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Abstract

To protect surface water bodies, final effluents of wastewater treatment works are being
regulated with stricter consents. Phosphorus has been identified as a priority compound
and according to the Water Framework Directive its levels in wastewater effluents need
to be below 1 mg P/L and in some cases as low as 0.1 mg P/L. To meet these consents
efficiently and economically, there are several novel or established tertiary P removal
technologies.
Chemical P removal is a conventionally applied process. Yet, it requires optimisation in
chemical doses and the most appropriate solids liquid separation for tertiary P removal
needs yet to be identified to meet the new stricter consents sustainably. Novel tertiary
P removal technologies such as immobilised algae beads systems or reactive media con-
structed wetlands provide a more sustainable approach with no direct use of chemicals on
site and the recycling of materials such as the media in the wetland or through conversion
of the algal biomass to energy. However, these technologies are not yet fully established
and require validation of their viability and cost competitiveness.
In this thesis, tertiary P removal technologies have been evaluated with the aim to resolve
existing bottlenecks that are associated with the implementation of these technologies
when meeting sub 1 mg P/L levels. Three coagulation-based technologies that have not
been operated previously in the UK were assessed on their robustness and resilience un-
der steady-state and dynamic conditions against a 0.3 mg P/L target. It was found that
ballasted coagulation was the most robust and could consistently deliver effluent concen-
trations as low as 0.1 mg P/L. Pile cloth media filtration and ultrafiltration were shown to
be less robust yet effective at reaching 0.3 and 0.5 mg P/L targets, respectively. The impor-
tance of the solid liquid separation step as well as optimisation of dosing and coagulation-
flocculation was highlighted. Further it was found that in a ballasted coagulation system,
weaker and bigger flocs are generated through the addition of polymer which are effi-
ciently separated through the incorporation of a ballasting agent. Ultimately, guidance on
suitable choice of polymers and their doses was given as anionic polymers at doses as low
as 0.1 mg/L.
From the novel alternatives, a reactive media (steel slag) constructed wetland was oper-
ated at full-scale under real conditions and has reached the highest reported P retention
capacity to date with very low P effluent concentrations (<1 mg/L from an average of
about 8 mg/L) achieved in the first year of operation. During the life cycle of the wetland,
P removal decreased substantially, and it was highlighted that the underlying mechanisms
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are more complex than previously assumed. To address the bottleneck of high costs of
beads production in immobilised algae systems, a proof-of-concept has been given where
69.1% alginate recovery was achieved, and algae beads made from recycled alginate were
further reused in P removal trials. Ultimately, a cost reduction of 34% of operational costs
could be achieved.
Finally, the insights were translated into a P removal strategy where the most suitable tech-
nologies are recommended for differently scaled wastewater treatment works (WWTW)
and different effluent P targets based on their performance, costs and sustainability. For
large WWTW, ballasted coagulation appeared to be the most suitable technology while
for small WWTW pile cloth media filtration is recommended. Based on this research,
ultrafiltration cannot be recommended for tertiary P removal. The novel technologies
were highlighted as more sustainable options for small WWTW which still need further
understanding and development.
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Chapter 1

Introduction

1.1 Background

Although phosphorus (P) is an essential nutrient and naturally present in the environment,

its accumulation in fresh waters can lead to eutrophication which causes blooms of algae.

These create toxic conditions for aquatic organisms and are therefore harmful for the en-

vironment and its biodiversity (Desmidt et al. 2015; Paerl et al. 2001; Schaum 2018). P

concentrations above natural levels come from anthropogenic sources with wastewater

effluents being a main contributor (Cordell et al. 2011; Desmidt et al. 2015; Neal et al.

2010).

In the UK, 588 sensitive areas have been recognised of which 914 km2 are already or close

to be eutrophic caused by excess phosphorus and nitrogen (N) concentrations (DEFRA

2012). To support the Department for Environment, Food and Rural Affairs (DEFRA) a

technical advisory group (TAG) has been initiated which reviews River Basin Manage-

ment Plans in periodic phases to facilitate the implementation of the Water Framework

Directive (WFD) (Chave 2001; DEFRA 2014; UK TAG 2013). The goal is to achieve

”good ecological status” in surface waters (Andrews et al. 2008; Chave 2001). This qual-

1
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itative term refers to the presence of substances at concentrations that can be ascribed

to human impact but that ”deviate only slightly from those normally associated with the

surface water body type under undisturbed conditions” (EU Water Framework Directive

2000). The discharge of final effluents from wastewater treatment works (WWTWs) has

been previously regulated by the Urban Wastewater Treatment Directive (UWWTD) (Ur-

ban Wastewater Treatment Directive 1998). However, with adoption of the WFD the

protection of surface (rivers, lakes, bathing waters) and ground waters was put into focus

and new discharge limits have been determined. The previous discharge consents for P

were 1 mg P/L for WWTWs of more than 100 000 population equivalent (PE) and 2 mg

P/L for works with PE between 10 000 and 100 000 (Urban Wastewater Treatment Di-

rective 1998). Therefore, from the implementation of the WFD and the latest River Basin

Management Plan (2015-2021), P has been highlighted as one of the priority substances

to be regulated and the discharge limits for P will be stricter at levels below 1 mg/L and

with some sites expected to be set target levels as low as 0.1 mg/L (EU Water Framework

Directive 2000). New P consents will depend on the P levels at ”near natural conditions”

(UK TAG 2013), environmental sensitivity, altitude, alkalinity of sites and on upstream

dilution rates (Chave 2001). Therefore, utilities are receiving regulatory pressure from

the implementation of the WFD to remove P and need to reconsider current P removal

options to ensure that the new consents will be met (Chave 2001).

On average, WWTWs receive P concentrations of 7-9 mg P/L and P can be either removed

chemically or biologically (De-Bashan and Bashan 2004; Morse et al. 1998; Pratt et al.

2012). In chemical P removal, a metal salt (based on iron or aluminium) is added which

reacts with phosphate species to form flocs. These flocs are removed as sludge from the

wastewater through settling or filtration (Bratby 2016; Yeoman et al. 1988). Generally,

it is possible to chemically achieve effluent P concentrations below 1 mg P/L. However,

doing so requires disproportionately high coagulant doses with associated larger sludge
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volumes and ultimately an increase in costs (Bratby 2016; Murthy et al. 2005). Ac-

cordingly, it is considered better practice to add a tertiary stage that utilises coagulant

to reduce the final P concentration from 1-2 mg P/L down to the required target of 0.1-

1.0 mg P/L. This approach benefits in two major ways. Firstly, in wastewater phospho-

rus occurs in different forms such as ortho-phosphate, pyrophosphates, triphosphates and

poly-phosphates, in varying concentrations depending on pH, ligand reactions and con-

centrations of the other constituents in the wastewater. During the wastewater treatment

process and especially during the aerobic stage phosphorus species are transformed into

the the predominant form of ortho-phosphate. This species is more easily removed by

chemical precipitation than the other forms it exists in (Bratby 2016). Secondly, the re-

quired dose is greatly reduced compared to dosing just upstream with reported savings of

tens of mg/L of coagulant (Bratby 2016).

Alternatively, P can be removed through enhanced biological P removal (EBPR) which

is more sustainable. With EBPR favourable growth conditions for phosphate accumulat-

ing organisms (PAOs) are generated. In the initial anaerobic stage, PAOs take up carbon

compounds for intracellular storage while releasing internal polyphosphates as soluble

phosphates. This is then followed by an aerobic stage where the PAOs take up phosphates

to transform them into intracellular polyphosphate. This process has been known for

more than 30 years and since then various configurations have been developed to enhance

its efficiency and reliability. In comparison to chemical P removal, the EBPR process is

more sustainable because it produces relatively small amounts of sludge. Low phospho-

rus concentrations can be achieved with EBPR if specific conditions are maintained, e.g.

low carbohydrate levels in the sludge (De-Bashan and Bashan 2004). The dynamics of

wastewater composition and conditions at WWTWs can negatively affect the performance

of the EBPR process therefore additional coagulant dosing is usually required when tar-

geting low effluent phosphorus concentrations (Oehmen et al. 2007). Coagulant is also



4 CHAPTER 1. INTRODUCTION

added at some sites to reduce the risk of downstream struvite precipitation form the excess

sludge.

However, importantly P is a major plant nutrient and its derivatives are used as fertilis-

ers in agriculture. Fertilisers are mainly produced from mined phosphate rock whose

reserves are finite and non-renewable. Phosphate rock is anticipated to reach its peak pro-

duction around the year 2030 (Cordell et al. 2011). Accordingly, technologies that just

remove phosphorus from wastewater can be viewed as ultimately unsustainable. There-

fore, technologies that enable recovery alongside removal are the next logical step as part

of a switch toward a circular economic strategy (Melia et al. 2017, Pratt and Shilton

2009, Schaum 2018). Nutrient recovery can be applied at various stages of wastewater

treatment. A concentrated stream of P is required for an efficient and economic recovery

(Morse et al. 1998). This has been already studied extensively by various researchers

who reported on precipitation of struvite or calcium phosphate from sludge, sludge ash

and sludge digestion liquor (Desmidt et al. 2015).

At tertiary stage, alternative technologies that not only remove P but also have an added

value such as generating fertiliser, producing energy or reusing waste media would

move wastewater treatment facilities further towards resource recovery facilities (Schaum

2018). Research has been on-going in the field of P sorption media and subsequent P-

based fertilisers (Acelas et al. 2015; Martin et al. 2013), the use of microalgae for treat-

ment and anaerobic digestion of the biomass (Whitton 2019) and the use of reactive media

that would otherwise go to waste (Blanco et al. 2016; Yang et al. 2018). Despite promis-

ing results, adoption of these technologies has not yet taken place in full-scale WWTWs.

While further development in these fields are much required and continuing, the time until

full-scale implementation needs to be covered by already existing and chemically-based

tertiary P removal technologies while focusing on minimal chemical consumption and

ensuring that consents are met at WWTWs.
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1.1.1 Technology readiness levels of tertiary P removal

Different sizes of wastewater treatment plants will require individually suitable solutions.

At small WWTWs, technologies that require no or very little maintenance, such as con-

structed wetlands and rotating biological contactors are usually installed while at large

WWTWs, operation-intense technologies that can treat large flow rates are implemented.

With traditional P removal, the required levels below <1 mg P/L will be difficult to

achieve economically and therefore advanced tertiary P removal will need to be inves-

tigated.

There are emerging coagulation-based technologies that would be suitable for large works

and that have already been tested at demonstration scale against ultra-low effluent P con-

centrations, i.e. <0.1 mg/L, and a number of full-scale plants exist in the USA (DeBar-

badillo et al. 2010; Ragsdale 2007). Yet, these developments cannot be directly translated

towards meeting consents between 1-0.1 mg P/L as is required in the UK and therefore

research in this area is needed.

To evaluate the development stage of new technologies and reduce risks for implemen-

tation, NASA introduced the concept of ”technology readiness levels” (TRLs). These

range between TRL 1 to TRL 9 to signify early research to successful deployment and

operation, respectively (Mankins 2009). Although coagulation-based technologies are

commercially available and can therefore be classified to a high TRL (Mankins 2009)

they are not a long term sustainable choice since they consume large amounts of chem-

icals and energy throughout their life-time (Table 1.1). Nevertheless, advanced tertiary

solid liquid separation technologies offer an opportunity for optimisation of operational

conditions towards minimum required chemical doses while achieving low effluent P con-

centrations. For instance, a high rate sedimentation process -ballasted coagulation- uses

a polymer as one of the components and many products are available. Because there is
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currently a lack of scientific guidance on the impact of polymers and their doses, a better

understanding of P removal in ballasted coagulation is needed.

Sustainable alternatives consuming less energy and no chemicals are currently under de-

velopment. For instance, an immobilised algae reactor (IBR), where algal biomass is

contained in solid alginate beads, has been shown to achieve effluent P levels of 0.1 mg/L

at hydraulic retention times between 3-20 h (Whitton et al. 2018). This technology would

be suitable for small WWTW but is yet to be tested in large scale and is currently at

TRL 5 (Table 1.1). Importantly, the costs for implementation of a full-scale reactor have

been shown not to be cost-competitive at the current time, mainly because of the high

cost associated with the production of the algae beads (Whitton 2016), suggesting that an

investigation into cost-reduction potential is essential.

Another typical technology at small WWTW are constructed wetlands which are cur-

rently not used for P removal. However, there has been increasing interest in replacing

the commonly used gravel with reactive media to enhance P removal (Vohla et al. 2011),

where steel slag has been identified as the most promising media (Drizo et al. 1999).

This technology can be seen at TRL 6 because there have been already full-scale trials

with another media, melter slag, for example (Shilton et al. 2006). Existing literature

of the use of steel slag has predominately been undertaken at small scale laboratory and

pilot trials using synthetic waters that are dissimilar to real wastewater. Whilst these have

shown reactive media to be effective and have proposed removal mechanisms by which

the technology operates, this has not been validated at large scale and in long-term using

real wastewater. In addition, there are still existing barriers such as high effluent pH and

leaching of toxic metals. Accordingly, there is concern over the translation of the existing

knowledge base to enable confidence in its use at full-scale.

Utilities throughout the UK have collaborated in recent years to investigate tertiary P

removal technologies on their efficacy and viability for full-scale implementation. How-
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ever, as Severn Trent Water acknowledged the criticality of implementing more efficient

and sustainable P removal technologies they decided to fund a dedicated trial. The work

presented in this thesis was then developed in conjunction with the sponsoring partner

Severn Trent Water as well as Atkins. At a WWTW in Leicestershire, UK, with 28 344

PE, four novel and emerging technologies have been tested at demonstration scale side

by side. This site was chosen because it discharges into an ecologically sensitive area.

Commercially available, yet new to the UK, coagulation technologies -a pile cloth media

filter, a ballasted coagulation process, an ultrafiltration membrane- at higher TRLs will

be assessed against their performance and robustness. Further, an outlook toward ter-

tiary P removal of the future will be given through evaluating a large-scale long-term trial

with a reactive media constructed wetland and through an attempt to improve the overall

economics of an immobilised algae system.

Table 1.1: Technology overview

Technology TRL Size of WWTW Additional chemicals
Operation and
Maintenance

Bottlenecks of technologies

Immobilised algae
reactor

5 S None Medium Cost of bead production

Steel slag constructed
wetland

6 S None Low Validating viability

Ballasted coagulation 9 L Coagulant, Polymer, Ballast Medium Optimised chemical use,
Identification of most appro-
priate solid liquid separation

Pile cloth filtration 9 S-L Coagulant Low

Membrane filtration 9 M-L Coagulant, Cleaning chemi-
cals

Medium

(A. N. Shilton et al. 2006; R. L. Whitton 2016; R. Whitton et al. 2018)

1.2 Aims and Objectives

The overall aim of the thesis was to understand how to resolve the bottlenecks associated

with implementation of tertiary P technologies when meeting sub 1 mg P/L concentra-

tions.
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A Compare the robustness and efficacy of commercial coagulation-based technologies

with different solid liquid separation processes in meeting sub 1 mg P/L consents

under UK conditions.

B Analyse the impact of different polymers and their doses on P removal and floc

properties in a ballasted coagulation process.

C Validate existing understanding of the efficacy of reactive media in large scale, long-

term constructed wetland trials for P removal.

D Evaluate the potential to recover and reuse alginate in an immobilised algal bio-

reactor process.

1.3 Thesis Plan

This thesis is presented as a series of chapters formatted as journal papers. All papers

were written by the primary author, Olga Murujew and edited by Dr Marc Pidou and

Prof. Bruce Jefferson. All experimental work was designed, co-ordinated and completed

by Olga Murujew at Severn Trent Water (UK), Cranfield University (UK) and RMIT Uni-

versity (Australia) with contributions from research fellows, PhD and visiting students as

follows. Support in plant operation for the demonstration trial described in Chapter 2 and

the reactive media wetland in Chapter 4 was given by WatsTech Ltd. The evaluation of

polymers and their impact on P removal as described in Chapter 3 was assisted by Jor-

dan Geoffroy, Emeline Fournie and Elisa Socionovo Gioacchini. In addition, support was

given by Dr. Kristell Le Corre Pidou for the calculations of saturation indices described in

Chapter 4. For the alginate related research in Chapter 5, microalgal cultivation and har-

vesting was aided by Matthew Kube and Dr. Rachel Whitton for experiments undertaken

at RMIT University and Cranfield University, respectively. Support for SEM imaging of
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algae beads was given by Dr. Chaitali Dekiwadia from RMIT University.

In Chapter 2, three coagulation-based technologies were assessed against their robust-

ness and resilience towards meeting a <0.3 mg/L P target. The technologies were a bal-

lasted coagulation, a pile cloth media filter and an ultrafiltration membrane, all operated at

demonstration scale at the same WWTW. Resilience and robustness were tested against a

range of operational conditions which were steady state, storm and diurnal simulation and

variation of the wastewater feed. The findings highlighted the importance of solids liquid

separation and informed the P removal strategy for tertiary P removal (Chapter 2, Paper

1, -submitted: Murujew, O., Wilson, A., Vale, P., Jefferson, B. and Pidou, M., Tertiary

treatment of phosphorus using coagulants with different solid liquid separation technolo-

gies: Comparison of robustness and resilience, Journal of Chemical Engineering).

