts. Most often the
voltage never exceeded 5 volts. The expected voltage should have been between 20-30. Furthermore,
inspection of the aluminium plates showed the bulk of the mass shed from the power plates was clearly
biased to the area above the top of the neutral plates. (See diagrams and renderings below.)
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Figure 29. Rendering illustrating the wear which occurred on the power plates of a single cell.

Subsequent discussions with NSI and Hydrenesis staff formed the hypothesis that current was shorting
through the waterline across the tops of the neutral plates, therefore greatly reducing or eliminating any
chlorine generation or coagulation effects. Following this trial, a discussion was had with a Hydrenesis
consultant who is an MIT-trained electrical engineer, and he indicated that this hypothesis was likely correct.

Following the termination of the graphite plate phase of the trial, the Aluminium plates were reinstalled into
the machine. Using a 100mm wide strip of wood on the lower brace, we were able to raise the plate stack,
so all neutral and power plates were above the waterline. Treatment began on the machine, and while no
chlorine was generated, we immediately observed voltages of 28-30.

During the initial installation of the titanium plate stack, the same wooden brace was used to raise all plates
up so the tops were all above the waterline, and the titanium phase of the trial was conducted in this

configuration.
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Figure 30. A cutaway rendering of the plate stack, illustrating the wooden brace used to elevate the plates above the waterline.

Following the conclusion of the titanium phase of the trial, the wooden brace was removed so the neutral
plates were submerged below the waterline. On activation of treatment, it was not possible to obtain a
current flow of more than 10 amps, and 2 volts. No chlorine was produced.

The low voltages and plate erosion patterns observed on the aluminium plates are consistent to support the
hypothesis that the current flow ‘short-circuits’ through the water treatment column on the area above the
tops of neutral plates and below the waterline. While this is likely not the cause of low chlorine output
observed on the steel and aluminium plates, this is likely to affect the coagulation effect of the cells.

It is worth noting:

e Following the observations of the aluminium plates, the plan to cut the graphite plates shorter was
abandoned and the graphite stack was trialled in the original height.

e Steel plates were trialled in the shorter configuration, so the data obtained from these, and the
aluminium plates might not be an accurate representation of the coagulation effect these materials
offer.

® Aside from a small amount of foam produced on the initial installation of the aluminium plates, foam
was never observed in any quantity though the remainder of the trial on any of the plate materials.

® We expected steel to perform poorly, however there was a previous in-house study comparing the
coagulation effect of aluminium to titanium and aluminium had far better coagulative performance.
We most certainly expected better results from the aluminium, further supporting the short circuit

hypothesis.
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6.5 Graphite Plate Warping

The differences in plate materials are primarily life span. Graphite due to its brittle properties has a life span
of c. 60-70 days. During treatment with the graphite plate stack, warping of the power plates was observed
despite the use of plastic spacers. As the principle of electrocoagulation involves passing electricity through
water by means of a series of flat plates, it is important that these plates must remain flat planar surfaces.
Electricity will take the path of least resistance, and if a section of a plate is closer due to warping, electricity
will concentrate in these areas, reducing the total surface area of the plate.

Following the removal of the graphite plates, measurements of the warping were taken and applied to a CAD
model of the plate. With this information, we can extrapolate a rough current density flow from this warped
plate to another.

Plastic spacers are incorporated into the design of the EC machine, so plate warping may be mitigated,
however it was observed that the spacers merely transfer the warping to other locations on the plate. The
warping effect is still visible on the tops of the plates. In extreme cases, the warping is severe enough that
the plates make physical contact with each other, which would cause a short-circuit.

Figure 31. Photo illustrating warping of graphite plates. Note how some of the neutral plates are touching each other.
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Figure 32. This rendering illustrates the current density as it applies to a warped plate. Red indicates the highest power density
area.

Figure 33. A photo of a graphite plate post-removal from the EC machine. Note the area of particulate
accumulation is similar to the rendering above.
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6.6 Power supplies

While the exact nature of the power supply failure is unknown, it is a reasonable assumption that the
proximity of the power supply to the salt and chlorine vapor produced by the EC chamber either caused or
contributed to the failure of the power supply. This is not the first such incident of a power supply failure,
and this concern was raised during the pre-planning of this trial. Therefore, it is important that future
development of this equipment should isolate or environmentally seal power supplies from the ambient
environment of the EC chamber.

6.7 Corrosion on power terminals

Corrosion increases electrical resistance and therefore heat. However, it is unknown (and potentially
underestimated) how much corrosion the salt / chlorine vapor produced by an EC machine causes on
adjacent components, and how much resistance said corrosion produces on the contacting surfaces. From
observation, when the electrical surfaces were kept clean and a conductive lubricant applied, heat at the
electrical contacts to the power plates was significantly reduced. Corrosion was also observed on the actual
wire of the power cable, specifically where the ring terminals were crimped on - another source of heat. A
further recommendation would be to solder these connections, thus reducing heat further. Soldered contact
will increase the brittleness of the terminal/wire interface, but as this is a non-moving part, this is not a
concern. This will need to be considered for the next commercial pilot design if the APFA R&D committee are
supportive of progressing with a gravity fed design. However, with a pressurised EC housing, this complication
is greatly reduced.

6.8 Cleaning the plates and maintenance

The plates require regular cleaning to ensure that there is minimal biofouling. Initially, the team thought that
acid washing could be an option, but the mineralised precipitate was difficult to dislodge using phosphoric
acid and muriatic acid. Reversing the polarity of the plates will be the most cost-efficient way to remove the
fouling and shed the plates. This would reduce the lifespan slightly and cause a surge in turbidity for periods
of time due to the time required to ramp down power. This could be up to 180 seconds or more depending
on the power supply, and method of power dissipation. During this time, water will continue to flow. Solid
state power supplies will reduce or eliminate this, at additional expense.

6.9 N & P bound in solids or dissolved.

Electrocoagulation can reduce both nitrogen and phosphorus and convert & concentrate into physical form
- in settleable & floating sludge. The EC currently separates into these two fractions that need to be dealt
with. The floating fraction is a mat that forms after some minutes of retention and at the same time, there
are settleable solids. The floating and sinking fractions appear to have a different amount of N & P. The
floating fraction (which would be remove by the DAF unit) is primarily algal; whereas the settled fraction
(removed by incline plate settlers) is a much darker, and viscous consistency. There may be coagulated and
dead algal cells in this settled portion but testing has not been performed to determine how much is algal,
feed, faecal, bacterial, or fungal.

6.10 Biosolids disposal — Biogas

The settled solids or sludge generated by EC treatment is made up of microalgae and other organic material
and needs to be disposed of in a safe and efficient manner. One option for utilising this waste product would
be to use it for biogas generation. This process involves anaerobic digestion, where microorganisms break
down organic matter in the sludge, producing biogas as a renewable energy source. Microalgae is suitable
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for biogas production due to its high organic content, particularly when combined with primary sludge to
boost the C:N ratio (Herrmann et al., 2016; Solé-Bundé et al., 2019; Thorin et al., 2018). The resultant biogas
can be harnessed for electricity generation, heating, or as a vehicle fuel, while the remaining digestate serves
as a nutrient-rich fertilizer.

However, there are several challenges with producing biogas from microalgae. These include the
concentrating the biomass prior to digestion and efficient cell lysis (Kevin Sowers, pers. Comm. 2024). A
former student IMET was working on aggregation and harvesting of microalgae for production of biodiesel
and managed to develop effective aggregation using a bacterial strain as a harvesting technique. Another
obstacle involves breaking down the lingo-cellulose cell wall before digestion. Just like fish waste, much of
the organic material in microalgae is digestible organic nitrogen, but it's essential to rupture the cells to make
their contents usable. Current methods include thermos-chemical pretreatment, which has reported yields
of up to 740 mL/gVs, and mechanical treatment, with reported yields up to 615 mL/g VS (Kevin Sowers, pers.
Comm. 2024). While microalgae can be digested without treatment, the efficiency of conversion is lower
than its full potential yield. Adding extra carbon sources (such as fish waste) to increase the C:N-ratio would
likely boost the yields, and some studies have discussed bacterial strains capable of lysing algae, offering a
potential solution, however this is not yet commercially available. A recent review highlighted that whilst this
technology shows good promise, significant work is still needed to be done to optimize and scale up the
technology in order for it to be commercially viable (Vargas-Estrada et al., 2022).

For an estimated production of 2 tonnes of solids per day, there are no commercial systems currently
processing this tonnage in aquaculture.
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Figure 34. Photo illustrating how quickly terminals can be corroded. This copper conductive bar was perfectly clean 2 days

before.

Doc ID:
NEMO-17858-32

Version:
0.7

https://frdcl-
my.sharepoint.com/personal/wayne_hutchinson_frd
c_com_au/Documents/1 FRDC/1 IPAs &
Programs/APFA/Projects/2022-019 EC Nitrogen
removal/2022-019 Final Report - Final.docx

13:54:35

14-Oct-24

Page 59 of 89




: ,',,{

Figure 35. Photo illustrating corrosion on the power cable where it meets the terminal.
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7 Conclusion

There are several variables that affect the total costing of an electrocoagulation system. Systems are bespoke
for the type of water they are treating, volume of water to be treated, operating environment, and the
desired output.

Aquaculture EC systems in the United States are intended for indoor recirculating systems, and as such the
principal focus is chlorine production. While the coagulative effect is a nice benefit, it is generally not the
main design intent of these systems. Variables that affect the coagulation process with regards to EC design
include:

e Plate surface area - sometimes referred to as treatment area, this is the submerged area of electrode
material that will facilitate the electrocoagulation process. For the purposes of this document, this is
measured using a single face of each electrode plate.

e Contact time - this is the amount of time the water will remain in contact with the electrode plates
as it passes through the reaction chamber.

e Current density - the amount of amperage per square meter of the electrodes

e Plate gap - the physical gap separating the anodes from the cathodes in the treatment area.

The project and design team recommend trialling a scaled up pressurised commercial system capable of
processing at least 3 megalitres of water per day with Titanium mixed metal oxide plates for a period of 24
months with 24-hour cycle operation. This set up would need to include pumps, building infrastructure, as
well as post-treatment filtration which is discussed below. The reasons for performing this trial include:

1. The volume of processed water will be at a larger commercial scale.

= The APFA will be able to look at the opportunity to recycle the water back into
production ponds.

= Configurations including one EC per cluster of production ponds can be explored if
re-use is prioritised.

2. The total kWh can be logged for the hours of operation across two production cycles to
determine peaks and troughs of energy use.

3. Detailed design can improve the CAPEX requirements including design of the DAF and incline
plate settler instead of using off the shelf product. There was not enough labour budget and
time in this project to be able to integrate post-filtration design.

4. Trials with post-treatment filtration can be conducted.

7.1 Considerations for Commercialisation
7.1.1 Gravity EC vs Pressurized EC

There are 2 types of electrocoagulation machines that currently exist: gravity flow, and pressurized. During
phase 1 of the EC trial, a gravity-flow unit was used, as it was a readily available commercial product, suitable
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for obtaining baseline data on a small scale. It is our opinion that a pressurized EC could potentially be a
better choice for the following reasons:

e Pressurized EC units allow for faster water flow than their gravity counterparts.

e Any saltwater treated by an EC machine will produce chlorine and chlorine vapor. With a gravity flow
unit, this vapor will escape into the ambient air, causing corrosion on nearby surfaces, and potentially
creating a health and safety hazard. Pressurized EC keeps chlorine vapor in the water stream.

e Pressurized units operate cleaner, with no saltwater overspray. This allows for simpler and more
robust electrical connections, safer operation, and reduced maintenance costs.

e Pressurized units would likely have a smaller overall machine footprint when compared with a
gravity-flow unit of an equal treatment area.

e For an equal treatment area, pressurized EC units can be less costly. Particularly when ordered in
scale, the capital expenditures may be 50% less than the gravity units when compared by plate area
and treatment volume. These costs depend on the configuration which will be expanded upon in the
costing section below.