Since there is a gap in literature on the importance of polymer choice and dose specifi-

cally for ballasted coagulation systems, a detailed laboratory scale study was conducted

with seven, anionic and cationic, polymers. P removal efficiency was compared as well as

floc growth and structure were assessed. The results highlighted that polymers resulted in

different performance and gave a guidance towards a suitable choice in wastewaters with

1 mg P/L influent and high alkalinity content (Chapter 3, Paper 2, -submitted: Murujew,

O., Geoffroy, J., Fournie, E., Socionovo Gioacchini, E., Wilson, A., Vale, P., Jefferson, B.

and Pidou, M., The impact of polymer selection and dose on the incorporation of ballast-

ing agents onto wastewater aggregates, Water Research).

To validate existing knowledge on reactive media, a full-scale constructed wetland with

basic oxygen furnace steel slag media was operated in long-term (>2 years) at the same

site of the coagulant-based technologies. The outcomes of this study showed the broad

range of potential P removal pathways and will further inform the P removal strategy for

small scale WWTW (Chapter 4, Paper 3- submitted: Murujew, O., Le Corre Pidou, K.,

Wilson, A., Vale, P., Jefferson, B. and Pidou, M., Reactive media constructed wetland for
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phosphorus removal: Assessing the opportunity and challenges, Journal of Environmental

Management).

The potential of alginate recovery from immobilised algae beads was studied to deliver

a proof-of-concept and to evaluate the potential towards reduction of operational costs of

an IBR. The results from this research inform a tertiary P removal strategy for sustainable

solutions that are currently under development (Chapter 5, Paper 4- submitted: Murujew,

O., Whitton, R., Fan, L., Roddick, F., Jefferson, B. and Pidou, M., Recycling and reuse of

alginate in an immobilised algae system, Environmental Technology ).

The implications of the work were overall discussed and a UK-based P removal strat-

egy for small, medium and large WWTW is presented. The insights from the thesis are

evaluated against currently available technologies and those that have potential to be im-

plemented in the future with their current challenges.

Finally, the last chapter summarises the key findings and presents an outlook for potential

further work in the areas of coagulation-based P removal, reactive media applications and

alginate recycling. The thesis plan summarises the individual papers, the objectives and

their status of journal submissions (Table 1.2).(Melia et al. 2017; Pratt and A. Shilton

2009)



Table 1.2: Thesis structure

Chapter Paper Objective Title Journal Status

1 - - Introduction - -

2 1 A
Tertiary treatment of phosphorus using coagulants with
different solid liquid separation technologies: Comparison
of robustness and resilience

Journal of Chemical Engineering Submitted

3 2 A,B
The impact of polymer selection and dose on the
incorporation of ballasting agents onto wastewater
aggregates

Water Research Submitted

4 3 C Reactive media constructed wetland for phosphorus
removal: Assessing the opportunity and challenges

Journal of Environmental Management Submitted

5 4 D Recycling and reuse of alginate in an immobilised algae
system

Environmental Technology Submitted

6 - A,B,C,D Implications of the work: Implementation of advanced ter-
tiary P removal

- -

7 - - Conclusions and future work - -
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Abstract

In this work, three tertiary solid separation technologies have been assessed on their

robustness and resilience against an effluent P target <0.3 mg/L at steady state and
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dynamic conditions. Overall, ballasted coagulation was shown to be the most robust

technology whereas an ultrafiltration membrane with Alum coagulant outperformed

the ballasted coagulation system for a wastewater feed with higher suspended solids

for P removal. Pile cloth filtration improved with the higher solids feed as well yet

being most suitable for less stringent targets <0.5 mg P/L. A molar ratio of 1.37

Fe:P was shown to be sufficient to meet the P target at short contact times as with

the ballasted coagulation process. Overall, it was highlighted that optimisation of

up-stream flocculation can be a considerable factor for consistent performance.

Keywords: P removal, coagulation, solids liquid separation

2.1 Introduction

Phosphorus discharge standards from sewage works relate to the need to manage the po-

tential ecological impacts of effluent discharge. The specific levels vary considerably

across the world and the characteristics of the receiving waterbody. In Europe, recent

revision of the required standards is seeing a reduction in the annual average phosphorus

concentration from levels of 1.0-2.0 mg P/L to between 0.1 and 1.0 mg P/L with many

sites expected to meet levels around 0.3 mg P/L (EU Water Framework Directive 2000).

Traditional practice for targets of 1 mg P/L and above is to design and operate treatment

works to meet 50% of the target level to ensure compliance. However, below 1 mg P/L,

targets of 70-80% of the permitted value are considered operationally appropriate such

that for a 0.3 mg P/L, the site would need to deliver an effluent with an annual average of

between 0.21 and 0.24 mg P/L. Stricter discharge consents are common place in the USA

where levels can be significantly below 0.1 mg P/L (Lee et al. 2015; Ragsdale 2007).

A large proportion of the wastewater treatment sites utilise chemical precipitation with

metal salts (Fe or Al) for all, or part, of the required removal. The mechanisms of removal



2.1. INTRODUCTION 19

comprise a combination of precipitation of metal-phosphate-hydroxo complexes, adsorp-

tion onto precipitated surfaces and aggregation of colloids (Bratby 2016). Phosphorus ex-

ists in many forms including ortho-phosphate, condensed forms (pyrophosphates, triphos-

phates) and poly-phosphates with the relative distribution impacted by concentration, pH

and ligand reactions with the other components in the wastewater. Further, transformation

occurs during the aerobic secondary processes such that the majority of phosphorus is in

the ortho-phosphate form once it reaches the tertiary stage (Bratby 2016). The efficacy of

coagulation is highest when the P is in the ortho-P form. Therefore, it is common prac-

tice to dose during or after the biological process rather than in the primary stage so that

dose requirements can be minimised. The dose expressed as a stoichiometric mole ratio

is reported to vary between 1.4 and 4.3 of Aladded: Premoved (Baillod et al. 1977). The

relative importance of direct precipitation decreases as the target residual levels becomes

lower with removal to below 1 mg P/L thought to be predominantly associated with ad-

sorption and colloidal aggregation. Accordingly, the relative dose requirements increase

significantly as the target level is reduced (Figure 2.1). To illustrate in the case of alum

dosing, 83.5 mg/L were required to reduce phosphorus levels from 5.17 to 0.97 mg/L at

the head of a contact stabilisation plant. In comparison, 125 mg/L were required to reduce

the phosphorus levels from 2 to 0.05 mg/L in an oxidation pond effluent (Bratby 2016).

Consequently, whilst compliance is possible through single point dosing into the crude

wastewater and/or the main biological process, the coagulant doses to reach sub 1 mg

P/L are substantial (Bratby 2016; Murthy et al. 2005). Accordingly, it is becoming more

common to meet sub 1.0 mg P/L standards by incorporating a tertiary coagulation step

linked to a range of different solid liquid separation systems (Table A.1). These include

traditional tertiary treatment technology used for solids removal such as depth filters and

cloth filters as well as advanced filtration with membranes as well as, a relatively recent

technology, ballasted sedimentation. The different options operate with different removal
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mechanisms for the precipitated solids and are effective over different particle size ranges.

For instance, ultrafiltration membranes sieve out particles larger than the opening, typi-

cally 0.05 µm. In contrast, depth filters work by a combination of collision and attachment

mechanisms with minimum removal associated with particles sizes around the 0.45 µm

level (Hahn and O’Melia 2004). Cloth filters sit in between the two with the formation of

a dynamic cake layer aiding removal during the filter cycle and an effective cut size in the

microns range. In contrast, ballasted systems operate through sedimentation and hence

small particles are poorly removed in line with Stokes’ law.

The fact that they operate under different mechanisms suggests that they will be impacted

differently by variations in the feed water flow and composition during steady state oper-

ation and respond differently to external or internal perturbations. Consideration of such

issues connects to concepts of robustness and resilience as commonly used in ecological

systems (Janssen et al. 2007). Whilst different definitions are used the most appropriate to

the current discussion are that robustness relates to the consistency of the output against

a variable input and resilience relates to the ability of a technology to recover from a per-

turbation that has caused a deterioration in the output (Nazif and Karamouz 2009). There

is a paucity of translation to treatment technology assessment, especially in relation to

predicting future capability. However, examples exist for depth filters in drinking water

treatment (Hartshorn et al. 2015; Y. Li et al. 2008), clarifiers (Huck and Coffey 2004)

and aerated constructed wetlands (Butterworth et al. 2013). Assessment of robustness is

derived by examining the cumulative distribution of the effluent concentration whilst op-

erated under steady state conditions. This can be converted in a quantifiable index through

a number of performance indices (Hartshorn et al. 2015). The most common is the ro-

bustness index although it is known to being heavily dependent on the goal target and the

percentile levels chosen (Huck and Coffey 2004). However, when comparing different

options, these weaknesses are less important as the comparison is set to the same param-
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eters and as such focus can be given to the relative difference and the overall profiles.

Many of the reported trials have been associated with achieving ultra low effluents of be-

tween 0.014 and 0.15 mg TP/L from influent levels that varied between 0.22 and 3.5 mg

TP/L. There is also a paucity of direct comparison between technology options limiting

decisions making based on performance efficacy. Where these do exist (DeBarbadillo et

al. 2010; Lee et al. 2015) the trials are focused on delivering ultra low discharge standards

(sub 0.1 mg P/l), using high coagulant doses making transition to the current challenges

to meet sub 1 mg P/L in Europe very difficult. Accordingly, the current paper compares

three demonstration scale, coagulant based, tertiary treatment options during steady state

and dynamic operation. The target to be achieved was a residual phosphorus concentra-

tion of 0.3 mg P/L and this was assessed against two wastewaters and varying coagulant

dose.
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ratio for Fe (▲) or Al (X) coagulants reported in literature. Comparison against effluent
ortho-P levels reported in this study using FeCl3 for cloth filter (•), ballasted coagulation
(⋄) and membrane filtration (□)



22 CHAPTER 2.

2.2 Materials and Methods

2.2.1 Materials

Three coagulant based technologies: ballasted coagulation, pile cloth filtration and mem-

brane filtration, were installed as tertiary treatment at a wastewater treatment plant in

Leicestershire, UK. All the technologies were operated as per the supplier’s instructions.

The site has iron-dosed oxidation ditches (OD) as secondary treatment. For the trial, in-

fluent ortho-P to the pilot systems was supplemented to 1 or 2 mg P/L with KH2PO4

as required (Table 2.1). A second set of tests were performed using tankered secondary

treated wastewater from the site that contained the benchmark depth filter technology.

Table 2.1: Influent wastewater characteristics of the oxidation ditch and trickling filter
wastewaters. Data given as Average ± 1 standard deviation and number of total samples
taken (n).

WWTP ortho-P [mg/L] TP [mg/L] Fe [mg/L] TSS [mg/L] NH4-N [mg/L] COD[mg/L] pH

OD 1.09 ± 0.38 (79) 1.21 ± 0.36 (66) 0.67 ± 0.3 (72) 7.27 ± 3.42 (76) 0.1 ± 0.24 (79) 21.25 ± 2.77 (78) 7.42 ± 0.17 (79)

TF 1.25 ± 0.54 (13) 1.75 ± 0.39 (13) 2.5 ± 0.52 (8) 35.17 ± 20.03 (12) 4.75 ± 0.45 (8) 59.17 ± 14.08 (13) 7.39 ± 0.22 (11)

The ballasted coagulation technology (BC) (CoMag®, Evoqua Water Technologies,

UK) consisted of three mixing tanks and a clarifier (each 270 L) (Figure 2.2). Over the

total range of tested flow rates, the hydraulic residence times ranged between 5.5 and 15

minutes and the surface overflow rates between 5 and 15 m/h. Two coagulants were used,

ferric chloride (FeCl3) and Fe2(SO4)3 (Fe-S) which were dosed in an in-line static mixer

(Table 2.2). The ballast (magnetite, Fe3O4) and a polymer (anionic polyacrylamide) were

dosed at 4 g/L and 0.5-1 mg/L, respectively. Each of the chemical compounds was added

subsequently to each of the mixing tanks. In the clarifier, 25% of settled sludge was

recycled back into the system and the other part underwent shear mixing to recycle the

ballast through a magnetic drum back into the treatment train.
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(a) (b)

Figure 2.2: Ballasted coagulation technology (a) flow sheet and (b) photo.

The cloth media filtration technology (CF) had a fast mixing coagulation (330 L) and

a flocculation tank (1650 L) upfront. The mixing speeds were optimised throughout the

trial. The mixing rate of the fast mixing coagulation tank was 200 RPM for the first 185

days and was then increased to 290 RPM for the remaining 22 days of the trial. In the

flocculation tank, the mixing rate was 130 RPM during the first 125 days of operation

which was then reduced to 35 RPM for 4 days and after that to 25 RPM for the remaining

78 days of the trial. Over the range of tested flow rates the hydraulic residence times

varied between 1.4-5.5 and 6.9-27.5 minutes in the fast mixing and flocculation tank, re-

spectively.

A microfibre pile cloth (Mecana®, Hydrok, UK) with a surface area 2 m2 was fixed on

a drum which was placed inside an open tank (Figure 2.3). Under operation solids ac-

cumulate on the cloth restricting flow through the cloth until the water level rises until

triggering a sensor initiating backwash during which the drum takes a full turn and de-

posited solids are removed with a suction pump from the surface. FeCl3 was the coagulant

used for this technology. For the tested flow rates, the hydraulic and solids loading rates

ranged between 1.8-7.2 m/h and 0.013-0.052 kg TSS/(m2.h), respectively.
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(a) (b)

Figure 2.3: Cloth media filter (a) flow sheet and (b) photo.

The membrane filtration technology consisted of an ultrafiltration hollow fibre mem-

brane cartridge (Puron MP®, Koch Membrane Systems, Germany) (pore size = 0.03 µm,

Polyester reinforced PVDF) with the same fast mixing (330 L, 290 RPM) and slow mix-

ing (1650 L, 25 RPM) tanks upstream as with the cloth filter (Figure 2.4). The mixing

rates were not varied during this trial. The membrane had a surface area of 51 m2 and

was configured in an outside-in flow and operated in dead end mode. Every 20-30 min-

utes of filtration, backwashes were induced for 170 s. Every 2 days, acid chemical cleans

(pH 2-2.5) were carried out to reduce transmembrane pressure below 600 mbar, remove

remaining deposits from the membrane surface and to maintain permeability. The mem-

brane filtration (MF) was operated with two coagulants FeCl3 and dialuminium chloride

pentahydroxide (Al2Cl(OH)5, PAC).

(a) (b)

Figure 2.4: Membrane filtration
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The technologies were benchmarked against a full-scale depth filter which was

adapted to include upstream coagulant dosing located at a site that uses trickling filters as

the main biological process. The filter was a continuous backwash upflow moving bed fil-

ter containing 1 mm sand operated at a surface loading rate of 8.96 m3/m2/h (Blue Pro®,

Blue Water, USA) (Figure 2.5). At the TF site, the sand filter (SF) consisted of 5 filters

(each 25 m3, 3 m diameter) which were operated at an average flow rate of 17.6 L/s per

filter. The flow rate was adapted to the flow on the main site. The coagulant, Fe2(SO4)3,

was dosed flow proportionally and ranged between 10 to 13 mg Fe/L.

Figure 2.5: Sand filter flow chart

2.2.2 Methods

The trials were split into a number of categories: Steady state treating wastewater from

both sites, coagulant dose response, storm response, diurnal flow pattern response and

high influent P response (Table 2.2). Results were evaluated against an effluent P target

of 0.3 mg/L unless otherwise noted. Influent and effluent samples were taken every 15

minutes and analysed for ortho-P and ferric concentrations as well as turbidity (online

analysers, ABB, UK). Additionally, grab samples were taken periodically to be further

analysed on TP, COD and NH4-N using test kits (Hach Lange, UK). Suspended solids
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(TSS) were determined by filtering 250 mL of a sample through a 1.2 µm glass fibre filter

and drying in the oven at 105°C.

Table 2.2: Set parameters for tests done with coagulation technologies. The used coag-
ulant was FeCl3 for CF, BC and MF unless otherwise noted. The SF was operated with
Fe-S.

Operational test Technology Influent ortho-P [mg/L] Coagulant dose[mg Fe/L] Polymer dose [mg/L] Flow rate [L/s]

Steady state

CF (19 days)

1

5 NA 2.5

BC (17 days) 8 1 1.5

MF (37 days) 5 NA 0.57

SF (15 days) 0.93a 10-14 NA 17.6b

Coagulant dose response

CF (49 days)

1

1-9 NA 2.5

BC (45 days) 3-8 1 1.5

MF (77 days) 1-6 NA 0.57

Storm
CF (3 days)

0.5-2
12-6 NA 1-4

BC (3 days) 8 1 1.5-3

Diurnal flow profile
CF (10 days)

1
4 NA 1.3-3.3

BC (8 days) 5 (Fe-S) 1 1.2-2.9

High Influent P

CF (6 days)

2

8-10 NA 2.5

BC (6 days) 8 0.5 2

MF (5 days) 6-7 (PAC) NA 0.57

TF feed

CF (1 day)

1.25c

9 NA 1

BC (1 day) 8 1 1.5

MF (1 day) 6 (PAC) NA 0.57

SF (15 days) 0.93 10-14 NA 17.6

aThe influent P concentration was not altered on this site and therefore the measured value of soluble
reactive P is given here.

bThis was the average flow of each sandfilter cell. There were 5 cells in total with variable on/off
depending on flow pattern on main site.

cBased on average measured ortho-P concentration.

Coagulant dose response

Coagulant dose response curves were plotted from operating the systems at varied coag-

ulant doses. The data from these tests were analysed statistically (Statistica 13) using a

Box-Cox transformation for effluent P values. The transformed results were then plotted
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with an ANOVA factorial general linear model where coagulant doses and technology

type were used as categorical variables. A post-hoc Fisher LSD analysis was used to

determine significant differences (P<0.05) between the three technologies.