7.1.2 Prototype Design
The below design is currently lacking in the rendering:

e Power supply
e Pump
e PLC cabinets and pipework

If a full stream of discharge at 40 megalitres per day = 40,000 m3 per day
Total of 27.8m3 per minute = 27800 Ipm requirement (463 litres per second)

Therefore, for the purpose of our calculations - an equivalent of 73 EC machines and plate surface area will
be required to treat 40 megalitres per day.

Contact time required for plates: 15 seconds.
Retention time required for coagulation: minimum of 4 minutes.

The electric field will kill microalgae to some degree. If we increase current density to make up for reduced
surface area, the effects on microalgae could be more pronounced. The magnitude of which will be
determined when a commercial prototype is trialled. There are two options for commercial prototyping:

1. Scale up of current EC design with a concrete chamber (gravity fed)
2. Pressurised design (discussed below)

The plates from the recommended manufacturer were trialled in this project, and from our results, it was
determined that titanium plates with an MMO coating are the recommended plate material. The lifespan of
this plate is estimated to be 2-4 years, as based on information from the plate manufacturer (and guaranteed
for a minimum of 24 months).

The MMO coating (rhubenium and titanium dioxide) is only nanometres thick, and it's not possible to
measure this outside of a lab. Also, the trial was only run for 20 hours, so more thorough testing would be
required to determine a real-world lifespan and it is recommended that we run this on a multi-year project.
Using titanium MMO plates will also reduce the overall size of the EC prototype design and cost.
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7.1.3 Plate Area

During phase 1 of the EC trial, satisfactory results were obtained using a flow rate of ~450 litres per minute,
with a surface area of 9.24 m?submerged. Using a daily treatment volume of 40 megalitres as the benchmark,
we would need around 61 of the gravity flow machines (manufactured by US company IP Automation: IPA)
to process this.

*The original figure was quoted at 73 machines. This was due to using total surface area of the plates to
calculate treatment capacity instead of submerged treatment area.

The pressurized EC, being a different form factor, consists of cylindrical PVC chambers. Each chamber has a
submerged plate area of 4.7 m2. Configurations vary, but approximately 4 chambers could fit into roughly
the same area as a gravity EC machine. This would yield a total surface area of 18.8 m?, or just over twice
what the gravity EC would offer for the same footprint of floor space used.

We know that pressurized EC will be equally efficient as gravity EC when compared using an equal treatment
area, equal current density, and similar flow rate. With this benchmark, we would require 134 pressurized
EC chambers to provide an equivalent amount of treatment plate area as the gravity EC configuration, or
roughly half the footprint required. This does not include pipework or ancillary equipment.

7.1.4 Plate Material

It's recommended that a Titanium x Mixed metal oxide plate is used. The shorter (submerged) Ti
configuration had similar voltage and amperage readings as the submerged Al. This is a good indication that
the 'short circuit' hypothesis with submerged plates (and hence their inefficiency) is valid. Titanium is also a
good plate choice for its robust nature. Titanium has the highest strength to weight ratio as compared to the
other materials. This would allow for thinner plate (1-2mm compared to 5-6.5mm,) presenting the smallest
profile in the water stream, resulting in the least amount of flow restriction, and greatest efficiency. It will
not warp or fracture the way graphite does and will offer a much longer replacement cycle. This will reduce
labour-hours for maintenance.

7.1.5 Contact time / Current Density

As mentioned above, plate area is not the only variable affecting electrocoagulation. Contact time - the
amount of time the water is in the electric field created by the electrodes, as well as the current density
passing through the water, are additional factors.

With the chamber design of the pressurized EC being longer, there is additional contact time created. A
gravity-based system has a contact time of approximately 15 seconds, whereas a pressurized chamber can
have up to 60 seconds depending on the diameter.

Current density is also a factor. In the phase 1 trial, we used a maximum current density of between 4 and
20 amps per square meter. Favourable results were achieved at 16 amps per square meter. Current densities
in excess of 100 amps per square meter were tested in small scale pressurized EC trials with favourable
results. Granted the focus of these trials was on chlorine production, however we theorise the coagulative
benefit will be increased as well.

Between the potential increase in flowrate and current density used, we believe it is possible to increase the
coagulative efficiency, and thereby reduce the number of pressurised chambers needed by a factor of 4. If
this were proven effective, this would bring the total number of chambers required down to approximately
30. This would be the equivalent footprint of 8 gravity EC machines.
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7.2 Capital Expenditure

Below the workings are discussed to come up with a bill of materials and labour input for a commercial scale
EC machine:

Costing of a pressurised system is variable depending on the configuration. A sample 2-chamber unit with
equivalent processing capability as an IPA gravity machine would be approximately $161,000 USD, or
$254,000 AUD. This machine would be able to process approximately 650,000 litres per day, assuming a 24-
hour duty cycle on a 50 Ha farm. Applied over a 40-megaliter volume, this total cost becomes over $17 million
AUD.

However, it is important to recognise that the pricing listed above is based on a single unit, and to understand
some of the costs:

e Volume and mass production discounts are not factored in.

e Each PLC (control module) can support up to 32 devices, so the per-unit cost goes down as the
number of chambers increases.

e Pricing on pipework is retail-level pricing at US costs. Likely this would be far less expensive with
industry discounts and local labour.

e Framework and weldment structures are based on consumer-level pricing. Likely this would be far
less expensive with industry discounts and local labour.

e Please note freight costs are not factored in, and impossible to estimate until a scope of the project
is narrowed.

When the above items are accounted for, the cost to treat 40 megalitres per day is reduced to
approximately $6.6 million AUD. The equivalent cost for gravity-based systems would be $14.5 million
AUD.

Lastly, it should be noted that this is assuming the pressurised EC will provide the same level of efficiency as
the gravity unit. As noted earlier, it is theorized the pressurised unit may be 4 times more efficient. If this
were proven to be accurate, the cost to treat 40 megalitres come down to around $2 million AUD.