Steady state and varied wastewater feed

CF, BC and MF were run at unchanged operational conditions for at least two weeks to

evaluate their robustness. The robustness index was calculated according to Hartshorn

et al. (2015) for a range of P targets between 0.05 and 0.9 mg P/L using equation 2.1.

RI = [(1−
G%
100)×

P90
P50

]+[ P50
PGoal

×
G%
100] (2.1)

where G% represents the percentile at target effluent P concentration, PGoal. P90 and

P50 are P concentrations at the 90th and 50th percentile, respectively. A lower RI value

represents more robustness towards the set goal. Performance of CF, BC and MF were

also compared to the previously described SF and the wastewater from this site was fed

to the CF, BC and MF to trial performance and compare to the SF (Table 2.2).

Dynamic operation

Storm tests were run for 4h and 24h with a rapid increase from a low flow rate (CF: 1 L/s

and BC: 1.5 L/s) to a high flow rate (CF: 4 L/s, BC: 3 L/s) while simultaneously diluting

influent P from 2 mg/L to 0.5 mg/L (Figure 2.6). Diurnal flow tests were run for 4 days to

simulate a real-life wastewater flow with higher flows in the mornings and evenings and

lower flows during the day (Figure 2.12). Flows varied between 1.3 and 3.3 L/s and 1.2

and 2.9 L/s for CF and BC, respectively. The MF was not operated under storm or diurnal

flows. An increase in influent P concentration from 1 to 2 mg/L was tested for 4-6 days

at fixed flow rates.
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Figure 2.6: Influent P pattern for 4h (□) and 24h storm duration (•). Flow pattern for
4h storm for cloth filter (CF) ( ) and ballasted coagulation (BC) ( ) and for 24h
storm for CF ( ) and BC ( ).

2.3 Results and Discussion

2.3.1 Steady-state operation and robustness

All four technologies demonstrated the ability to meet a 0.3 mg P/L discharge level during

the steady state trials (Figure 2.7). To illustrate, the 50th Percentile, used here as a proxy

for the annual average, was 0.02, <0.051 , 0.14 and 0.18 mg P/L (as ortho-phosphate)

for the SF, BC, MF and CF respectively. Fractionation tests revealed that 81% of the

incoming P was in the dissolved form, 1% was colloidal P and 18% P was associated to

solid matter. Conversion of the data to an operational TP standard is most conservatively

assessed by subtracting the difference between TP and ortho-P in the influent, adding this

value onto the effluent ortho-P values (assuming no non ortho-P removal) and then re-

ducing to 70% of that value to provide an operational buffer. This would set the ortho-P

1Below detection limit of 0.05 mg/L. The detection limit for SF P analysis was stated as 0 mg/L.
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effluent target to 0.21 mg P/L. In this case, the SF and BC are still effective, but the CF

is not, and the MF is marginal. Effluent total phosphorus spot sample measurements dur-

ing the steady state trials reported median levels of 0.05 ±0.003, 0.083 ±0.0942 , 0.174

±0.1763 and 0.3 ±0.04 mg/L for the BC, MF, SF and CF, respectively, reversing the ob-

servations based on on-line ortho-P measurements in which case the BC and MF would

meet the 0.3 mg/L TP consent and the SF (considering the standard deviation) would not.

Consideration of the robustness curves indicates robust profiles for the SF and BC with a

larger proportion of the data associated to a steep vertical curve followed by a tail at very

high percentile values (Figure 2.7). For instance, the 90th percentile values were 0.03 and

0.07 for the SF and BC respectively with maximum values of 0.54 and 0.84 mg P/L. In

contrast, the MF and CF profiles were indicative of less robust systems where the curves

were less vertically inclined and spread over a broader range of effluent ortho-P values.

The corresponding robustness index values (Figure 2.8), assuming a target of 0.21 mg P/L

as ortho-P at the 50th percentile, were 0.18, 0.24, 0.95 and 0.97 for the SF, BC, MF and

CF, respectively. Overall, big differences in robustness can be seen between the technolo-

gies at lower targets. The RI values converge at higher target values with larger difference

observed once the target level was reduced below 0.2 mg P/L (Figure 2.8). Between efflu-

ent P targets of 0.05 and 0.3 mg/L, the SF and BC RI curves showed decreasing robustness

indices from 0.42 and 0.91 to 0.16 and 0.21, respectively. In the case of MF and CF the

indices were 2 and 1.36 with decreasing values down to 0.54 and 0.64, respectively.

It has to be noted though that the SF was operated at higher coagulant doses (10-14 mg

Fe/L, 15.9-22.3 Fe:P molar ratio) than the other technologies (5-8 mg Fe/L, 2.29-3.67

Fe:P molar ratio). In addition, the flocculation set up used in the BC appears better opti-
2This was based on 7 samples taken during steady state operation that varied between 0.07 and 0.28 mg

TP/L.
3Variation of total P values between 0.06 and 0.82, minimum and maximum, respectively. The reason

for the relatively big difference between SF ortho-P and TP values is that ortho-P analysis was filtered
through 0.45µm prior to analysis.
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mised than that used for the MF and CF such that sub optimal flocculation and excessive

floc breakage may have contributed to the poorer performance of the two filtration pro-

cesses (Zheng et al. 2011). As such, when the mixing speed in the upstream flocculation

tank to the CF was reduced from 135 rpm over 35 rpm to 25 rpm, average P removal

changed from 70.7% over 80.6% to 71%, respectively indicating the importance of the

mixer speed on final P concentration. Previous trials exploring the different components

within the BC have revealed that the combination of coagulant, polymer and ballast are

able to remove more phosphorus than coagulant alone (Chapter 3) (Kängsepp et al. 2016).

This is attributed to the polymer sweeping up colloids that were originally in the water and

those generated by the chemical precipitation (Li et al. 2017). The combination results

in large particle sizes with small number of fines compared to coagulant alone and thus

is well suited to achieve very low residual phosphorus concentrations. This is supported

by the respective residual solids levels observed during the trials which were 8.47 ± 5.09,

4.13 ± 1.35, 1.03 ± 0.78 and 9.00 ± 1.11 mg/L for the SF, BC, MF and CF respectively.

However, the SF was also able to meet a very low effluent P concentration and achieved

this with coagulant alone, albeit at a much higher dose. Either way this suggests that

effective flocculation is critical in ensuring robust treatment (Rossini et al. 1999).

(J. Li et al. 2017)
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Figure 2.8: Robustness indices against potential P consents for the sand filter (▲), cloth
filter (•), ballasted coagulation (⋄) and membrane filtration (□)

2.3.2 Varied influent characteristics

The wastewater at the test site was low in suspended solids and this has been shown to

inhibit effective flocculation (Havlicek 2018) and may impact the observed results from

the steady state trials especially in relation to the CF and MF systems as the BC adds



32 CHAPTER 2.

additional particles in the form of a ballast and recycled sludge (Chapter 3). Accordingly,

wastewater was tankered from the site where the SF was located and then run through the

other technologies (Table 2.3). Although the influent was from the same site, a difference

in ferric, TSS, ammonia-N and COD concentration was observed between the influent

analysed directly at that site and when it was analysed after transport and so the results

are presented relative to the specific influent that was treated (Table 2.3).

Ortho-P removal, based on median concentrations, was 98.2%, 92%, 84.7% and 83.9%

for SF, MF, BC and CF, respectively showing a better performance for the membrane than

the ballasted coagulation process which is likely due to the change to an aluminium based

coagulant in the MF (Langer and Scherman 2013; Qin et al. 2012). This is further high-

lighted when seeing the MF P removal with Al coagulant and oxidation ditch feed which

was the highest of all technologies. At equivalent conditions, values of 94.5%, 88.9% and

81.8% for MF, BC and CF, respectively were observed during the trials with the oxidation

ditch effluent indicating that the more polluted wastewater from the trickling filter site

resulted in a slight deterioration in treatment performance. The difference is congruent

with the TP to ortho-P ratio which were 1.79 and 1.32 for the trickling filter and oxidation

ditch sites respectively corresponding to non-ortho-P fractions of 0.66 and 0.42 mg P/L.

The levels observed at the trickling filter site are high for a biologically treated effluent

and this fraction is known to be much more difficult to remove by chemical precipitation

requiring much higher doses to enable removal (Bratby 2016). Interestingly, more sim-

ilarity between the different technologies was observed regarding total P removal which

were observed to be 91.3%, 88.4%, 84.0% and 81.1% for MF, SF, CF and BC, respec-

tively. The associated median value for TP were 0.15, 0.17, 0.27 and 0.33 mg P/L for

MF, SF, CF and BC, respectively indicating that only the BC and potentially the CF were

not able to meet the operational target of 0.3 mg P/L although this is for a low sample

number. Importantly, it revealed a difference in the relative efficacy of the plants which,
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if based on TP removal, was MF, SF, CF and BC last.

Previously reported data on trials of individual processes indicates better performance

than observed in the current trial. For instance, a ballasted coagulation trial with an in-

fluent of 1 mg TP/L was reduced to 0.04 mg TP/L with a coagulant dose of 20 mg Al/L

of PACl and 0.8 mg/L of polymer (Lee et al. 2015). Similarly, in a pilot scale depth filter

trial using a 5.7 mg Al/L dose of polyaluminium silicate sulfate a residual of 0.06 mg

TP/L was achieved from an initial concentration of 1.5 mg TP/L (Bratby 2016). How-

ever, the required conditions vary considerably due to the phosphorus species present and

the nature of the coagulant. For instance, another depth filter trial treating a 0.135 mg

TP/L influent required up to 7 mg Fe/L (28.7 Fe:P molar ratio) of ferric chloride to reduce

the phosphorus concentration down to 0.017 mg TP/L. When elevated concentrations of

coagulant are used, the resultant speciation changes with increasing production of poly-

meric species and a reduction in the efficacy of removal such that higher Fe:P dose ratios

are required (El Samrani et al. 2004).
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Table 2.3: Effluent wastewater characteristics with TF as influent. Data given as median
values with total number of samples. CF: Cloth filter, BC: Ballasted coagulation, MF:
Membrane filtration, SF: Sand filtration

ortho-P [mg/L] TP [mg/L] Fe [mg/L] TSS [mg/L] NH4-N [mg/L] COD [mg/L]

Influent SF (n=30) 0.84 a 1.50 0.28 b 13.75 3.24 45.00

SF (n=30) 0.02 0.17 0.33 6.99 2.85 19.50

Influent
CF/ BC/ MF

1.30 (13) 1.72 (13) 2.51 (8) 27.30 (12) 4.67 (8) 52.70 (13)

CF 0.21 (23) 0.27 (2) 1.50 (23) 10.35 (24) 5.28 (2) 28 (2)

BC 0.20 (19) 0.33 (3) 1.67 (20) 7.50 (19) 4.30 (3) 26.20 (3)

MF 0.10 (8) 0.15 (8) 0.14 (42) 1.9 (8) - 19.8 (8)

Removal rates [%]

SF 98.2 88.4 - 49.2 12.1 56.7

CF 83.9 84.0 40.2 62.1 - 46.9

BC 84.7 81.1 33.7 72.5 7.8 50.3

MF 92.0 91.3 94.3 93 - 62.4

aIn this case soluble reactive P was measured where the sample is filtered through a 0.45 µm filter and
then analysed using a colorimetric method.

bFerric was analysed with ICP instead of a colorimetric method.

2.3.3 Coagulant dose response

Dose response trials with the three pilot technologies revealed a decrease in residual ortho-

P at low doses which thereafter stabilised (Figure 2.9). To illustrate, in the case of the CF,

the ortho-P concentration decreased from 0.46 mg P/L to 0.26 mg P/L between doses of

1 and 3 mg Fe/L. Whereas, between doses of 4 to 8 mg Fe/L the residual concentration

stabilised between 0.17 and 0.22 mg P/L (Figure 2.9). A similar response was observed

in the case of the MF where the effluent concentration dropped from 0.51 mg P/L to 0.2

mg P/L between coagulant doses 1 and 2 mg Fe/L. At higher doses of 3 to 8 mg Fe/L the

residual concentration fluctuated between 0.2 and 0.04 mg P/L. In the case of BC, only

doses of 3 mg Fe/L and above were tested and at these doses a fluctuating residual con-
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centration of between 0.12 and 0.08 mg P/L was observed. Previous jar test trials with the

different BC components revealed that performance was stable down to coagulant doses

of 5 mg Fe/L, consistent with the current findings (Chapter 3). Overall to meet an ortho-P

target of 0.21 mg P/L, a coagulant dose of 3 to 4 mg Fe/L appears appropriate for the

BC and MF and a minimum dose of 5 mg Fe/L seems necessary in the case of CF. This

equates to dose ratios of between 1.37 and 1.83 and of 2.29 respectively which is towards

the lower end commonly reported for tertiary treatment but consistent with standard prac-

tice in general phosphorus precipitation (Table A.1, Figure 2.1). At these doses the ferric

species are predominately iron dimers linked to a single phosphate anion (El Samrani et

al. 2004). To achieve sub 0.1 mg P/L residual substantially higher doses are required as

the incorporation of phosphate into the precipitate becomes less effective and the coagu-

lant starts to form progressively more poly hydrolysed species (Gu 2014). Interestingly,

statistical analysis showed that there are significant differences in the data set of varied

coagulant doses for BC, MF and CF indicating that the different solid liquid separation

mechanisms involved result in different treatment efficacies. Detailed understanding of

this linkage is currently limited and represents an area of important future activity to fully

optimise such systems by properly tailoring the coagulation-flocculation process to the

downstream mechanism of separation.



36 CHAPTER 2.

0

0.1

0.2

0.3

0.4

0.5

0.6

0 1 2 3 4 5 6 7 8 9

Ef
fl

u
en

t 
o

rt
h

o
-P

[m
g

/L
]

Coagulant dose [mg Fe/L]
00.5

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Molar ratio [Fe:P]

ortho-P target

Figure 2.9: Coagulant dose response for CF (•), BC (⋄) and MF (□) against TP target
of 0.3 mg/L ( ) and ortho-P target of 0.21 mg/L ( ). Average values with error
bars ± 1 standard deviation. CF: Cloth filter, BC: Ballasted coagulation, MF: Membrane
filtration

2.3.4 Dynamic operation and stress testing

The systems where then tested against dynamic response to a change in phosphorus con-

centration, dose or flow (Figures 2.10, 2.11, 2.12). A step change in the influent phospho-

rus concentration from 1 to 2 mg P/L resulted in a sharp increase in the effluent phospho-

rus concentration with the CF but was not observed for the MF or the BC systems. In the

case of the CF, the effluent concentration increased to 0.49-1.15 mg P/L which compares

to the slight increase seen for the other technologies with peaks of 0.07 and 0.17 mg P/L

as ortho-P (Figure 2.10a). In response, the coagulant dose to the CF was increased from

an initial value of 4 to 8 mg Fe/L. The residual phosphorus initially declined to a low of

0.57 mg P/L before increasing again. The coagulant doses were then increased to 9 and

10 mg Fe/L on days 2.5 and 5.5, respectively. This resulted again in decreasing effluent P

concentrations for a short time but overall the concentrations fluctuated between 0.63 and

1.5 mg P/L, clearly above the effluent target. In the case of the MF, it is noteworthy when
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the coagulant was changed to PACl an improved performance was observed compared to

tests with FeCl3 during the dose response test (Figure 2.10b). Although analysis of the

impact of coagulant type on performance was not an objective of this work, this highlights

an aspect worth examining in the future (Bill et al. 2011; Langer and Scherman 2013; Qin

et al. 2012).

The BC and CF were then exposed to dynamic flow events in the form of a 4- or 24-hour

storm whereby the flow increased by 300 and 400% for the BC and CF respectively and

the phosphorus concentration decreased by 25%. During the 4 h storm simulation, the

increase of the flow started at 4.25 h reaching maximum flow at 5.25 h, then starting to

decrease at 7.25 h and reaching the original flow at 8.5 h (Figure 2.6 and 2.11).

Before the storm simulation started, effluent P from the CF ranged between 0.35 and 0.5

mg P/L, thus already above the target of 0.3 mg P/L (Figure 2.11a). At 5.75 h, half an

hour after the maximum flow rate was reached, the effluent P dropped down to 0.135 mg

P/L and decreased further to 0.075 mg P/L at 7.25 h. At the end of the storm simulation,

i.e. 8.5 h, the effluent P was 0.07 mg P/L and started increasing up to 0.3 mg P/L at 11h.

Because the highest P values have been reached outside of the storm flow conditions, i.e.

before 4.25 h and after 8.5 h, but during the high influent P setting of 2 mg/L, it appears

that the P concentration plays a more significant role in CF performance than the flow

rate. It has to be noted that the coagulant dose was adjusted between 6 and 12 mg Fe/L

when the P was at minimum or maximum, respectively (Table 2.2). This equates to molar

ratios between 3.32 and 6.64 Fe/P for high and low influent P, respectively, suggesting that

under-dosing occurred at 2 mg/L influent P conditions. Nevertheless, the performance of

the CF system remained relatively stable during the storm simulation showing that the

technology can be robust in dynamic situations. The response to the prolonged storm was

similar to the 4h storm simulation, effluent P ranged above the P target before and after

the 24h storm at values between 0.33-1.11 mg P/L and 0.33-1.01 mg P/L, respectively
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(Figure 2.11b). At 12.75 h, i.e. 0.15 h before reaching maximum flow, the CF reached a

peak of 0.78 mg P/L in the effluent which quickly decreased down to 0.13 mg P/L at 13.75

h. The flow rate decreased between 32.75 h and 34.75 h, the end of the storm simulation,

and during that time the effluent P ranged between 0.12 and 0.33 mg P/L.

For the BC, the effluent P ranged between 0.04 and 0.14 mg P/L during the 4 h storm sim-

ulation which suggests that this system is robust to sudden flow changes (Figure 2.11c).

During the 24h storm, the BC showed an increase in effluent concentration to 0.3 mg P/L

at 10.75 h with a subsequent decrease to 0.08 mg P/L at 14.75 h (Figure 2.11d). Per-

formance was kept stable until the end of the storm at 34.75 h but was followed by an

increase to 0.35 mg P/L at 36.25 h which does not seem to be a dosing issue (2.21 Fe:P

molar ratio) because the “High influent P” test was conducted at the same coagulant dose

(8 mg Fe/L) and did not show adverse impact on performance (Figure 2.10a).

Overall, storm conditions did not appear to cause performance disruptions in the BC sug-

gesting that the flocculation system is adequate for the changes presented (DeBarbadillo

et al. 2010). This aligns to the reported fast reaction time of the hydrolysing ferric coagu-

lant which forms its precipitate within seconds (Bratby 2016). The same was observed for

the CF system where the change in influent concentration appeared to have more impact

than flow dynamics. Ultimately this reflects the need to optimise both the dose and the

mixing conditions for effective flocculation (Takács et al. 2011).

The final tests exposed both technologies to diurnal flow operation (Figure 2.12). As be-

fore, the BC system demonstrated a greater robustness to the changes with only minor

increases in effluent phosphorus concentration occurring at two points leading to peaks

of 0.07 and 0.08 mg P/L. These coincided with the largest variations in flow and indicate

that the level of change poises the greatest risk. In the case of the CF the levels fluctuated

between 0.16 and 0.44 mg P/L although the peaks in concentration did not necessarily

coincide with the peaks in flow. Interestingly, the largest changes in flow did not have the



2.3. RESULTS AND DISCUSSION 39

same impact as seen for the BC system and largely indicating that the CF is less sensitive

to flow variation. However, the effluent concentration was higher and fluctuated more than

the BC indicating that the systems requires further optimisation of the technology to con-

sistently deliver sub 0.3 mg P/L effluents and this is likely related to the pre-flocculation

system. The flow variations during this test may have impacted floc formation and break-

age through changes in retention time and velocity in the flocculation tanks. This can

be supported through previously reported trials of a 10 µm microsieve technology that

achieved very low effluent P concentrations (Langer and Scherman 2013). This system

compared ferric and aluminium coagulants in combination with polymer dosing to reduce

a wastewater phosphorus concentration from approximately 0.5 mg P/L as total phospho-

rus down to 60 µg P/L.
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Figure 2.10: Impact of increased influent P concentration from 1 to 2 mgP/L on treatment
performance. Influent P (•), P effluent target ( ) and P detection limit ( ) for (a)
CF (•) and BC (⋄). For CF, coagulant dose was 4 mg Fe/L first and then increased to 8
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Figure 2.11: Impact of storm simulations on performance of CF and BC. Influent P (▲), effluent P (•) and flow rates (⬩) for CF
and BC during (a) 4h Storm test CF (b) 24h Storm test CF (c) 4h Storm test BC (d) 24h Storm test BC with TP target ( )
and ortho-P target ( ). Gap of data for BC occurred due to a shutdown from high combined phosphate. CF: Cloth filter, BC:
Ballasted coagulation
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ulation (⋄) and flow rates (y2) for cloth filter(▲) and ballasted coagulation (□).TP target
( ), ortho-P target ( ) and P detection limit ( ).

2.4 Conclusions

This work has shown that the choice for solids retention technologies can be decisive to

achieve effluent P below 0.3 mg/L. From the three technologies tested, the ballasted coag-

ulation process was found to perform most consistently during steady state and dynamic

operations reaching effluent P values below the ortho-P target of 0.21 mg/L. Especially

during storm and diurnal tests the technology achieved consistently low effluent P concen-

trations suggesting that the system consists of optimised coagulation-flocculation system.

Both the cloth filtration and ultrafiltration membrane were able to achieve the effluent tar-

get though at higher coagulant doses (Figure 2.9). Additionally, the upstream coagulation

and flocculation system was suggested to be an important factor.

In tests with a high solids feed from a trickling filter site, the ultrafiltration membrane was

shown to outperform the ballasted coagulation system and it is assumed that the higher
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solids content resulted in larger flocs that were more prone to break in the ballasted sys-

tem. It was shown in laboratory trials that polymer-ballast flocs break faster (Chapter 3)

and therefore short contact times are essential to achieve low effluent P. Improved perfor-

mance with a different feed was observed for the cloth filtration technology suggesting

that more adsorption sites are available through the higher solids content.

When it comes to implementation in full-scale not only performance, but also capital and

operational costs will be considered. A previously published life cycle assessment for ter-

tiary P removal technologies revealed that energy demand increases when moving from

high rate sedimentation over a microsieve to UF (Remy et al. 2014). Translated to this

study, this means that ballasted coagulation (i.e. high rate sedimentation) can be a sensi-

ble choice for medium to large wastewater treatment plants where effluent consents below

<0.3 mg P/L are set. The cloth filtration technology can be also implemented at smaller

sites that have consents between 0.3 and 0.5 mg P/L. Based on this work and the projected

costs, the ultrafiltration technology will likely not be a suitable solution at this stage be-

cause it still requires more understanding into impacts of coagulant types and up-stream

flocculation to achieve resilient performance at conservative chemical consumption.

To deliver the required effluent P concentrations, coagulant doses at minimum molar ra-

tios of 1.37 Fe:P were shown to be sufficient at short contact times as has been seen for the

ballasted coagulation process. Moreover, cloth filtration and ultrafiltration were observed

to have limitations which were not only influenced by coagulant doses but also coagulant

types and up-stream flocculation conditions.
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Abstract

Ballasted coagulation is an efficient high-rate sedimentation process gaining more

attention as an advanced P removal technology for levels below 0.1 mg/L. The pro-

cess is well-known, yet interactions within the matrix of wastewater, coagulant,
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polymer and ballast remains unclear, especially when it comes to polymer doses and

types which are rather based on recommendations rather than scientific evidence. In

this work, the impact of anionic and cationic polymers has been investigated on P re-

moval and floc properties. Anionic polymers were shown to be superior to cationic

ones when it comes to P removal and doses even as low as 0.01 mg/L yield better

results than coagulant alone. There appears to be a “best-case” floc size with which

very good P removal (>90%) can be achieved and flocs of sufficient strength can be

generated.

Keywords: Polymer, phosphorus removal, magnetite, ballasted coagulation

3.1 Introduction

Established approaches to manage phosphorus concentrations in wastewater use either

enhanced biological P removal (EBPR), or more commonly, chemical precipitation (Yeo-

man et al. 1988). The resultant final effluent concentration ranges between 1 and

2 mg P/L. The situation is changing with increasing numbers of sites requiring to further

lower their effluent P concentration to below 1 mg P/L and potentially as low as 0.1 mg

P/L (EU Water Framework Directive 2000). Chemical P removal is undertaken through

the addition of a metal salt (e.g. FeCl3) to wastewater prior to either the primary or sec-

ondary treatment stage to precipitate the available phosphorus into aggregates which can

then be easily removed. P concentrations below 1 mg P/L can be achieved by increasing

the dose of coagulant, but very large doses are required. The alternative is to dose ahead

of a tertiary solid liquid separation process with current examples including depth sand

filtration, drum cloth filtration and ballasted coagulation. In such cases, doses of 4 mg/L

to 15 mg/L have been reported for full-scale operations, generating a significant saving

in total chemical usage compared to increasing the dose at earlier stages in the treatment
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train (Bratby 2016; Hook and Ott 2001; Ragsdale 2007).

In the US, ballasted coagulation – a high-rate sedimentation process- has been able to

achieve very low effluent P (<0.1 mg/L) concentrations which makes it an interesting

technology for the UK (DeBarbadillo et al. 2010; Lee et al. 2015). The inclusion of a bal-

lasting agent such as sand or magnetite, i.e. Fe3O4, into the flocs significantly enhances

their settling rate enabling removal in high rate clarification setups characterised by sur-

face overflow rates of 33.6-80 m3/m2/h (DeBarbadillo et al. 2010; Imasuen et al. 2004;

Lee et al. 2015). The ballast is typically recycled to reduce costs and sludge production

by passing the collected sludge through a hydrocyclone (Desjardins et al. 2002; Gasperi

et al. 2012; Imasuen et al. 2004). In the case of Fe3O4 (magnetite) the hydrocyclone is

followed by a magnetic drum to recover and recycle the ballast (Anderson and Priestley

1983). (B. A. Bolto et al. 1996; Jarvis et al. 2008)

For the process to work, a polyelectrolyte is added to ensure the ballasting agent is

maintained within the floc structure (Bolto et al. 1996; Jarvis et al. 2009). The poly-

mers used are usually characterised by their molecular structure, molecular weight (MW)

and charge density (CD) and work under three potential and simultaneous mechanisms:

bridging, charge neutralisation and polymer adsorption (Bolto and Gregory, 2007; Ra-

biee, 2010). Accordingly, polymers may be uncharged, similarly (anionic) or oppositely

charged (cationic) to the negatively charged particles in wastewater. Current recommen-

dations concerning the system are agnostic to polymer selection although cationic poly-

mer has been suggested at a dose of 1 mg/L coupled to a coagulant dose of 8 mg/L.

However, in some regions of the world, such as the UK, cationic polymers are discour-

aged by the local environment agency raising questions as to which polymers are most

appropriate and what dose level should be applied.

Previous reported trials of ballasted coagulation utilised a FeCl3 coagulant dose of
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14 mg/L and an anionic polymer1 dose of 1 mg/L to achieve a P reduction from 0.22

mg/L to 0.031 mg/L total P during a four-week trial (DeBarbadillo et al. 2010). Similarly,

a pilot trial treating 11 m3/h real wastewater with initial P concentration of 1 mg TP/L

achieved a final concentration of 0.025-0.039 mg TP/L with coagulant doses between 12-

24 mg/L2 and a polymer dose of 0.7 mg/L (Lee et al. 2015). However, these trials are

based on validating the ability to meet very low P concentrations rather than optimising

dose requirements such that further savings are posited. To fully optimise the system, it is

important to elucidate the roles of the ballast and polymers although unfortunately there is

a paucity of information relating to the topic. A previously published study demonstrated

that the inclusion of the ballast reduced coagulant demand by a factor of ten whilst still

increasing COD removal by a factor of five compared to an unballasted system (Imasuen

et al. 2004). However, there remains no clear basis for selection of the type and dose

of polymers in such systems. The current paper resolves this by examining the perfor-

mance of seven different polymers in terms of both removal and resultant floc properties

to inform a guide to selection for use in tertiary P removal systems.

1Anionic polyacrylamides of very high MW and low charge density.
2Three coagulants were used: Alum 12 mg/L, PACl 20 mg/L, FeCl3 24 mg/L.
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3.2 Materials and Methods

3.2.1 Materials

Wastewater was taken from a sewage works in the UK that has no primary treatment and

utilizes oxidation ditches as secondary treatment. The site was being utilised as part of

a large-scale demonstration trial of tertiary P removal technologies such that the samples

were withdrawn from within the sampling points of the trials (Table 3.1; Chapter 2).

The P concentration was maintained at approximately 1 mg/L throughout by addition of

KH2PO4 (Sigma-Aldrich, Dorset, UK) where required.

Table 3.1: Wastewater characteristics

COD
[mg/L]

Total P
[mg/L]

ortho-P
[mg/L]

Suspended solids
[mg/L]

Alkalinity
[mg CaCO3/L]

pH
Zeta potential
[mV]
near pH 7.4

Turbidity
[NTU]

Average ±
Standard deviation

21.25 ±
2.77

1.21 ± 0.36 1.09 ± 0.38 7.27 ± 3.42 178.08 ± 16.34 7.42 ± 0.17 -11.01 ± 1.40 2.45 ± 0.88

Number of samples (n) 78 66 79 76 15 79 9 44

Ferric chloride (FeCl3, 60% w/w) was used as coagulant (Brenntag, Leeds, UK), mag-

netite was used as ballast (LKAB, Luleå, Sweden) and in total seven polymers were used

(supplied by Goldcrest (Dodworth, Barnsley, UK), Kemira (Bradford, UK) and BASF

(Bradford, UK)). They were all polyacrylamides and were chosen to have a wide range of

characteristics (Table 3.2).
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Table 3.2: Polymers and their properties used in this study. Information was given by
suppliers unless otherwise noted.

Polymer Charge Degree of charge
Molecular
weight

Apparent viscosity* [mPa⋅ s]
at 6 s-1 shear rate

Zetapotential*

[mV] near pH 7.4
Chemical struc-
ture

A1 anionic low NA 57.7 -17.4 ± 10.10 NA

A2 anionic low-medium medium 182.7 -43.6 ± 10.0 linear

A3 anionic low ultra high 17.9 -12.5 ± 6.9 linear

A4 anionic low NA 28.8 -7.5 ± 2.53 NA

C1 cationic low-medium very high 113.4 17.4 ± 4.6 linear

C2 cationic high very high 127.1 32.7 ± 1.5 cross-linked

C3 cationic medium very high 69.7 16.4 ± 6.2 linear

*: measured, NA: not available

3.2.2 Methods

Jar test procedures

Experiments on P removal were performed with jar tests (Phipps & Bird, Richmond,

Virginia, USA) with a standard and ballasted jar test method. The standard method was

used when tests with coagulant only were done. The procedure consisted of 2 minutes

stirring at 200 rpm at the point of coagulant addition followed by 15 minutes stirring

at 30 rpm and finished by 30 minutes of settling. Coagulant only tests were run at 5

and 8 mg Fe/L with samples taken after 5, 10 and 15 minutes to assess floc settling over

time. The ballasted jar test method was used when ballasted coagulation experiments were

performed simulating the conditions in real systems. At the point of coagulant addition,

the mixture was stirred at 200 rpm for 2 minutes. After that magnetite (ballast) was added

with the stirrer continuing at 200 rpm stirring for 1 minute followed by polymer addition

and again stirring at 200 rpm for 1 minute. At the end, the mixture settled for 5 minutes.

For selected jar tests, pre-treated magnetite was used to simulate used ballast. This was

prepared by stirring unused (fresh) magnetite in wastewater for 1h and drying it at 105°C.
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Water analysis

Samples were taken after stirring at 0.5, 1, 3, 5, 15 and 30 minutes for the time dependent

settling analysis (Figure 3.1). The impact of different combinations of the coagulation

components was sampled after 5 minutes settling and filtered over 0.45 µm (Figure 3.2,

3.3 and 3.4.). Ortho-phosphate was measured following a standard colorimetric method

using cell tests (Hach, Sheffield, UK and Merck, Nottingham, UK). Turbidity was mea-

sured using a turbidimeter (Model 2100N, Hach, Sheffield, UK). Floc growth and prop-

erties were analysed with a particle analyser (Malvern Mastersizer, Malvern, UK). Floc

strength (FS) was calculated according to

FS =
dstable
dpeak

(3.1)

with dstable: floc size at 60 minutes and dpeak: peak floc size.

Polymer characterisation

Viscosity of polymers was measured with a Viscometer (Brookfield DV-E, UK) with

the concentrations of the polymers adjusted to 0.5% and measurements carried out at

a range of spindle rotation speeds between 0-100 s-1. Zeta potential was measured using

a Malvern Zetasizer (Nano Series, Nano ZS, UK). The polymers were diluted in DI wa-

ter to obtain a solution of 1 mg/L and the pH was then adjusted between 2 and 12 using

HCl and NaOH. Structural analysis of polymers was carried out with FTIR and NMR by

Tun Abdul Razak Research Centre (Brickendonbury, Hertford, SG13 8NL). Prior to FTIR

scanning, the polymers were dried, dissolved in chloroform and then cast into a film on

potassium bromide plates. The FTIR spectra were obtained in a region of 4000-650 cm-1

with a single scan per spectrum (Perkin Elmer Spectrum 100). For NMR measurements,
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polymers were dried and dissolved in deuterated water (D2O) with trimethyl-silyl (TSP)

agent. 13C NMR spectra were obtained with composite pulse with 1H decoupled and a

30°pulse (8.2 ms) with a pulse delay of 3 seconds was applied (Bruker Avance II 300MZ

NMR spectrometer with QNP probe).
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3.3 Results and Discussion

3.3.1 Impact of polymer choice and dose on P removal

Phosphorus removal varied for unfiltered samples between 88% and 98% when using the

seven different polymers in conjunction with coagulant and ballast (Figure 3.1). Three

anionic (A1, A2 and A4) and one cationic polymer (C3) achieved the maximum recorded

removal which corresponded to residual phosphorus concentrations below the level of de-

tection of the analytical method (0.05 mg/L). In comparison, the other polymers achieved

lower removal levels at 91%, 89% and 88% for polymers C1, C2 and A3 respectively.

The other observable difference between the polymers relates to the kinetics of removal

where polymers C3, A1 and A4 achieved their maximum removal within 30 seconds as

opposed to between 3-5 minutes for the other polymers.