At the time of this writing, this cost does not include:

e The pumps needed to move the water though the EC system.

e Any sludge removal equipment or process.

e Equipment for any further filtration, dewatering etc. to complete water treatment.

e Any pipework outside of the footprint of a reasonably sized containment structure.

e Building needed to enclose the equipment.

e Freight to get equipment on-site.

e Labour costs for installation.

e Any support infrastructure such as electrical wiring, networking, moving earth, administrative or
government fees.

Costs are estimated at the time of this writing, and may change based on factors, including but not limited
to, supply chain issues, availability of parts, local labour expenses, transportation, and fuel costs. Cost out,
design, bill of materials and construction can be developed in a separate scope.
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Table 10. Summary of Capital Expenditure for EC unit

Description Value (approximate)
Commercial PILOT (3 megalitres per day): Cost of a 2- | $161,000 USD or $254,000 AUD
chamber unit
Commercial PILOT (3 megalitres per day): Processing | 650,000 litres (for pilot)
capacity per day (2-chamber unit)
Commercial UNIT (40 megalitres per day): Cost with | $6.6 million AUD
volume and mass production discounts for pressurised
system

Freight costs Unknown
Commercial UNIT (40 megalitres per day): Equivalent cost | $14.5 million AUD
for gravity-based systems
Commercial UNIT (40 megalitres per day): Cost if | $2 million AUD
pressurized EC is 4 times more efficient
Capital life span 10 years
CAPEX per m3 of water based on commercial scenario | $165/m3
using a $6.6m system
CAPEX per Ha production $132000/Ha

CAPEX Depreciated over 10 years $13200/Ha over 10 years

Note: these costs are valid at the time of writing and are indicative only. Many variables will affect these costs, including supply chain
factors and availability.

7.3 Operating Expenditure

While the overall footprint of the pressurised system will be much smaller, power requirements will likely be
very similar, roughly 3,600 kwH daily for 40 megalitre treatment. Based on an average cost of $.16 AUD per
kilowatt-hour, this would be around $600 AUD per day, or $220,000 annually.

Maintenance specific to the EC would include regular visual inspection of the pressure vessels and plate
assemblies. This would be approximately 1 labour-hour per chamber per year. At 40 megalitres, this could
range from 30-120 labour-hours, depending on final system efficiency and chamber count.

Consumables would include replacement of the plate assemblies as needed. Expected lifespan of the plate
assemblies is 2-4 years. Each plate assembly would be approximately $7,000 AUD, resulting in between
$70,000 and $280,000 AUD when amortised annually depending on water quality and rate of wearing.
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Table 11. Summary of estimated Operating Expenditure

Description Value

Power Requirements 3,600 kW/h daily

Cost per kW/h $0.16 AUD

Daily Power Cost $600 AUD

Annual Power Cost $220,000 AUD
Maintenance (per chamber, per year) 1 labour hour

Estimated Total Labor Hours for 40 Megalitres 30-120 labour hours
Plate Assembly Lifespan 2-4 years

Cost of Plate Assembly (each) $7,000 AUD

Annual Cost for Plate Assemblies (amortized) $70,000 - $280,000 AUD
Total Operating Expenditure $290,000 - $500,000 AUD
OPEX per m3 of ‘discharge’ water $7.25-$12.50 AUD
OPEX per Ha of production (taking max range $12.50/m3 | $10,000/Ha

with a 2 year life span of plates)

OPEX per T of production assuming 15T per Ha $667/T

OPEX per Kg of production assuming 15T per Ha for a net | $0.67/Kg

reduction in total N by 21% (conservative estimate)

Note: these costs are valid at the time of writing and are indicative only. Many variables will affect these costs, including final design
of unit, available technical services, supply chain factors and availability.

The above figures will vary per farm, depending on yield per pond. The project team have made an assumption
of 15T/Ha of production for this exercise.

Upsides that have not been quantified:

1. Improved biosecurity by reducing intake water (associated with mortality or eFCR
improvements).

2. Reuse of water on environmental license (pumping costs).

3. License to operate — change in regulatory environment.

7.4 Summary

It is impossible to give more specifics on cost estimates without further knowing the scope of the next phase.
Further refining costs will require:

e Determining the amount of water to be processed in phase 2, and the number of treatment
chambers.

e Determining the potential efficiency increase when pressurised EC is used as compared to gravity.

e Determining the amount of work, specifically frame and pipework that will be performed locally, and
by whom.

In a worst-case scenario, the capital cost to process 40 megalitres with pressurized EC is $6.6 million AUD.
The best-case scenario with a fourfold increase in efficiency is $2 million AUD. These numbers may be even
less with further refinement of the project. With such a large range in capital expenditure, it would be
necessary to prove the theoretical efficiency increases by conducting medium-scale testing in the
aquaculture discharge.

Therefore, it is our recommendation that phase 2 of this project should be conducted using 3 megalitres as

the daily treatment benchmark. With this daily treatment volume, the costs would be approximately
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$540,000 AUD for the required EC chambers and ancillary equipment, not including pumping or
infrastructure.
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8 Recommendations

e The project team believe this is a feasible technology (at scale) for coagulation.

e Pressurised EC prototype is developed for a smaller volume of water e.g., 3 m3/hour.

e This is equivalent to 2 x 4 x chambers of 4m2 plate area required (at 450mm x 2000mm length
enclosures each) — total length of 3 metres estimated for the prototype designed for 1-2 bar
pressure.

e In general, the current density that is required and the amperage and voltage is much less to
achieve effective coagulation than the requirement to produce chlorine — and is unnecessary unless
breakpoint chlorination or disinfection unless this feature is requested by the APFA.

e The design of the EC system will need to marry with the design of the sludge collection and some
design time will be required to put a commercial pilot together.

e Rental sludge collection units are recommended for the commercial prototype.

e Bring in expertise for the use of algal biomass- Sterner (Norway) and Kevin Sower may be options
here, seeing as they have expertise in biogas production in aquaculture

Alternatively, ECs could be installed on a per pond basis, assisting with water treatment on an as needs basis.
These different options could be explored by desktop analysis.