In contrast, the use of coagulant only resulted in a significantly slower overall settling

rate and a lower final removal (Figure 3.1). To illustrate, phosphorus removal was 14.8%,

50.9% and 72.9% after 5, 15 and 30 minutes respectively. The significantly faster kinetics

in the case of the polymers is congruent with previous trials in drinking water production

and highlights the impact of the ballasting agent (Dixon 1991).

To elucidate the role of the polymer, a series of jar tests were conducted utilising the

different components that make up the combined system using polymer A1 and filtering

the samples over 0.45 µm (Figure 3.2). Phosphorus removal for coagulation only (Co),

ballast only (B), coagulant and ballast (CB) and ballast, coagulant and polymer (BCP)

were 94%, 8%, 70% and 98% respectively when using 8 mg/L of coagulant. Decreasing

the coagulant dose to 5 mg/L decreased P removal for the coagulation system only to

86% but increased removal for the CB system to 86%. However, in the BCP case, the

removal was not impacted by lowering the coagulant dose by 38% offering a potential for
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Figure 3.1: P removal from initial 1 mg P/L in relation to settling time between 0.5 and
30 minutes at 5 mg Fe/L and 0.5 mg/L polymer dose and used magnetite. Polymers: A1
(�), A2 (▲), A3 (x), A4 (□), C1 (⬩), C2 (◦), and C3 (•) and only coagulant (+).

substantial chemical savings.

A second series of trials were conducted with two anionic (A1 and A2) and two cationic

polymers (C1 and C2) to further explore the role of the polymer by comparing its use

alone (P) in conjunction with the ballast (BP), the coagulant (CP) or both (BCP) and

filtering the samples over 0.45 µm (Figure 3.3). Comparison of the phosphorus removal

achieved with the four polymers when used alone (P) revealed that none of the polymers

were effective as a primary precipitating agent (Figure 3.3). To illustrate, when used

alone phosphorus removals of 34%, 7%, 3% and 1% were observed for polymers A1, A2,

C1 and C2, respectively. Combining the polymer with the ballast switched the sequence

of efficacy of the polymers with the two cationic polymers being more effective with

phosphorus removal levels of 44% and 69% C1 and C2, respectively. In contrast, the

anionic polymers, A1 and A2 resulted in phosphorus removal levels of 14% and 22%,
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respectively. Significantly improved removal was observed when the polymer was used

in conjunction with a ferric coagulant with phosphorus removal levels of 28-36%, 77-

84%, 46-55% and 39-76% for A1, A2, C1 and C2, respectively. Interestingly, the removal

with coagulant alone is higher than in conjunction with polymer suggesting the polymer

is either inhibiting precipitation or is exerting a demand on the coagulant irrespective

of its charge. Further, improved removal was observed when the coagulant dose was

increased from 5 mg/L to 8 mg/L yielding an improvement in removal efficiency between

7-9% for A1, A2 and C1 with a much greater enhancement with C2 of an additional 37%

phosphorus removal. When all components (BCP) were added to the process very high

phosphorous removal (97.7%) was achieved for A1 and A2. This demonstrates that the

ballasted coagulation process is more efficient than coagulation alone and enables very

low residual phosphorus levels to be achieved. However, this observation only applies to

the two anionic polymers tested (A1, A2) as reduced performance was observed for C1

and C2 such that it was comparable to coagulation alone at 87-92% as BCP compared to

86-95% when just using coagulant.

No discernible impact was observed when reducing the polymer dose from 1 mg/L down

to 0.3 mg/L with all four polymers at both 5 mg/L and 8 mg/L of coagulant and with fresh

or reused ballast and with unfiltered samples (Figure 3.4). In the case of the two anionic

polymers and a coagulant dose of 8 mg/L, no impact was seen when reducing the polymer

dose down to the lowest level tested, 0.01 mg/L or a 99% saving in polymer. When using

the lower coagulant dose of 5 mg/L, a different profile was observed whereby the removal

increased as a function of polymer doses up to around 0.3 mg/L. To illustrate, in the case

of A1, phosphorus removal increased from 80% at 0.01 mg/L to 95.7% at 0.3 mg/L and

then to 98% at 1 mg/L. Equivalent variation in removal was observed with the other three

polymers at polymer doses below 0.3 mg/L but all systems then delivered stable removal

irrespective of dose.
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Figure 3.2: P removal from initial 1 mg P/L with coagulant only (Co), ballast only (B),
combination of coagulant and ballast (CB) and all components (CBP, 1 mg/L A1 polymer
dose) at 0 mg Fe/L (□), 5 mg Fe/L (�) and 8 mg Fe/L (�) after 5 minutes of settling with
filtered samples over 0.45 µm.
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Figure 3.3: P Removal from initial 1 mg P/L at different coagulation combinations: poly-
mer only (P), ballast and polymer (BP), coagulant and polymer (CP), coagulant, ballast
and polymer (CBP). Coagulant doses: 0 mg Fe/L (□), 5 mg Fe/L (�) and 8 mg Fe/L (�),
polymer dose: 1 mg/L, ballast (used) dose: 5 g/L, settling time: 5 minutes and filtration
over 0.45 µm.
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Figure 3.4: Polymer dose response curves after 5 minutes settling time at 5 mg Fe/L with fresh magnetite (◦), 8 mg Fe/L with
fresh magnetite (⋄), at 5 mg Fe/L with used magnetite (•) and 8 mg Fe/L with used magnetite (⬩) for (a) A1, (b) A2, (c) C1, (d)
C2 . In comparison to coagulant only at 5 mg Fe/L (□) and 8 mg Fe/L (�).

61
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3.3.2 Impact of polymer choice and dose on floc size

For all polymers, the floc growth profiles followed a pattern of rapid growth reaching a

peak size after 4-5 minutes followed by gradual decline until a steady state floc size was

established (Figure 3.5). The choice of polymer has a significant impact on the maxi-

mum floc size achieved, the rate of erosion and hence the time taken to reach a stable floc

size. For instance, the maximum d50 floc size was 274 µm, 737 µm, 866 µm and 1443 µm

for polymers C2, A1, C1 and A2, respectively. After 60 minutes all flocs had stabilised

to similar size with a d50 between 165 and 197 µm (Figure 3.5). However, the rate of

breakage was significantly different with the d50 floc size reaching 40% of its difference

between peak and final size within 12, 18 and 45 minutes for polymers C1, A2 and A1,

respectively. The flocs made by polymer C2 were the smallest, eroded at a slower rate

and decreased in total only by 41% compared to the others which decreased in size by

73-86%. Interestingly, polymer C1 showed a different breakage pattern to the others with

a much greater initial fragmentation breakage profile (Jarvis et al. 2005a). To illustrate

the d50 floc size decreased by 499 µm in the 3 minutes after the peak value was observed,

equivalent to a 58% reduction in the floc size. In comparison polymers C2, A1 and A2

decreased by 27 µm, (10%), 84 µm (11%) and 107 µm (7%) in the same time.

In comparison, when coagulant alone is used, the d50 flocs grow to a stable d50 size of

approximately 610-600 µm for a period of 30 minutes before gradually eroding to a final

size of between 510-530 µm. Accordingly, inclusion of polymer significantly impacts on

the formation and breakage profiles of the flocs. This is illustrated through their respective

floc strength factors of 0.14, 0.19, 0.26 and 0.59 for polymers A2, C1, A1 and C2 com-

pared to coagulation alone with a floc strength factor of 0.83. A tendency for increasing

floc strength factors with decreasing d50 peak floc sizes and with slower breakage rates

can be seen for all polymers. This indicates that there may be an equilibrium size for the
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BCP system at which the flocs are big enough for very good P removal while producing

large enough flocs of sufficient strength.

0

200

400

600

800

1000

1200

1400

0 10 20 30 40 50 60

Fl
o

c 
si

ze
 d

5
0

[µ
m

]

Time [min]

Figure 3.5: Floc growth with time at 8 mg Fe/L, 5 g/L fresh magnetite and 1 mg/L polymer
dose. Polymers: A1 (◦), A2 (△), C1 (□), C2 (•), coagulant only: . Vertical dotted
line indicates 4 minutes, i.e. when stirring was stopped in jar test procedure.
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An increase in polymer dose resulted in an increased floc size in all cases (Table 3.3).

To illustrate, in the case of polymer A1, the d50 floc size increased from 68.3 µm at a

polymer dose of 0.01 mg/L to 154.3 µm, 413.7 µm and 337.0 µm at polymer doses of 0.1,

0.5 and 1 mg/L, respectively. This equates to a size increase factor of 4.9 between the

low and high doses. Similar trends were observed for the other polymers with equivalent

size increase factors of 10.9, 15.2 and 3.5 for polymers A2, C1 and C2, respectively. The

impact in dose appeared to be more sensitive for the anionic polymer where a change in

dose from 0.01 to 0.1 mg/L resulted in a 226% increase in the d50 for A1 and a 346%

increase for A2. In comparison, an increase in d50 of 127% and 112% was measured

for the cationic polymers C1 and C2. In all cases, the increased polymer dose generated

more open, dendritic structures as evidenced by the change in the fractal dimension. To

illustrate, in the case of the polymer A1, the fractal dimension decreased from a value of

2.7 at a polymer dose of 0.01 mg/L to 2.6, 2.2 and 2.3 for polymer doses of 0.1, 0.5 and

1.0 mg/L respectively. Similar changes occurred with the other polymers except for C1

where the shape of the flocs remained more stable across the polymer doses tested.

The impact of polymer dose was further elucidated by comparing the particle size dis-

tributions at the peak size (roughly 4 minutes) and after 60 minutes to explore how the

flocs break (Figure 3.6). Comparison of the PSDs for low doses revealed that the shape of

the size distribution remained similar and that only a small shift in the size was observed

congruent with an erosion mechanism dominating as is common with small flocs (Jarvis

et al. 2005b). This was seen in the case of polymers A2, C1 and C2 with shifts in the

mode size from 68.1 µm to 47.5 µm for A2, 56.5 µm to 45.6 µm for C1 and 61.2 µm to

55.5 µm for C2 (Figure 3.6). In the case of the higher polymer dose a different response

can be seen where larger scale shift in particle size distribution can be observed which is

more indicative of a fragmentation mechanism that occurs with large flocs that are bigger

than the Kolmogorov scale of turbulence (Jarvis et al. 2005b). Previous research using
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similar jar testers have estimated the size of the turbulent eddies to be of a similar size to

the flocs at the energy dissipation rate being used (Jarvis et al. 2005b). Accordingly, flocs

bigger than this size are more likely to fragment. This is seen in the case of polymers

A1, A2 and C1 but not C2. For instance, the mode size decreased from 782 µm to 199 µm

when using 1 mg/L of A1 and from 1673.3 µm to 288 µm when using A2. In contrast the

mode size changed from 322 µm to 178.7 µm when using 1 mg/L of C2. The impact of the

polymer dose can be also considered in terms of the colloids by examining the d10 and the

residual turbidity and the end of the settling phase (Table 3.3). Both data sets indicate a

coherent observation in that higher doses increase the d10 floc size and reduce the residual

turbidity. For instance, in the case of the anionic polymers the d10 size increased from

31.1 µm to 69 µm for A1 and 27.2 µm to 75.9 µm for A2 as the polymer dose increased

from 0.01 to 1.0 mg/L. The corresponding residual turbidities were from 1.8 to 0.9 NTU

for A1 and from 1.7 to 0.7 NTU for A2. Whilst the same pattern was observed with the

cationic polymers the d10 floc sizes were larger but the residual turbidities were higher

indicating that either the polymers were less effective at capturing colloids or more break-

age was occurring that generated fine particles. The evolution of the d10 floc size showed

a sharp increase to a peak at 5 minutes with a steady decrease to a stable size at the end.

Therefore, it suggests that the more likely explanation is that of greater fines generation

during erosive floc breakage. Similarly, as with d50, higher polymer doses resulted in

larger flocs which then break down more quickly the larger the peak size was.
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Table 3.3: P removal and turbidity after 5 minutes of settling. Floc sizes and fractal
dimensions after 4 minutes of stirring. Floc strength factor (FS) based on d50 peak and
stable sizes. All at coagulant dose 8 mg Fe/L, 5 g/L fresh magnetite, 200 rpm stirring.

Polymer
Dose
[mg/L]

P removal [%]
Turbidity
[NTU]

d50 [µm] d10 [µm] Mode [µm] Df FS

A1

0.01 97.6 ± 0 1.8 68.3 ± 8.3 31.1 ±3.1 71.6 ± 9.8 2.7 0.73

0.1 97.6 ±0 1.0 154.3 ± 7.5 49.5 ± 4.2 195.3 ± 32.9 2.6 0.42

0.5 97.6 ± 0 0.8 413.7 ± 204.9 89.8 ± 41.2 411.7 ± 381.7 2.2 0.24

1 92.2 ± 6.3 0.9 337.0 ± 17.8 69.0 ± 9.6 583.0 ± 86.1 2.3 0.26

A2

0.01 97.4 ± 0 1.7 66.2 ± 7.3 27.2 ± 3.1 68.1 ± 11.4 2.7 0.8

0.1 97.4 ± 0 1.4 229.3 ± 14.0 61.8 ± 3.7 316.0 ± 16.0 2.6 0.32

0.5 97.4 ± 0 0.7 714.0 ± 120.4 90.2 ± 15.4 974.7 ± 307.0 2.5 0.12

1 97.4 ± 0 0.7 724.3 ± 94.2 75.9 ± 9.7 1476.7 ± 170.1 2.2 0.14

C1

0.01 71.6 ± 6.0 3.6 57.0 ± 4.1 24.4 ± 1.7 56.5 ± 6.2 2.8 0.97

0.1 88.6 ± 0.6 72.6 ± 2.3 28.8 ± 2.3 73.6 ± 10.1 2.7 1.15

0.5 87.9 ± 1.0 1.6 219.5* 56.8* 299.0* 2.6 0.62

1 93.7 ± 0.6 1.1 866.0 ± 99.0 139.0 ± 20.7 1070.0 ± 177.2 2.5 0.19

C2

0.01 80.9 ± 5.1 2.3 59.0 ± 6.4 25.0 ± 2.3 61.2 ± 9.3 2.8 0.9

0.1 77.5 ± 1.7 3.6 66.4 ± 4.3 24.8 ± 2.0 65.4 ± 7.8 2.7 1.24

0.5 87.7 ± 0.6 1.6 159.5 ± 29.5 45.6 ± 5.7 231.7 ± 118.0 2.5 0.41

1 88.6 ± 0 1.7 205.6 ± 98.2 92.1 ± 81.0 270.7 ± 154.1 2.3 0.59

*: No standard deviation as only two repetitions were done



3.3. RESULTS AND DISCUSSION 67

0

2

4

6

8

10

12

1 10 100 1000

%
 v

o
lu

m
e

Particle size [µm]

(a)

0

2

4

6

8

10

12

1 10 100 1000

%
 v

o
lu

m
e

Particle size [µm]

(b)

0

2

4

6

8

10

12

1 10 100 1000

%
 v

o
lu

m
e

Particle size [µm]

(c)

0

2

4

6

8

10

12

1 10 100 1000

%
 v

o
lu

m
e

Particle size [µm]

(d)

Figure 3.6: PSD at 8 mg Fe/L, 5 g/L fresh magnetite. Peak floc size (4-5 min) at polymer
doses 0.01 mg/L (◦) and 1 mg/L (□). Stable floc size (60 min) at 0.01 mg/L (•) and 1
mg/L (�) for (a) A1, (b) A2, (c) C1, (d) C2.

3.3.3 Polymer properties and comparison to performance

The cationic polymers were all defined by the manufacturers as high molecular weight

and have measured apparent viscosities of 113.4, 127.1 and 68.7 mPa.s for C1, C2 and

C3, respectively when used at a shear rate of 6 s-1 (Table 3.2). Less information was avail-

able for the anionic polymers where A2 was described as a medium molecular weight and

A3 as an ultra-high molecular weight polymer. The corresponding apparent viscosities

at a shear rate of 6 s-1 were 57.7, 182.7, 17.9 and 28.8 mPa.s for A1, A2, A3 and A4,

respectively. All the anionic polymers were described as low or low-medium charge and

had measured zeta potentials at pH 7.4 of -17.4, -43.6, -12.5, and -7.5 mV for A1, A2,

A3 and A4, respectively (Table 3.2). Measurement of the zeta potential across a pH spec-

trum revealed that only polymers A1 and A2 had a degree of acid dissociation where the
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zeta potential becomes more negative as the pH was increased up to around a pH of 5-6

(Figure B.2). The other anionic polymers (A3 and A4) showed only marginal increase

in zeta potential as the pH was increased showing that their charges were predominately

fixed in nature. In comparison, the cationic polymers were described as more charged

with corresponding zeta potential values at pH 7.4 of 17.4, 32.7 and 16.4 mV at a dose of

1 mg/L. C1 and C2 demonstrated an amphoteric dissociation whereby the zeta potential

changed as a function of pH and crossed the zero zeta potential line at a pH of 9.8 and

10.1, respectively. In contrast, C3, exhibited a stable zeta potential over acidic pH which

then reduced under alkaline conditions to cross the zero zeta potential line at pH 9.8. Most

of the polymers were described as conforming to a linear structure (A2, A3, C1 and C3)

with C2 cross-linked and A1 and A4 of unknown structure.

The main functional groups were identified to be acrylamide carbonyl, acrylic carbonyl

and quaternary ammonium, ester and ether (Figure 3.7). All of these except of the lat-

ter one (ether) belong to regular cationic or anionic polyacrylamides (Bolto and Gregory

2007). The ether group peak (72 ppm) was only linked to A2 and A3. The polymers

A4 and A1 had no ether group peak assigned to them and both had a similar NMR spec-

trum. In the group of the cationic polymers, all had strong peaks between 53.9 and 56.3

ppm which could be attributed to quaternary ammonium groups which would confirm

the cationic charge of the polymers (Table 3.2 and 3.4). The peak ratios, obtained from

integration of the peak area, show big differences in structural composition between the

polymers yet complete examination of the chemical structures was not possible due to

their complexity. (B. Bolto and J. Gregory 2007)

The addition of polymer added considerably to P removal performance as was shown with

varied combinations of components of the BCP and only combination of all three –coag-

ulant, ballast, polymer– achieved the highest P removal (Figure 3.2). Experiments on the

individual components revealed that the polymer does not act as the primary precipitating
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agent and so its function related more to the effective incorporation of the ballast into the

precipitated aggregate formed by the addition of coagulant. Further, the magnetite does

not contribute significantly to phosphorus removal. This is observed through the direct

experiment and the comparison of fresh and reused ballast. This is expected as magnetite

is a spinel crystal structure with a formula of Fe+IIFe2
+IIIO4 with the majority of Fe ions

at their highest oxidation state (+III). In other cases where iron is used as an adsorbent for

phosphorus such as hybrid ion exchange resins, iron ions are in their lower oxidation state

+II which is more favourable for adsorption (Anderson and Priestley 1983; Zi-li et al.

2004; Martin et al. 2009).

The assessment of the impact of polymer selection and dose has indicated that phosphorus

removal performance in a ballasted coagulation system is best served with anionic poly-

mers. Whilst this implies the predominant mechanism is not likely to be electrostatic, the

presence of calcium ions in the water are known to act as bridging ions (Rabiee 2010).

Furthermore, the recommended polymer dose of 1 mg/L could not be justified with these

experiments as doses as low as 0.01 mg/L were shown to be effective and as seen in the

cases of C1 and C2, polymer addition can lead to lower phosphorus removal than adding

coagulant alone (Figure 3.3). However, the dose did impact the flocs characteristics with

higher doses leading to larger flocs and lower residual turbidities. In such cases, bridg-

ing mechanisms are likely to be important and these are best served by large MW linear

polymers. The poorer removal and smaller floc sizes achieved with C2 supports this due

to its crosslinked structure. The enhancement with anionic polymer may also reflect the

stronger influence of bridging as direct electrostatic connections will not be made, instead

favouring patchwork bridging (Bache and Gregory 2007). Overall the work has outlined

that effective tertiary ballasted coagulation for phosphorus removal is best served with low

doses of medium to large MW linear anionic polymers. (Bache and R. Gregory 2007)
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Figure 3.7: Functional groups identified from FTIR and NMR analysis.

Table 3.4: Peak ratios for functional groups determined from 13C-NMR with the respec-
tive pKa values

Polymer Degree of charge Acrylic acid Acrylamide carbonyl Ether

Chemical shift [ppm] 185-186 182, 44-45, 37 72

A1 Low 0.1 0.3

A2 Low-medium 0.15 0.28 0.09

A3 Low 2.2 19.5 8

A4 Low 0.2 1

Cationic quaternary ammonium Acrylamide carbonyl Ester

Chemical shift [ppm] 53.9-56.3 179-182, 41.5-/45, 34-37 175-177, 64.2

C1 Low-medium 1 1.4 0.4

C2 High 1 1.4 8.6

C3 Medium 1.53 0.4 2.62

3.4 Conclusions

The results of this work have shown that the complete BCP system achieves higher P

removal when compared to coagulant alone and within shorter time frames (Figure 3.1

and 3.2). However, when cross-comparing the polymers it appeared that polymers C1

and C2 resulted in worse P removal than A1 and A2 (Figure 3.2). At varying polymer

doses, overall performance did not deteriorate much even at doses as low as 0.01 mg/L
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and therefore the general guidance on using doses of 1 mg/L cannot be supported (Figure

3.4). Nevertheless, P removal was dependent of polymer dose at a lower coagulant dose

which indicated towards a mutual relationship between polymer and coagulant doses with

potential to save on both chemicals.

When it comes to floc properties, higher polymer doses resulted in larger flocs, lower

turbidity and lower fractal dimension values which points towards more open flocs that are

potentially better at sweeping particles (Table 3.3). When looking at floc breakage rates, it

appears that there might be an ideal floc size at which the floc strength is sufficient enough

for achieving excellent P removal. Rather than being a precipitating agent, polymers

seem to be acting as the connection between coagulant-wastewater flocs and the ballast

particles. These flocs are much weaker compared to coagulant alone (0.8 FS) but strength

does not seem to be the crucial factor for efficiency in wastewater treatment.

The guidance that can be taken from this work is that anionic polymers work best in high

alkalinity wastewaters (>170 mg CaCO3/L) when they are at doses below 1 mg/L and

coagulant dose between 5-8 mg Fe/L which can achieve more than 90% P removal.
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Abstract
Reactive media present an alternative to gravel in constructed wetlands and have

potential to sustainably and efficiently remove P from wastewater. In this study a

full-scale steel slag wetland has been operated for its whole lifecycle at which 1.39

mg P/g media were retained. During its lifecycle, this wetland met strict consents

75
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below 0.5 mg P/L for the first 6 months and was operated for 266 and 353 days

before the effluent P concentration rose above the typical P consents of 1 and 2 mg

P/L, respectively. P removal appears to be impacted not only by calcium concen-

trations and pH but also temperature and precipitation of other competing minerals

such as calcium carbonate. Ultimately, the current study has indicated that cur-

rent description of the use of reactive media requires amendment to account for the

greater complexity that is observed in real systems.

Keywords: Steel slag, reactive media, constructed wetland, P removal

4.1 Introduction

Wastewater treatment in rural areas usually consists of passive or low maintenance pro-

cesses, such as trickling filters, rotating biological contactors and/or constructed wetlands.

However, these have limited ability to remove phosphorus (P) to the low levels (≤1 mg/L)

that will be required from the newly implemented Water Framework Directive (WFD)

(EU Water Framework Directive 2000). Therefore, alternative options that can remove P

whilst maintaining the low maintenance and chemical inputs in an economically viable

way are highly desired. Adaptation of constructed wetlands (CW) using reactive media

to replace gravel has been investigated in this regard due to the media’s ability to remove

P from wastewater through precipitation and adsorption mechanisms (Vohla et al. 2011).

Comparison of the media previously tested indicates that those rich in Ca/CaO, such as

slags, show higher P retention capacities than the alternative media. Particular attention

has been given to blast oxygen furnace (BOF) slags which are a waste material from steel

making and hence offer a solution aligned to circular economic thinking.

Previous research into the use of steel slag has involved a range of scales from labora-

tory to pilot trials (0.98-6000 L) operating across a wide range of contact times (empty
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bed contact time, EBCT = 3-226 hours) and treating predominately synthetic wastewater

with only a few studies using real wastewater (Table 4.1). The media size used (0.1-50

mm) and the initial phosphorus concentration (2.3-300 mg/L) also vary widely making

comparison between these different studies difficult (Johansson Westholm 2006; Vohla

et al. 2011). For instance, reported P retention capacities ranged for not saturated media

from 0.085 mg P/g media (Hussain et al. 2015) up to >10.52 mg P/g media (Dunets et al.

2015) and the highest reported value for saturated media was 3.1 mg P/g media (Blanco

et al. 2016). A study comparing samples from 10 European production sites revealed ba-

sic oxygen furnace slag (BOF) to deliver a higher phosphorus retention of 2.49 mg P/g

media compared to 0.28 mg P/g media for electric arc furnace slag (EAF) (Barca et al.

2012). Further, the study showed that the samples from the different sites lead to varia-

tion in performance as illustrated in the range of retention capacity for BOF between 1.14

and 2.49 mg P/g media. To date, there has been one reported trial with real wastewater

in a pilot constructed wetland with BOF where performance was greatly reduced relative

to that reported for synthetic trials (Barca et al. 2012). The other large scale, long term

study, utilised melter slag which removed 70% of the incoming phosphorus for five years

when operating at a 7-day EBCT. Thereafter, performance deteriorated reaching a final

retention capacity of 1.23 mg P/g media (Shilton et al. 2006).

A number of the studies have proposed potential mechanisms by which the phosphorus

is removed. They all indicate the predominant mechanism is calcium oxide dissolution

followed by calcium phosphate precipitation resulting in the formation of hydroxyapatite

(Figure 4.1; (Barca et al. 2012; Claveau-Mallet et al. 2018)). In addition, adsorption onto

the formed hydroxyapatite (HAP) and ligand exchange with metal hydroxides have been

identified but are assumed to be relatively minor. However, the experiments leading to

the proposed mechanisms were conducted in synthetic waters with elevated phosphorus

concentrations, potentially generating misrepresentative findings (Molle et al. 2003). The
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role of plants in P removal can be neglected as only one of the 9 compared studies on

BOF slag had a wetland with plants (Table 4.1).

① CaO dissolution

② HAP precipitation and/or other 
potential phosphate phases

③ HAP adsorption and/or crystallisation 
on the surface

④ Calcium carbonate precipitation 

⑤ Adsorption on HAP (seeded 
crystallisation)

⑥ Adsorption through ligands exchange

Figure 4.1: Proposed mechanisms based on literature. Adapted from Barca et al. (2012).
Barca et al.

Accordingly, there is need to examine the performance of BOF slag under realis-

tic scales and conditions to establish the potential for the technology to be used at full

scale and to validate the proposed mechanisms. The current paper aims to achieve this

through examination of a full scale constructed wetland containing BOF slag (from a

source not previously reported on) treating realistic conditions on wastewater character-

istics and phosphorus concentrations. The study lasted for 782 days and included exami-

nation of the effluent quality, mineralogical properties of the media and the impact on the

reed development. To the authors knowledge this is the largest and longest reported study

on using BOF slag for phosphorus removal in constructed wetlands.



Table 4.1: Recent studies on BOF slags in continuous operation. Where possible, retention times were converted by the authors
to EBCT for ease of comparison. (J. Park et al. 2017)

Set-up Particle size

[mm]

Scale and

Volume

Type of

wastewater

Influent P [mg

P/L]

P capacity [mg

P/g media]

Alkalinity [mg

Ca/L]

EBCT [h] Operation [days] Reference

BOF HSSF 8-14 Full (60 000 L) RWW 6-11 1.39s 178.08 24-48 782 This study

40% BOF, 60% sand

downward flow

column

0.39-2.38 Lab (min 0.75 L) SWW 60 >10.52ns
<50 55 250 (Dunets et al.

2015)

40% BOF, 60% sand

downward flow

column

0.39-2.38 Lab (min 0.75 L) SWW 60 6.17-8.78ns
<50 7 31 (Dunets et al.

2015)

BOF column 20 Lab SWW 100-300 8.39ns NA 8h HRT 306 (Bowden et al.

2009)

BOF downward flow

column with gravel at

top/bottom

0.1-10 Lab (3.4 L) SWW 15 3.1s NA 3 213 (Blanco et al.

2016)

BOF HSSF 6-12 Pilot (42 L) SWW 9-12 1.05ns 140 70 364 (Barca et al.

2014)

BOF HSSF 20-50 Pilot (84 L) SWW 9-12 1.01ns 140 70 364 (Barca et al.

2014)

BOF HSSF (after

two-stage VF)

20-40 Pilot (6000 L) RWW 4.4-11 0.61ns 282 44 700 (Barca et al.

2013)

Continued on next page
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Table 4.1 – continued from previous page

Set-up Particle size

[mm]

Scale and

Volume

Type of

wastewater

Influent P [mg

P/L]

P capacity [mg

P/g media]

Influent

alkalinity

[mg Ca/L]

EBCT [h] Operation [days] Reference

Rapid cooled BOF

(25%) and 75% sand

HF

NA Pilot (8 L) RWW 11.8 0.151 NA 226 (9 days) 196 (Park et al. 2017)

Rapid cooled BOF

HF

NA Pilot (8 L) RWW 11.8 0.146 NA 226 (9 days) 196 (Park et al. 2017)

50% BOF and 50%

gravel downward flow

cell

0.5-4 Pilot 13 200 L RWW 5-10 0.085ns 298 14 days 248 (Hussain et al.

2015)

BOF column 20 Lab SWW 1-50 NA NA 4-22h HRT 406 (Bowden et al.

2009)

50% silica sand, 45%

limestone, 5% BOF

column

0.84 Lab SWW 3.3 NA 23.8 (effluent) 90 1460 (Baker et al.

1998)

BOF saturated SAT

column

1-2 Lab (0.98 L) RWW 2.3 NA NA 123 (5 days) NA (Cha et al. 2006)

BOF (50%) and soil

(50%) saturated SAT

column

1-3 Lab (0.98 L) RWW 2.3 NA NA 123 (5 days) NA (Cha et al. 2006)

BOF (50%) and soil

(50%) unsaturated

SAT column

1-3 Lab (0.98 L) RWW 2.6-3.4 NA NA 55 NA (Cha et al. 2006)

Continued on next page
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Set-up Particle size

[mm]

Scale and

Volume

Type of

wastewater

Influent P [mg

P/L]

P capacity [mg

P/g media]

Influent

alkalinity

[mg Ca/L]

EBCT [h] Operation [days] Reference

BOF (25%) and soil

(75%) unsaturated

SAT column

1-4 Lab (0.98 L) RWW 2.6-3.4 NA NA 55 NA (Cha et al. 2006)

RWW: Real wastewater, SWW: Synthetic wastewater, HSSF: Horizontal subsurface flow wetland, SAT: soil aquifer treatment,
s: saturated, ns: not saturated
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4.2 Materials and Methods

A full scale horizontal sub-surface flow wetland filled with BOF steel slag media (99,600

kg, d= 8-14 mm, Lafarge Tarmac Trading Ltd, UK) has been operated for 782 days at a

sewage treatment works in Leicestershire, UK. The wetland was built according to a typi-

cal tertiary design in the UK on a surface area of 100 m2 (width: 8 m, length: 12.5 m) and

0.6 m depth. The bed was planted with Phragmites australis at 4 plants/m2 which were

not harvested throughout the trial. The influent was fed from the effluent of secondary

clarifiers and P was supplemented to an influent P concentration of 5.8-9.5 mg P/L (Table

4.2). This would simulate the P concentration in a small sewage treatment works with no

or limited P removal where a wetland would normally be installed. The bed was operated

at a flow rate of 0.35-0.7 equating to an EBCT of 24-48 hours.

Table 4.2: Wetland influent characteristics

COD
[mg/L]

Total P
[mg/L]

ortho-P
[mg/L]

Suspended
solids [mg/L]

Ca2+

[mg/L]
Alkalinity
[mg/L]

pH Fe3+[mg/L]

Average ± Standard
deviation

21.25 ±
2.77

7.68 ±
0.95

7.63 ±
1.83

7.27 ± 3.42
60.66 ±
12.33

178.08 ±
16.34

7.42 ±
0.17

0.05 ±
0.07

Number of samples
(n)

78 80 122 76 73 15 79 55

4.2.1 Water analysis

Online monitoring was set in place at the wetland influent and effluent for ortho-P, Fe3+,

pH, turbidity, flow rate and temperature (influent only). Additional weekly grab sam-

ples were taken for analysis of P and COD fractions (solid, colloidal, dissolved), total

P (TP), total suspended solids (TSS), conductivity, pH, turbidity, ammonium (NH4
+-N)

and metals1. The online analysis of P and Fe was conducted according to colorimetric

1Metals that were measured: Ca, Mg, Fe, Al, Si, V, Ti, Cr, Ni, Cu, Zn, As, Se, Ag, Cd, Pb, Hg
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techniques at 15 minutes intervals (ABB online analysers, UK). Turbidity and pH were

analysed with online sampling probes at 1-minute intervals (Hach, UK). The additional

samples were analysed with cell tests according to colorimetric methods for P, COD, Fe

and NH4
+ (Hach, UK). Fractions for P and COD were divided into unfiltered and filtration

through 1.2 µm and 10 kDa representing solid, colloidal and dissolved fractions, respec-

tively. Suspended solids were measured according to standard methods. Turbidity was

measured with a turbidimeter (Hach 9100, UK) and pH/conductivity were measured with

a handheld probe meter (VWR, UK). Metals were analysed with ICP-MS (Perkin-Elmer,

UK).

4.2.2 Hydraulic assessment

To assess the change of retention time and possible clogging within the bed tracer tests

were conducted by injecting a pulse of a known weight of Rhodamine-WT (Keystone,

UK) and measuring the concentration of the chemical in the effluent with a rhodamine

detector probe (YSI, Xylem, UK) over a duration of 2 days.
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1L 1 1R

2L 2 2R

3L 3 3R

4L 4 4R

2.1 m 2.1 m 2.1 m 2.1 m

2 m

2.8 m

2.8 m

2.8 m

2 m

Influent

Effluent

Figure 4.2: Layout of sampling points for samples for SEM/EDX and sequential P ex-
traction

4.2.3 Media and visual plant analysis

Photographs of the wetland appearance were taken weekly to monitor visual change of

plant growth over time and with the seasons. Rainfall and ambient temperature have been

monitored on site with a weather station.