Phase 2 (potential second phase commercial trial) approx. costs:

Phase 2 of this project should be conducted using 3 megalitres as the daily treatment benchmark. With this
daily treatment volume, the costs would be approximately $540,000 AUD for the required EC chambers and
ancillary equipment, not including pumping or infrastructure.

Additional to this, the project team would require:

e Additional design time for prototyping

e Additional design time for engineering for sludge recovery

e Flow simulation may be required for water flow.

e Rental costs for the DAF and incline plate settler - TBD if the R&D committee would like to progress
then the project team can contact suppliers for rental costs.
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8.1 Recommended design for 3 mega-litres of treatment per day:

Figure 36: A conceptual rendering illustrating what the Pressurised EC might look like. Rated for 912 LPM. This design has longer
contact time than necessary- therefore, during the next phase, the project team could vary the flow and achieve up to 2000 LPM.
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Figure 37: Current R&D system on the left in comparison to a conceptual rendering of the pressurised system design on the right
for relative scale

8.2 Mechanical filtration recommendations

It’s likely that implementing a quicker solids removal system should draw down nutrients further than
occurred in this project. The fact that a baffled tank was used, meant there would have been time for
coagulated algae to start deteriorating. If sludge is mechanically evacuated regularly, that the removal rate
of N and P will be greater than was seen in the testing during this project.

During the study, there were two fractions of solids observed:

https://www.dropbox.com/scl/fi/ilv321r8gq1j12jjp52ig/IMG 2430.MOV?rlkey=e9976dcflmewewmaqffxwc
Skdv&dI=0

https://www.dropbox.com/scl/fi/kprctagc3b0gwez9m847b/IMG 2636.MOV?rlkey=rlplsrwravy13dp5g8ajlqg
ojh&dI=0

The second video shows the floating fraction which accumulated after c. 20 minutes of operating the
machine.

The two fractions of waste have different specific gravity- one with low specific gravity and another with high
specific gravity that is easily settled. There are several simple options — skimmers, scrapers, and dissolved air
floatation. Most of the algal biomass is located in the floating solids.

The sludge can be redirected into the settleable solids sump and can be pumped out with settleable solids at
the same time.
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https://www.dropbox.com/scl/fi/i1v321r8qq1j12jjp52ig/IMG_2430.MOV?rlkey=e9976dcf1mewewmqffxwc5kdv&dl=0
https://www.dropbox.com/scl/fi/i1v321r8qq1j12jjp52ig/IMG_2430.MOV?rlkey=e9976dcf1mewewmqffxwc5kdv&dl=0
https://www.dropbox.com/scl/fi/kprctaqc3b0qwez9m847b/IMG_2636.MOV?rlkey=rlplsrwravy13dp5g8qjlqojh&dl=0
https://www.dropbox.com/scl/fi/kprctaqc3b0qwez9m847b/IMG_2636.MOV?rlkey=rlplsrwravy13dp5g8qjlqojh&dl=0

Whitewater
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Airflow
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Figure 38: Dissolved air flotation unit for floating mass

Incline plate settlers/clarifiers can be scaled to handle large volumes. Again, they could be used pre (for high
SG, non-organics) or post EC treatment. We recommend for them to be used post-EC treatment. Importantly,
they have no moving parts and can handle big flows within a small footprint. No electricity is needed as long
as water flows through them at the designed rate. Finding the right design with an appropriate mix of flow
rates and particle size is necessary.

A good design also shouldn’t allow re-suspension of the settled solids. A sludge pump can be fitted and timed
to routinely pump sludge out of the sumps / conical bases (use PC pumps).
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Figure 39 Incline plate settler side view
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Figure 40 Incline plate settler front view
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It is recommended to trial the EC with rental units with the following process flow:

Settlement pond

Pump —

Electrocoagulation
unit

v

Dissolved air
floatation

Incline plate settler-

Sludge can be
collected from the
sump

9 Extension and Adoption

Re-use of water

The project will be communicated to the end user (APFA R&D Sub-Committee) via this final report, and
through a summary presentation at their Annual R&D Symposium. The project has also been communicated
to the broader community via a poster presented at the World Aquaculture Conference.

10 Project materials developed.

To date the following project materials have been developed:

1. Poster presented at World Aquaculture Symposium (Darwin) May 2023
2. Project summary presentation at Australian Prawn Farming Symposium 2023
3. Final report submitted to FRDC
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12 Appendix 1 — Metal Analysis (Total & soluble)

12.1 Total and Soluble Metals - Figures
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Figure 41. Total metal analysis in water samples before and after EC treatment: Aluminium, Antimony, Arsenic, Barium, Beryllium,
Boron, Cadmium, Chromium, Cobalt, Copper, Iron, Lead.
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Figure 42. Total metal analysis in water samples before and after EC treatment: Manganese, Molybdenum, Nickel, Selenium, Silver,
Strontium, Thallium, Tin, Titanium, Uranium, Vanadium, Zinc.
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Figure 43. Soluble metal analysis in water samples before and after EC treatment: Aluminium, Antimony, Arsenic, Barium,
Beryllium, Boron, Cadmium, Chromium, Cobalt, Copper, Iron, Lead.
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Figure 44. Soluble metal analysis in water samples before and after EC treatment: Manganese, Molybdenum,
Nickel, Selenium, Silver, Strontium, Thallium, Tin, Titanium, Uranium, Vanadium, Zinc.

12.2 Total and Soluble Metals — Data Table

Sample Plate Type Metal Metal Name Sample Post- Sample Sample Out -
Date Type In EC Out Supernatant
29-Jan Mild Steel | Soluble Aluminium 9.87 0 0
29-Jan Mild Steel | Soluble Antimony 1.1 1.2 1.5
29-Jan Mild Steel | Soluble Arsenic 2.5 1.8 1.5
29-Jan Mild Steel | Soluble Barium 63.2 62.3 61.9
29-Jan Mild Steel | Soluble Beryllium 0 0 0
29-Jan Mild Steel | Soluble Boron 3980 3750 3850
29-Jan Mild Steel | Soluble Cadmium 0 0 0
29-Jan Mild Steel | Soluble Chromium 0 0 0
29-Jan Mild Steel | Soluble Cobalt 1.3 1.3 1.3
29-Jan Mild Steel | Soluble Copper 2.1 1.1 1.2
29-Jan Mild Steel | Soluble Iron 32.68 5.37 3.66
29-Jan Mild Steel | Soluble Lead 0 0 0
29-Jan Mild Steel | Soluble Manganese 72.1 194 203
29-Jan Mild Steel | Soluble Molybdenum | 9 8 8
29-Jan Mild Steel | Soluble Nickel 0 1.6 1.6
29-Jan Mild Steel | Soluble Selenium 0 0 0
29-Jan Mild Steel | Soluble Silver 0 0 0
29-Jan Mild Steel | Soluble Strontium 9297 8970 8954
29-Jan Mild Steel | Soluble Thallium 0 0 0
29-Jan Mild Steel | Soluble Tin 3.1 0 0
29-Jan Mild Steel | Soluble Titanium 30 29 31
29-Jan Mild Steel | Soluble Uranium 1.7 1.6 1.6
29-Jan Mild Steel | Soluble Vanadium 1.65 0.64 0.59
29-Jan Mild Steel | Soluble Zinc 1.91 0 0
29-Jan Mild Steel | Total Aluminium 1480 667 31.4
29-Jan Mild Steel | Total Antimony 2.5 1.6 1.5
29-Jan Mild Steel | Total Arsenic 3.4 3.4 1.7
29-Jan Mild Steel | Total Barium 69 66 65
29-Jan Mild Steel | Total Beryllium 0 0 0
29-Jan Mild Steel | Total Boron 4360 4250 3960
29-Jan Mild Steel | Total Cadmium 0 0 0
29-Jan Mild Steel | Total Chromium 0.6 0.6 0.1
29-Jan Mild Steel | Total Cobalt 1.5 2.5 1.4
29-Jan Mild Steel | Total Copper 3 1.4 0
29-Jan Mild Steel | Total Iron 1440 28800 765
29-Jan Mild Steel | Total Lead 0.7 0.5 0
29-Jan Mild Steel | Total Manganese 159 243 207
29-Jan Mild Steel | Total Molybdenum | 14 11 9
29-Jan Mild Steel | Total Nickel 0 2.8 1.8
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29-Jan Mild Steel | Total Selenium 0 0 0
29-Jan Mild Steel | Total Silver 0.5 0.2 0
29-Jan Mild Steel | Total Strontium 9297 8970 8954
29-Jan Mild Steel | Total Thallium 0 0 0
29-Jan Mild Steel | Total Tin 95.3 48.8 18.8
29-Jan Mild Steel | Total Titanium 59.5 76 121.5
29-Jan Mild Steel | Total Uranium 4.6 2.6 2
29-Jan Mild Steel | Total Vanadium 4.4 3.8 0.8
29-Jan Mild Steel | Total Zinc 6.07 3.47 2.41
30-Jan Aluminium | Soluble Aluminium 16.9 310 323
30-Jan Aluminium | Soluble Antimony 1.4 1.5 1.6
30-Jan Aluminium | Soluble Arsenic 2.9 2.3 2
30-Jan Aluminium | Soluble Barium 71.3 71.7 71.5
30-Jan Aluminium | Soluble Beryllium 0 0 0
30-Jan Aluminium | Soluble Boron 3960 3780 3670
30-Jan Aluminium | Soluble Cadmium 0 0 0
30-Jan Aluminium | Soluble Chromium 0 0 0
30-Jan Aluminium | Soluble Cobalt 1.6 1.1 1.2
30-Jan Aluminium | Soluble Copper 1.4 1.9 2
30-Jan Aluminium | Soluble Iron 39.71 4.1 3.28
30-Jan Aluminium | Soluble Lead 0 0 0
30-Jan Aluminium | Soluble Manganese 117 130 127
30-Jan Aluminium | Soluble Molybdenum | 9 9 9
30-Jan Aluminium | Soluble Nickel 0 0 0
30-Jan Aluminium | Soluble Selenium 0 0 0
30-Jan Aluminium | Soluble Silver 0 0 0
30-Jan Aluminium | Soluble Strontium 9200 9085 8872
30-Jan Aluminium | Soluble Thallium 0 0 0
30-Jan Aluminium | Soluble Tin 0 0 0
30-Jan Aluminium | Soluble Titanium 33 31 32
30-Jan Aluminium | Soluble Uranium 1.9 1 0.9
30-Jan Aluminium | Soluble Vanadium 1.71 1.52 1.62
30-Jan Aluminium | Soluble Zinc 0 0 0
30-Jan Aluminium | Total Aluminium 1250 20700 1830
30-Jan Aluminium | Total Antimony 1.4 1.5 1.6
30-Jan Aluminium | Total Arsenic 4 3.7 2.9
30-Jan Aluminium | Total Barium 82 78 76
30-Jan Aluminium | Total Beryllium 0 0 0
30-Jan Aluminium | Total Boron 3990 4140 4000
30-Jan Aluminium | Total Cadmium 0 0 0
30-Jan Aluminium | Total Chromium 0.7 2.3 0.3
30-Jan Aluminium | Total Cobalt 1.9 1.9 1.2
30-Jan Aluminium | Total Copper 1.9 4.2 2
30-Jan Aluminium | Total Iron 1660 1400 96.3
30-Jan Aluminium | Total Lead 0.5 0.7 0
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30-Jan Aluminium | Total Manganese 162 163 139
30-Jan Aluminium | Total Molybdenum | 11 11 10
30-Jan Aluminium | Total Nickel 0.7 0.5 0
30-Jan Aluminium | Total Selenium 0 0 0
30-Jan Aluminium | Total Silver 0.1 0.1 0
30-Jan Aluminium | Total Strontium 9200 9085 8872
30-Jan Aluminium | Total Thallium 0 0 0
30-Jan Aluminium | Total Tin 36.4 23.8 15.1
30-Jan Aluminium | Total Titanium 96.6 109.8 158.3
30-Jan Aluminium | Total Uranium 2.6 2.3 1.2
30-Jan Aluminium | Total Vanadium 4.4 5.7 2.1
30-Jan Aluminium | Total Zinc 3.33 5.62 1.74
3-Feb Aluminium | Soluble Aluminium 10.4 267
3-Feb Aluminium | Soluble Antimony 3.1 1.4
3-Feb Aluminium | Soluble Arsenic 2.3 2.4
3-Feb Aluminium | Soluble Barium 69.4 70.4
3-Feb Aluminium | Soluble Beryllium 0 0
3-Feb Aluminium | Soluble Boron 3810 3820
3-Feb Aluminium | Soluble Cadmium 0 0
3-Feb Aluminium | Soluble Chromium 0 0