Sequential P extraction experiments were carried out with steel slag samples following the

method described by Letshwenyo (2014) using 1M NH4Cl, 0.1M NaOH, 0.5M NaHCO3,

1M HCl and concentrated HCl to desorb loosely bound P, Al bound P, Fe bound P, Ca

bound P and P in stable residual pools, respectively. Samples of fresh, un-used slag and

exhausted slag at the end of the trial were analysed. Fresh steel slag samples were divided

into un-used (FU) and washed (FW), i.e. washed three times with 25 mL DI water and

air dried for 3 days. The exhausted slag samples were taken from four points in the

direction of flow (Figure 4.2). All slag samples (1 g each) were air dried for 24h before

commencement of the procedure, shaken for 24h in each extraction solution and washed

with 25 mL supersaturated NaCl in-between steps. Analysis was conducted with respect
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to 0.45 µm filtered TP measurements. Solutions were also analysed for their metal content

and the sum from each extraction solution was taken as the value of total extracted metal.

4.2.4 Precipitation potential

Since precipitation of minerals depends on supersaturation, calculation of saturation in-

dices (SI) values was used to ascertain the possible precipitate that could form (Gustafsson

2016; Stumm and Morgan 1996). The potential for various mineral compounds to pre-

cipitate within the constructed wetland was predicted by calculating their SI with Visual

MINTEQ version 3.1 (Gustafsson 2016). The SI, which is the ratio of the ion activity

product (IAP) of a given mineral by its solubility product (Equation 4.1) provides infor-

mation on the level of saturation of a given mineral in solution.

SI =
[IAP]
[Ksp]

(4.1)

• If SI<0, the solution is undersaturated, and the mineral can dissolve. No precipitation

occurs;

• If SI = 0, the solution and mineral are at equilibrium, the solution is saturated with

the mineral;

• If SI>0, the solution is supersaturated with respect to the given mineral and precipi-

tation can occur spontaneously.

SI values have been calculated at multiple points (trial days 33, 121, 210, 253, 266,

329, 342, 352, 366, 406, 504, 581, 608, 685 and 749) throughout the trial period. Only

minerals with predicted positive SI values have been considered here because these indi-

cate saturation with respect to the mineral. The parameters used to predict the SI included

water temperature, pH, calcium, ortho-P, magnesium, vanadium, aluminium, iron, silica,
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titanium, alkalinity and NH4-N. Results from sampling were used as input data and were

chosen at dates throughout the whole trial period. It should be noted that, as most of the

above parameters could not be measured within the system, maximum ions concentra-

tions and pH values between the influent and effluent of the wetland were used, assuming

these would be the concentrations that would at least be measured within the system.

(Johansson and Gustafsson 2000; Y. Song et al. 2002)

4.3 Results and Discussion

4.3.1 Treatment performance

The reactive media constructed wetland met consents of below 0.5 mg P/L for the first 6

months and was operated for 266 and 353 days before the effluent P concentration rose

above the typical P consents of 1 and 2 mg P/L, respectively. During the 782 days of the

trial, four distinct phases were identified based on observations of major changes in the

effluent P, which lasted for about 6 months each (Figure 4.3).

In phase 1 (days 1 to 209, P load from 0 to 0.47 mg P/g slag), the system achieved almost

complete P removal with an effluent phosphorus concentration around 0.05 mg P/L (the

detection limit). This coincided with a stable elevated pH of between 11 and 12 and a net

calcium release of between 35 and 37 mg/L (Figure 4.3a and 4.3b). Such conditions are

consistent with rapid dissolution of calcium oxide and subsequently precipitation of the

released calcium (Johansson and Gustafsson 2000; Song et al. 2002). Towards the end of

this phase of operation the net calcium levels became negative indicative of continued pre-

cipitation and growth exceeding the rate of calcium release from the media and so utilising

calcium from the incoming wastewater. In addition, other compounds were observed to

be released from the media (Figure 4.3b). Most important is the metal vanadium which re-
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sulted in effluent concentrations of between 0.35 to 0.7 mg/L compared to an influent level

that remained below 1 µg/L throughout. Vanadium is not routinely consented against as

it is not expected to be in wastewater. However, potential limiting values around 60 µg/L

have been discussed during other reported trials (Fonseca 2017). Accordingly, vanadium

leaching from the media poses a non-compliance concern if being considered for opera-

tional use. During this phase substantial inhibition of reed development was observed due

to competition with a weed identified as Epilobium hirsutum (Figure C.2). The plant is

known to grow preferably in alkaline conditions whereas the reeds seemed to have stayed

dormant until the pH reached an acceptable level below 9 (Figure 4.3a) (Al-Farraj et al.

1984; Pérez-Fernández et al. 2006; Yin et al. 2016). At the back end of the bed no growth

was observed.

In phase 2 (days 209 to 400, P load between 0.47 and 1.01 mg P/g slag), the EBCT was

decreased from 48h to 24h which corresponded to a gradual increase in the effluent P up

to 1.96 mg P/L. On day 278 (equivalent to 0.73 mg P/g slag2), the EBCT was reverted

to 48 hours but interestingly, the effluent P concentration continued to increase to reach

a maximum of about 2.24 mg P/L after a P load of 1.01 mg P/g slag (400 days of opera-

tion). In parallel, pH in the effluent decreased to values of 8.60-8.73. The initial increase

in effluent phosphorus concentration when the contact time was decreased is consistent

with previous trials (Barca et al. 2013) although the continued increase when the contact

time was reverted back was not expected based on the previous reported trials. The dete-

rioration in removal performance coincided with an increase in the net calcium levels up

to a maximum of 16 mg/L and a decrease in the corresponding levels of vanadium which

decreased down to below 100 µg/L on average across this phase of the trial. In addition,

the effluent P increased, especially after a P load of 0.73 mg P/g slag, coinciding with a

2Note: The P retention capacity of 0.73 mg P/g slag at this time already exceeded the final reported
capacity by Barca et al. (2013) (Table 4.1).
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drop-in temperature from 15°C to 9.5°C suggesting temperature as another impacting pa-

rameter on P removal (Figure 4.3b and 4.4b). In comparison, Blanco et al. (2016) reported

a pH drop from 12 to 7 until a P load of 4.3 mg P/ g slag was reached. The link between

pH and removal has been verified in laboratory trials where steel slag particles have been

soaked in sodium hydroxide and showed a significant reduction in P uptake below a pH of

8 (Park et al. 2017). Overall, this phase is indicative of the precipitate coating the media

restricting the rate of dissolution. Importantly, the pH and removal remained, albeit at a

reduced level to phase 1, indicating that dissolution had slowed and not stopped. During

this phase, the weed Epilobium hirsutum had overgrown the reeds up to the middle of the

bed. At the back of the bed, both reeds and the weed sustained with little growth (Figure

C.2). (T. Park et al. 2017)

In phase 3 (days 401-600, P load between 1.01 and 1.44 mg P/g slag), the performance

was relatively stable with the pH remaining between 8.7 and 9.3 and the effluent P slowly

decreasing from 2.76 to 1.24 mg P/L. This change coincided with an increase in the water

temperature from 11 to 20°C (Figure 4.3c). Net releases of calcium and vanadium were

consistently below 23 and 0.1 mg/L, respectively suggesting a slow but steady release

from the media (Figure 4.3b). This indicates a stable period where reasonable P removal

can occur, and this is thought to be mainly associated to growth or adsorption onto the

precipitate that had previously formed. During this phase, plant growth of reeds increased

at the back of the bed and weed growth at the front and middle started to cease (Figure

C.2).

In phase 4 (days 601 to 782, P load between 1.44 and 1.86 mg P/g slag), the pH was sta-

ble with values between 8.89-8.67 and both the calcium and vanadium concentrations re-

mained unchanged compared to phase 3. In contrast, significant difference was observed

in relation to the effluent phosphorus concentration which increased up to a maximum of

7.33 mg P/L after 721 days of operation which meant nearly no P removal. From that
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point on, the effluent P concentration decreased rapidly again to reach a value of about

5.04 to 5.43 mg P/L at the end of the trial (782 days of operation, P load of 1.86 mg P/g

slag) (Figure 4.3a). It should be noted that the influent P concentration was found to fluc-

tuate significantly over this last period with spikes up to 12 mg P/L. Fractionation of the

effluent phosphorus revealed that the majority existed as dissolved phosphate denoting

that it is unreacted or had desorbed (Figure 4.3c). As in phase 3, the changes appeared to

coincide with temperature changes congruent with previous reports of seasonal impacts

(Figure 4.4b) (Barca et al. 2013; Herrmann et al. 2014; Shilton et al. 2006). The respective

authors have associated the changes to either temperature dependent P removal mecha-

nisms, due to increasing growth of alga raising the pH (Shilton et al. 2006) or the change

in the solubility of calcium phosphate with temperature (Barca et al. 2013; Herrmann

et al. 2014). This is supported by the fact that the reaction of calcium and phosphate

is endothermic which means that the chemical equilibrium would be shifted towards the

product side (calcium phosphate precipitates) at higher temperatures and result in higher

P removal (Stumm and Morgan 1996). During this phase of operation, most plant growth

ceased at the front of the bed and the reeds were established from the middle to the back

of the bed (Figure C.2).

The reactive media were observed to also impact on other metals in the wastewater with

iron, zinc, nickel, copper, arsenic, silver, cadmium and lead levels reduced by 84%, 35%,

18%, 22%, 41%, 71%, 52% and 15%, respectively. This occurred despite their low initial

concentration (on average <0.2 mg Fe/L and <0.027 mg/L all other metals) and indicates

that other precipitates may have been formed other than calcium phosphate. To illustrate,

iron fluctuated throughout the whole trial duration with maximum releases and uptakes of

0.47 mg/L and 0.36 mg/L (Figure C.1). An uptake of zinc up to 56.9 µg/L was recorded

in phase 1 and 3 while release up to 35.7 µg/L was observed in phase 2. In phase 1,

a maximum copper uptake up to 21.7 µg/L was recorded while in phase 2 a release of
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3.8 µg/L was noted. For arsenic, most variations were observed in phase 4 with fluctua-

tions between 40.7 µg/L uptake and 40.9 µg/L release. At the end of phase 1 and at the

beginning of phase 2 (between days 188 and 265), a silver uptake of 10.52-38.8 µg/L was

recorded. For cadmium and lead, uptakes up to 1.8 µg/L and 0.8 µg/L occurred in phase

1 and in phase 2, releases up to 0.32 µg/L and 0.51 µg/L were observed for cadmium and

lead, respectively. With metal releases and uptakes varying throughout the phases, the

complexity and abundance of possible reactions in the bed is highlighted.
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Figure 4.3: Overview of main measured parameters during the whole period of operation.
Changes in flow rate (and EBCT) were from 48h to 24h EBCT on day 209 and from 24h
to 48h on day 278. (a) Average influent P ( , 7.63 ± 1.83 mg/L), acceptable maximum
pH for effluent discharge ( ), target effluent P ( ), effluent P (�) as ortho-P in mg
P/L and effluent pH (x). (b) Release of calcium (△) and vanadium (•). (c) Effluent P
fractions: Particulate P (�) and dissolved P (�) and water temperature (•).
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Further analysis of the link between pH and effluent phosphorus concentration re-

vealed a decreasing trend (Figure 4.4a). Between pH 10 and 12, effluent P was stable

below 0.25 mg/L and with decreasing pH from 10 to 8.3, the effluent P increased nearly

exponentially. Overall, it suggests that an effluent phosphate concentration below 2 mg/L

only occurred when the pH was above 9. Below this level, the effluent phosphorus con-

centration changed significantly. In contrast, Park et al. (2017) reported an ideal pH of >8

for P removal above 80% using steel slag which is consistent with the reported optimum

pH range of 8-9.5 for calcium phosphate precipitation when the phosphorus concentra-

tion is below 5 mg P/L (Kim et al. 2006). The difference in the current dataset suggests

a change in removal pathway and a possible P removal mechanism related to adsorption

of phosphate to other precipitates (Giannimaras and Koutsoukos 1987). Further, if all

removed P is assumed to have reacted to Ca5(PO4)3OH, a stable pH between 10.06-11.1

can be predicted for the whole operational time. This only coincides with the actual mea-

sured pH in phase 1 suggesting that this might be the main P removal mechanism in that

phase but not the subsequent ones. 2008

Importantly, much of the previous work has been conducted in synthetic solution and

in the absence of carbonates. In the current case, the wastewater had an alkalinity of

178.1±16.3 mg/L suggesting a relative abundance of carbonates over phosphate. Accord-

ingly, it is suggested that significant proportions of the precipitate are likely to be calcium

carbonates. This was confirmed through SEM/EDX analysis of precipitates formed from

a wash-out during commissioning when no P was supplemented to the influent (data not

shown) and more importantly during analysis of the media taken from the bed (Le Corre

Pidou and Jefferson 2019). In fact, in a study by Song et al. (2008) an adverse impact of

carbonate ions on calcium phosphate precipitation has been shown at pH 8 which, how-

ever, became negligibly small at more alkaline conditions (pH≥9) showing that the pH is a

key contributor. It is likely that lower P removal was not only caused by the pH decrease
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but also by less Ca2+ availability. The latter may have favoured CaCO3 over calcium

phosphate precipitation. For instance, Liira and Kõiv (2009) suggested that a doubling

of retention time in shale ash columns resulted in supersaturation with respect to calcium

carbonate. Despite being different media, steel slag and shale ash are both calcium-rich

materials and it can be expected that the comparably high EBCT of this wetland (48h

during most of the study) did have an impact on calcium carbonate precipitation. Finally,

these results highlight the need to monitor and understand the impact of carbonates on P

removal and reactive media performance.
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Further analysis of the media by sequential extraction supported the notion that reac-

tions other than calcium phosphate precipitation were occurring. Compared to fresh slag

increases predominantly associated with the stable residual pool, iron bound and loosely

bound fractions were observed with overall decrease associated with calcium bound P

(Figure 4.5). To illustrate, the iron bound fraction increased from 2% in the fresh media

to between 8% and 40% in the used samples. Equivalent changes in the stable residual

pool saw an increase from between 0.2% and 0.7% to between 14% and 21%. This sug-

gests that more consideration should be given to the P removal through other mechanisms

such as incorporation into other minerals, such as iron based ones, or adsorption.

By the end of the trial, the media had a phosphorus retention capacity of 1.39 mg P/g

media (Figure 4.6). Of the available literature only four studies provided higher overall

P capacity but all were at significantly smaller scale (<3.4 L), synthetic wastewater as

feed and high influent P concentrations (>15 mg/L). Compared to the more realistic tri-

als, the P retention capacity of this study was the highest reported to date (Table 4.1). At

a P load of 1.07 mg P/g media, Barca et al. (2014) reported a slightly higher P retention

capacity which may be due to the longer retention time in their system and the use of

synthetic wastewater feed. Interestingly, when comparing a trial with real wastewater at

similar P load (1 mg P/g media), the current study had an about 1.3 times higher retention

capacity (Barca et al. 2013). The differences reflect the potential impacts of the media

source, scale and media/wastewater characteristics. Ultimately, this means caution must

be applied when translating data between studies, suggesting that pilot trials are critical

in understanding the efficacy of reactive media to any specific site.
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4.3.2 Saturation indices

For each phase, potential supersaturation of 27 to 34 potential minerals has been identified

(Table 4.3). The highest SI values (>5) were mainly obtained for ferric oxides and cal-

cium phosphate compounds with hematite (α-Fe2O3), hydroxyapatite (HAP, Ca5(PO4)3

OH), magnesioferrite (MgFe2O4), maghemite (γ-Fe2O3), goethite (α-FeO(OH)), lepi-

docrocite (γ-FeO(OH)), ferrihydrite (Fe2O3⋅0.5 H2O) and Ca3PO4 (beta) which suggests

more that P would only be removed in calcium based compounds (or adsorbed on Fe based

compounds). As Fe concentrations were low in the influent and effluent, ferric phosphate

formation was not assessed in this exercise, but the media analysis suggests that Fe was

released into the bed and consequently could have contributed to the formation of ferric

phosphates and consequently removal of P.