3-Feb Aluminium | Soluble Cobalt 0.9 0.8
3-Feb Aluminium | Soluble Copper 0 0
3-Feb Aluminium | Soluble Iron 75.95 10
3-Feb Aluminium | Soluble Lead 0 0
3-Feb Aluminium | Soluble Manganese 74.4 129
3-Feb Aluminium | Soluble Molybdenum | 16 14
3-Feb Aluminium | Soluble Nickel 0 0
3-Feb Aluminium | Soluble Selenium 0 0
3-Feb Aluminium | Soluble Silver 0.7 0.3
3-Feb Aluminium | Soluble Strontium 8582 8826
3-Feb Aluminium | Soluble Thallium 0 0
3-Feb Aluminium | Soluble Tin 424.4 313
3-Feb Aluminium | Soluble Titanium 13 10
3-Feb Aluminium | Soluble Uranium 7.2 3.1
3-Feb Aluminium | Soluble Vanadium 1.26 1.39
3-Feb Aluminium | Soluble Zinc 1.38 0
3-Feb Aluminium | Total Aluminium 669 7670
3-Feb Aluminium | Total Antimony 1 0.7
3-Feb Aluminium | Total Arsenic 3.4 4.5
3-Feb Aluminium | Total Barium 80 82
3-Feb Aluminium | Total Beryllium 0 0
3-Feb Aluminium | Total Boron 4090 3750
3-Feb Aluminium | Total Cadmium 0 0
3-Feb Aluminium | Total Chromium 0.3 1.9
3-Feb Aluminium | Total Cobalt 1.2 14
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3-Feb Aluminium | Total Copper 1.5 3.4
3-Feb Aluminium | Total Iron 1630 2700
3-Feb Aluminium | Total Lead 0 0.9
3-Feb Aluminium | Total Manganese 149 161
3-Feb Aluminium | Total Molybdenum | 15 15
3-Feb Aluminium | Total Nickel 0.9 1.6
3-Feb Aluminium | Total Selenium 0 0
3-Feb Aluminium | Total Silver 0.4 0.2
3-Feb Aluminium | Total Strontium 8701 8636
3-Feb Aluminium | Total Thallium 0 0
3-Feb Aluminium | Total Tin 139.7 153.3
3-Feb Aluminium | Total Titanium 23.8 29.9
3-Feb Aluminium | Total Uranium 4.7 3.6
3-Feb Aluminium | Total Vanadium 3.2 6
3-Feb Aluminium | Total Zinc 2.93 4.95
14-Mar Graphite Soluble Aluminium 6.34 0 0
14-Mar Graphite Soluble Antimony 5.7 3 2
14-Mar Graphite Soluble Arsenic 8.1 5.1 4.8
14-Mar Graphite Soluble Barium 52.3 54.5 54.1
14-Mar Graphite Soluble Beryllium 1.6 0.5 0
14-Mar Graphite Soluble Boron 4170 4100 4240
14-Mar Graphite Soluble Cadmium 0.2 0.1 0
14-Mar Graphite Soluble Chromium 0.3 0.1 0.1
14-Mar Graphite Soluble Cobalt 1.1 1.1 1
14-Mar Graphite Soluble Copper 1.2 0 0
14-Mar Graphite Soluble Iron 109.67 | 71.03 | 64.2
14-Mar Graphite Soluble Lead 6.7 3.6 1.8
14-Mar Graphite Soluble Manganese 110 165 170
14-Mar Graphite Soluble Molybdenum | 91 30 20
14-Mar Graphite Soluble Nickel 13 0.9 1.2
14-Mar Graphite Soluble Selenium 12 0 0
14-Mar Graphite Soluble Silver 29.4 12.8 8
14-Mar Graphite Soluble Strontium 7416 6803 7996
14-Mar Graphite Soluble Thallium 2.5 0.5 0
14-Mar Graphite Soluble Tin 536.3 292.4 | 200.2
14-Mar Graphite Soluble Titanium 140 64 41
14-Mar Graphite Soluble Uranium 58.4 22 13.2
14-Mar Graphite Soluble Vanadium 3 3 2.69
14-Mar Graphite Soluble Zinc 1.9 2.36 3.33
14-Mar Graphite Total Aluminium 456 384 427
14-Mar Graphite Total Antimony 2.1 1.9 1.5
14-Mar Graphite Total Arsenic 3.7 3.9 4.8
14-Mar Graphite Total Barium 62 61 61
14-Mar Graphite Total Beryllium 0 0 0
14-Mar Graphite Total Boron 3910 3890 3930
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14-Mar Graphite Total Cadmium 0 0.1 0
14-Mar Graphite Total Chromium 0.5 0.4 0.4
14-Mar Graphite Total Cobalt 1.2 1.2 1.4
14-Mar Graphite Total Copper 1.5 1.6 1.8
14-Mar Graphite Total Iron 723 675 690
14-Mar Graphite Total Lead 1.4 0.9 0.7
14-Mar Graphite Total Manganese 165 191 191
14-Mar Graphite Total Molybdenum | 13 12 12
14-Mar Graphite Total Nickel 2.2 1.3 1.3
14-Mar Graphite Total Selenium 0 5 0
14-Mar Graphite Total Silver 8.3 5.2 4.3
14-Mar Graphite Total Strontium 9352 9225 9141
14-Mar Graphite Total Thallium 0 0 0
14-Mar Graphite Total Tin 374 278.3 | 231.3
14-Mar Graphite Total Titanium 62.5 43.2 52.6
14-Mar Graphite Total Uranium 4.1 3.5 3.6
14-Mar Graphite Total Vanadium 3.9 4.2 3.9
14-Mar Graphite Total Zinc 4.03 5.95 8.96
21-Mar Titanium Soluble Aluminium 10.1 12.1
21-Mar Titanium Soluble Antimony 1.2 1.1
21-Mar Titanium Soluble Arsenic 2.3 2.9
21-Mar Titanium Soluble Barium 108 109
21-Mar Titanium Soluble Beryllium 0 0 0
21-Mar Titanium Soluble Boron 3620 3620
21-Mar Titanium Soluble Cadmium 0 0 0
21-Mar Titanium Soluble Chromium 0.2 0.1
21-Mar Titanium Soluble Cobalt 1.1 1
21-Mar Titanium Soluble Copper 1.1 1.1
21-Mar Titanium Soluble Iron 272 119
21-Mar Titanium Soluble Lead 0 0 0
21-Mar Titanium Soluble Manganese 91.9 58.4
21-Mar Titanium Soluble Molybdenum | 21 21
21-Mar Titanium Soluble Nickel 6 1.1
21-Mar Titanium Soluble Selenium 0 0 0
21-Mar Titanium Soluble Silver 2.9 1.1
21-Mar Titanium Soluble Strontium 8718 8821
21-Mar Titanium Soluble Thallium 0 0 0
21-Mar Titanium Soluble Tin 99.7 60.8
21-Mar Titanium Soluble Titanium 43 30
21-Mar Titanium Soluble Uranium 4 3.6
21-Mar Titanium Soluble Vanadium 2.34 3.14
21-Mar Titanium Soluble Zinc 6.69 0 0
21-Mar Titanium Total Aluminium 655 335
21-Mar Titanium Total Antimony 0.8 0.7
21-Mar Titanium Total Arsenic 34 2.8
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21-Mar Titanium Total Barium 116 111

21-Mar Titanium Total Beryllium 0 0 0

21-Mar Titanium Total Boron 4960 4930

21-Mar Titanium Total Cadmium 0 0 0

21-Mar Titanium Total Chromium 6.7 0.2

21-Mar Titanium Total Cobalt 1.7 1.4

21-Mar Titanium Total Copper 6.3 1.8

21-Mar Titanium Total Iron 826 495

21-Mar Titanium Total Lead 1 0 0

21-Mar Titanium Total Manganese 107 81.6

21-Mar Titanium Total Molybdenum | 23 23

21-Mar Titanium Total Nickel 8.9 1.7

21-Mar Titanium Total Selenium 0 0 0

21-Mar Titanium Total Silver 2.1 0.5

21-Mar Titanium Total Strontium 8695 8770

21-Mar Titanium Total Thallium 0 0 0

21-Mar Titanium Total Tin 218.3 149.9

21-Mar Titanium Total Titanium 69.5 43.6

21-Mar Titanium Total Uranium 3.9 4.1

21-Mar Titanium Total Vanadium 4.4 4.3

21-Mar Titanium Total Zinc 14.1 1.53

23-Mar Titanium Soluble Aluminium 22.3 15.3

23-Mar Titanium Soluble Antimony 0.7 0.8

23-Mar Titanium Soluble Arsenic 2 2.3

23-Mar Titanium Soluble Barium 50.7 48.9

23-Mar Titanium Soluble Beryllium 0 0 0

23-Mar Titanium Soluble Boron 2390 2540

23-Mar Titanium Soluble Cadmium 0 0 0

23-Mar Titanium Soluble Chromium 0 0 0

23-Mar Titanium Soluble Cobalt 1 1

23-Mar Titanium Soluble Copper 1.3 1.4

23-Mar Titanium Soluble Iron 46 31

23-Mar Titanium Soluble Lead 0 0 0

23-Mar Titanium Soluble Manganese 24 51.1

23-Mar Titanium Soluble Molybdenum | 12 13

23-Mar Titanium Soluble Nickel 0 0 1.1

23-Mar Titanium Soluble Selenium 0 0 0

23-Mar Titanium Soluble Silver 1.6 0.8

23-Mar Titanium Soluble Strontium 7654 7283

23-Mar Titanium Soluble Thallium 0 0 0

23-Mar Titanium Soluble Tin 52.8 44.1

23-Mar Titanium Soluble Titanium 19 28

23-Mar Titanium Soluble Uranium 4 3.2

23-Mar Titanium Soluble Vanadium 2.7 2.78

23-Mar Titanium Soluble Zinc 11 0 0
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23-Mar Titanium Total Aluminium 95.8 84.4
23-Mar Titanium Total Antimony 0.7 0.9
23-Mar Titanium Total Arsenic 2.6 2.4
23-Mar Titanium Total Barium 50 49
23-Mar Titanium Total Beryllium 0 0
23-Mar Titanium Total Boron 4490 4500
23-Mar Titanium Total Cadmium 0 0
23-Mar Titanium Total Chromium 0.3 0
23-Mar Titanium Total Cobalt 14 14
23-Mar Titanium Total Copper 2.6 2.8
23-Mar Titanium Total Iron 193 202
23-Mar Titanium Total Lead 0 0
23-Mar Titanium Total Manganese 68.8 67.5
23-Mar Titanium Total Molybdenum | 10 10
23-Mar Titanium Total Nickel 1.7 13
23-Mar Titanium Total Selenium 0 0
23-Mar Titanium Total Silver 0.1 0
23-Mar Titanium Total Strontium 9090 8935
23-Mar Titanium Total Thallium 0 0
23-Mar Titanium Total Tin 0 0
23-Mar Titanium Total Titanium 28.8 36.3
23-Mar Titanium Total Uranium 1.6 2.2
23-Mar Titanium Total Vanadium 4.4 4.1
23-Mar Titanium Total Zinc 2.81 231
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