The fact that a big part of the predicted minerals are iron-based ones corresponds with the

high amount of extracted iron from the media and with very low effluent concentrations

this suggests that iron was trapped within the bed through precipitation and/or adsorption

(Table 1.3). Iron oxides have their lowest solubility at neutral to alkaline pH (Kraemer

2004; Lindsay 1991). Therefore, it seems reasonable that alkaline conditions and iron

availability from the media, as in this study, would contribute to the precipitation of iron

minerals including iron phosphate-based compounds and consequently directly contribute

to P removal. With the expected effluent pH being constantly above 10 but in reality de-

creasing (see previous section), it may be that minerals with “OH” fractions consumed

some of the hydroxide from dissolving CaO, therefore contributing to a lower pH. This

again highlights the need to have better understanding of the local reactions inside the bed

to fully understand the mechanisms.
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Table 4.3: Minerals returning a positive SI for Phases 1 to 4 and their respective solubility
products at at 25°C (Baker et al. 1998; Hydrochemistry & Water Analysis 2018)

Mineral Phase 1 Phase 2 Phase 3 Phase 4 pKsp = -log Ksp

Hematite (α-Fe2O3) 15.48 19.194 19.79 19.46 87.95

Hydroxyapatite (Ca5(PO4)3OH) 18.41 15.22 15.44 15.10 54.45

Magnesioferrite (MgFe2O4) 15.23 14.59 15.30 14.13

Maghemite (γ-Fe2O3) 8.52 12.33 12.64 12.55

Goethite (α-FeO(OH)) 6.57 8.43 8.71 8.56 42.97

Lepidocrocite (γ-FeO(OH)) 6.08 7.99 8.14 8.10

Ferrihydrite (aged) (Fe2O3⋅0.5 H2O) 4.11 5.94 6.31 6.08

Ferrihydrite (Fe2O3⋅0.5 H2O) 3.60 5.43 5.80 5.57

Ca3(PO4)2 (beta) 5.55 4.94 4.99 4.99 28.94

Ca3(PO4)2 (am2) 3.95 3.24 3.60 3.34

Ca4H(PO4)3⋅3 H2O(s) 2.01 3.17 3.69 3.54 93.95

Chrysotile (Mg3(Si2O5(OH)4) 12.73 3.10 3.07 1.60

Dolomite (ordered) (CaMg(CO3)2) 2.78 2.11 2.23 1.61 17.09

Rutile (TiO2) 1.57 1.82 0.04

Kaolinite (Al2Si2O5(OH)4) 1.67 1.36 2.40

Sepiolite (Mg4Si6O15(OH)2⋅6 H2O 5.29 1.59 1.67 0.72

Dolomite (disordered) (CaMg(CO3)2) 2.19 1.51 1.64 1.01 17.09

Strengite (FePO4 ⋅2 H2O) 1.43 1.52 1.98 26.4

Calcite (CaCO3) 1.56 1.15 1.45 1.05 8.48

Huntite (Mg3Ca(CO3)4) 1.91 1.12 0.86

Aragonite (CaCO3) 1.41 1.00 1.10 0.90 8.34

Sepiolite (A) Mg4Si6O15(OH)2⋅6 H2O 3.02 0.87

Diaspore (AlO(OH)) 0.86 1.07 1.52 35.09

Vaterite (CaCO3) 0.97 0.55 0.66 0.45 7.91

Ca3(PO4)2 (am1) 1.16 0.44 0.81 0.54

Quartz (SiO2) 0.38 0.42 0.47 3.98

Magnesite (MgCO3) 0.41 0.38 0.17 8.03

Gibbsite (C) α-Al(OH)3 0.31 0.40 0.64 33.86

Imogolite (Al2SiO3(OH)4) 0.19 0.72

CaCO3⋅ H2O(s) 0.22 0.09 0.11 7.33

Al(OH)3 (soil) 0.08 0.32 31.17

CaHPO4(s) 0.05 0.07 0.13 6.91

Halloysite (Al2Si2O5(OH)4) 0.04 0.61

Chalcedony (SiO2) 0.02 0.05 0.08 3.55
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4.4 Concluding remarks

This study reports on the first long-term, full-scale BOF wetland operated with real

wastewater in the UK. An ultimate retention capacity of 1.39 mg P/g media was observed

with low effluent phosphorus concentration achieved for around 1 year of operation. The

high removal efficiencies were associated with elevated pH and other trace metals infer-

ring rapid dissolution form the media surface. Once this declined, removal also declined

and became more responsive to temperature changes.

Ultimately, the experiences outlined from the current study identify some inconsistencies

with previously reported studies and the associated mechanism of removal. Current pre-

dictions state that the main P removal mechanism is calcium phosphate precipitation with

a potential phase transitioning from amorphous to crystalline at a later stage when P re-

moval decreases. From the results in this study it can be assumed that calcium phosphate

is one of the P removal mechanisms, but it was also suggested that also calcium carbonate

as well as magnesium and iron minerals can precipitate as well, and these minerals may

present adsorption sites for P. This highlights the complexity of the system when used

under real condition and the need for continuous monitoring of precipitates and minerals

inside the bed.

In this study, more P was retained by the bed than in other comparable studies. Especially

when P removal deteriorated, factors -apart from pH and calcium concentration- such as

temperature, carbonate and other ion concentrations appeared to impact the performance

of the wetland. This highlights the need for trials in large scale and under real conditions

to better understand the underlying mechanisms.

Overall, the results reported here demonstrate that the removal mechanisms and hence

the performance of a steel slag constructed wetland are affected by a wide range of pa-

rameters, both operational and environmental, far more complex than often portrayed in
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the literature. Ultimately, this emphasizes the need to develop a greater understanding of

the different phenomena occurring locally on the media in order the fully understand and

optimise the operation of such systems.
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Abstract
A significant operational cost in the up-scaling of immobilised algae systems will

be the gelling agent alginate. To reduce expenditure of this consumable a proof-

of-concept is given for an alginate recycling method using sodium citrate as a dis-

solving agent. Using algae beads made from virgin and recycled alginate yielded

comparable phosphorus removal rates from real wastewater. At lab-scale, an al-

ginate recovery of 69.1% can be achieved which would result in a net operational

costs reduction of 34%.
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5.1 Introduction

Tertiary P removal with algae is a promising development because it offers efficient and

combined nutrient removal of nitrogen (N) and phosphorus (P) compounds (Infante et al.

2013; Liu et al. 2012). Algae technologies are divided into suspended and non-suspended

systems and within those categories into open and enclosed to the environment. In sus-

pended systems the algal biomass is free flowing either in a high-rate algal pond (HRAP)

or a photobioreactor (PBR). Implementation into tertiary treatment systems remains chal-

lenging due to large footprint (HRAP), algal biomass separation (both) and treatment

resilience (both) (Whitton et al. 2015). Switching to immobilised systems significantly

reduces these issues with the algae either grown attached to a surface as a biofilm or

immobilised as beads in a matrix of a polysaccharide such as alginate, carrageenan or

chitosan (De-Bashan et al. 2010; Whitton et al. 2015).

Although the concept for immobilised algae reactors (IBRs) is still in its infancy, reports

on small scale studies using different algal species and operational parameters have been

published (Chevalier and Noüe 1985; Filippino et al. 2015; Mallick 2002; Vallero 2010).

Immobilised algae systems are typically characterised by high algal concentrations of

selected species without risk of cross contamination, leading to very short hydraulic resi-

dence times and hence small footprints which use artificial lights to enable effective treat-

ment at all times (De-Bashan et al. 2010; Whitton et al. 2015). To illustrate, HRAPs

are typically operated at hydraulic retention times (HRT) of up to 10 days; whereas im-

mobilised algae reactors (IBR) can be operated at HRTs as low as 3 hours (Whitton et

al. 2018). An advantage that all algae technologies share is the generation of a useful

product, the algal biomass, which can be utilised as a protein biomass, a fertiliser or as an
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energy crop for feeding into digestion to offset energy from the operation of the system

(Ometto et al. 2014, 2013).

Accordingly, immobilised algae reactors are a promising technology not only for efficient

nutrient removal but also when targeting sustainable alternatives with added value such as

energy recovery. Research from lab to pilot scale has shown that effluent P concentrations

of 0.1 mg/L can be achieved along with ammonia levels below 0.1 mg/L and nitrate below

0.5 mg/L (Whitton et al. 2016, 2018). Successful up-scaling of the IBR technology re-

quires the development of an optimized reactor design and provision of infrastructure and

logistics to produce algae beads at a large scale. Additionally, such an innovative technol-

ogy needs to be cost competitive to conventional options and to date, no IBR operation at

full-scale has been reported (Whitton et al. 2018).

The key component of the technology are the immobilised algal beads which are pro-

duced when a concentrated algal suspension is homogeneously mixed in a low concen-

trated sodium alginate solution. Droplets of this mixture are then continuously added to

a curing solution, calcium chloride, in which the alginate solidifies forming algae beads.

The gelation of alginate, as used in the algae beads production process, is based on an ion

transfer of sodium and calcium ions and is generally described by the egg-box structure

(Ching et al. 2017) (Figure 5.1). Previous studies have shown systems work as a batch

process in relation to the beads such that they need replacing every 15-30 days represent-

ing a significant operating cost. In fact, a previous economic analysis revealed that if the

beads where used once and then digested that the annual cost of beads would represent

up to 85% of the total operating cost and would limit the economic attractiveness of the

technology. However, the batch cycle is based on the algae and not the alginate and so

it is posited that the alginate could be recovered and reused to significantly reduce the

operating cost profile of the technology. (De-Bashan and Bashan 2004; R. L. Whitton

2016; R. Whitton et al. 2016, 2015, 2018)
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Figure 5.1: Egg-box model with expected ion transfer mechanism based on Ching et al.
2017.

Although Ca-alginate gel beads are insoluble in water, it has been known that dis-

solution is possible using compounds with strong attraction towards calcium ions, e.g.

complexing agents like EDTA (Velings and Mestdagh 1995). The reaction was shown to

be reversible by placing the beads in a sodium phosphate buffer solution at pH 7.4 return-

ing the alginate back to its sodium form (Bajpai and Sharma 2004). Similarly, Qin et al.

(2006) converted calcium alginate fibres to alginic acid and subsequently sodium alginate

by using hydrochloric acid and sodium hydroxide, suggesting that the reaction may be a
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simple ion exchange.

These publications, however, refer to a medical rather than a wastewater treatment context

and do not include the utilisation of algae. Wastewater related research on alginate recov-

ery has to date focused on its recovery from granular activated sludge (Van Der Hoek et al.

2016). Therefore, a practical method on alginate recycling from immobilised algae beads

is still lacking and will be presented in this work. The aim is to give a proof-of-concept for

a practical alginate recycling method by demonstrating the potential of re-using dissolved

algae beads for re-immobilisation, as well as showing un-compromised performance in

wastewater treatment and therefore contributing to an economic benefit for the up-scaling

of immobilised algae systems.
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5.2 Materials and Methods

Production of algae beads

Beads were made from 2% (w/v) sodium alginate solution (Sigma-Aldrich, product num-

ber 71238) and 2% calcium chloride solution (Sigma-Aldrich, ACS reagent >99%, Lot

MKBP4041V) following the method described by Whitton (2016) using a peristaltic

pump (Gilson Miniplus 3, 3mm ID tubing, 12 rpm) and a nozzle to generate uniform

beads (Figure 5.2). The distance of the nozzle to the solution surface was kept at 25 cm.

Beads were either made with only alginate (empty beads, EB) or alginate with algae cells

(algae beads, AB). After preparation, beads were stirred in CaCl2 for an additional 1 h.

Removing of excess water was done by drying over vacuum for 5 minutes.

Alginate 
solution

Algal 
suspension

Alginate-algae 
solution

Pump

CaCl2
solution

Sodium citrate 
solution

Dissolution of 
algae beads

Separation of algae 
biomass from alginate

Reuse of recovered alginate for beads generation

Figure 5.2: Diagram of beads preparation and dissolution
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Alginate recovery method

Dissolution

Preliminary tests were run to identify the most suitable chemical for beads dissolution.

Three sodium salts were tried: NaCl, Na2CO3 and trisodium citrate (Na-citrate) solutions

were made up to at least 0.5 M to have excess sodium ions. Algae beads were weighed

to 1 g (61-67 beads), added to 25 mL of each of the sodium solutions and magnetically

stirred for 20 to 150 minutes.

In the following experiments, beads (EB and AB) were dissolved by stirring for 1-2 h in

trisodium citrate solution (Merck, Batch No MC1M610493) which was made up to 0.5 M.

To choose a suitable volume for dissolution, preliminary tests were run and a ratio of 1:2

Na-citrate:sodium alginate was shown to be suitable. Sodium alginate powder was sup-

plemented into the recovered alginate (RA) solutions to overcome the dilution incurred

by dissolution and it is mentioned when done so. Addition of sodium alginate to RA was

1% of the RA volume.

After dissolution of the algae beads, the algal biomass was separated with vacuum filtra-

tion. However, this procedure was omitted in later experiments due to time restrictions

and inefficiency of filtrated alginate yield. A centrifugation method, detailed below, was

subsequently used for the separation of the algal biomass from the alginate for the con-

tinuous P removal experiments only.

Re-immobilisation

The recovered alginate was used for re-immobilisation following the previously described

method for beads production. Beads made from recovered alginate were measured,

counted, weighed and imaged with scanning electron microscopy (SEM). Finally, beads

recovery rates were calculated based on comparison of produced beads per volume of
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alginate with virgin alginate (VA) and recovered alginate (RA).

Characterisation

VA and RA were assessed on their viscosity as well as on the surface morphology and

compressibility of the beads formed. The dynamic viscosity of alginate was measured

with a rheometer (HR-3 Discovery, US) using a cone-and-plate geometry (60 mm diame-

ter, 2°cone angle, 120 s soak time, 25°C) against an increasing shear rate from 0 to 500 s-1.

Detailed surface morphology of beads was imaged with a SEM (FEI Quanta 200 ESEM,

FEI, USA) operated under low vacuum mode. Prior to SEM imaging, beads were frozen

for 5 h at -20°C, then freeze-dried at -55°C overnight and stored in a desiccator. The

strength/compressibility of beads was measured with a TA-XT texture analyser (Arrow

Scientific, Australia). A compressibility test was conducted with a cylindrical probe of 3

mm diameter which lowered down onto a bead until a resistance force of 5 g was detected

from which on the probe moved down at a speed of 0.01 mm/s, flattening or rupturing

the bead until the bottom of the sample dish. Force, measured in grams, and strength, in

kg/mm, were recorded against distance and time. Measurements were taken in triplicates.

Phosphorus removal in continuous operation

The nutrients removal performance of algae beads produced with VA and RA was tested

in continuously operated reactors (AlgemTM Labscale Photobioreactor, Stewartby, UK).

These reactors were chosen based on previous research on immobilised algae (Whitton

et al. 2016). The flow rate was set to a 24-hour hydraulic retention time (HRT) and the

reactors were filled with 600 mL wastewater and 10 beads/mL (Abdel Hameed 2007).

Constant light was set at a photon irradiance of 200 µmolm-2s-1 and the temperature was

controlled at 20°C. The algae strain for these experiments was Scenedesmus obliquus and
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beads were produced with an aimed cell concentration of 105 cells/bead. The wastewater

used in these experiments was a secondary effluent from a STW in Leicestershire, UK.

For the trial, the wastewater was supplemented with NH4Cl and KH2PO4 from average

0.1 and 0.3 to 3 mg NH4-N/L and 1 mg P/L, respectively, to obtain controlled testing

conditions. The NO3
--N concentration was not altered as it was on average 2.39 mg/L in

the influent.

During the experimental runs, samples were taken every 1-2 days and analysed for pH

(Jenway 3510 pH metre, Staffordshire, UK) and for ortho-P, total P (TP), filtered ortho-P

(0.45 µm), NH4-N and NO3-N with colorimetric cell tests (Merck, UK). Algal growth was

monitored by dissolving 10 beads in 5 mL Na-citrate solution (2% w/v) and determining

cell numbers using a haemocytometer and a light microscope (Olympus CX41, Essex,

UK).

RA beads were made from algae beads that had undergone a previous trial with wastew-

ater for 19 days. VA beads were run in parallel to the RA beads to have a side-by-side

performance comparison. Both were run in duplicates and for a total of 17 days.

Alginate recovery was performed following the previously described method. Beads from

the initial trials with VA (quadruplicate) were combined, washed with DI water and dis-

solved in 150 mL trisodium citrate solution. This volume was chosen based on the total

weight of the beads (174.60 g). Algal biomass and alginate were separated by centrifuga-

tion for 15 minutes at 4000 rpm (Thermo Scientific, Sorvall Legend RT Plus, UK). The

volume of the recovered alginate was 270 mL and 2.7 g of sodium alginate were added

prior to addition of algal cells to produce the AB with RA with an aimed cell concentration

of 105 cells/bead. Beads (RA and VA) were then made as described previously.
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5.3 Results and Discussion

5.3.1 Identifying a chemical for dissolution of algae beads

Visual observation of the three test solutions revealed obvious differences. In the case of

NaCl, no observable dissolution occurred within 150 minutes with slight changes in the

size of the beads observed at 30 and 40 minutes including a swelling of the beads after

40 minutes (Figure D.1). In the case of Na2CO3, the beads started dissolving after 30

minutes and were completely dissolved after 40 minutes. However, in conjunction with

the dissolution process, an increase in turbidity of the solution was visually apparent. The

formation of a precipitate is congruent with the formation of calcium carbonate due to the

ion activity product of calcium carbonate (0.09 mol2/L2) being greater than the solubility

product of CaCO3 (3.31·10 8 mol2/L2, (Gebauer 2008)). Further, low calcium carbonate

solubility of 0.13 mg/mL at pH 7.5 was exceeded with concentrations of 4.5 mg/L Ca2+

and 8.3 mg/L CO3
2- in the solutions (Goss et al. 2007). In contrast, dissolution using

sodium citrate was observably rapid and did not result in precipitation of any material.

In fact the beads began to become visually smaller after 10 minutes and were fully dis-

solved after 20 minutes. During the dissolution tests, pH decreased from 7 to 6 when

using sodium citrate and it increased to 12 with Na2CO3 which is likely due to the alka-

line nature of carbonate.

Considering the beads to dissolving solution ratio of 1:251 and the respective molar ion

ratios in the solutions, sodium ions were in excess of calcium ions by 106, 139 and 209

times for NaCl, Na2CO3 and Na3C6H5O7, respectively. However, dissolution effective-

ness also appears sensitive to the anion component related to its attractiveness to calcium

in relation to its charge and steric interactions providing differences in the free energy of

1Density was assumed to be 1 g/mL as measurements resulted to be 1.001 ± 0.024 g/mL.
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reaction. For instance, citrate, carbonate and chloride anions have ionic charges of -3,

-2 and -1, respectively, which suggests that the high charge of the citrate anion attracted

Ca2+ cations more strongly than the other two.

With sodium citrate resulting in the fastest dissolution of algae beads, this chemical was

chosen to be used in the more detailed experiments.

5.3.2 Quality and quantity assessment of recycled alginate

Assessing the quantity of recovered alginate gives an important indication for the effi-

ciency of recycling and any possible losses. On average 17 algae beads can be produced

from one millilitre of fresh alginate (VA) (Table 5.1). Comparing this to the production

rate from recovered alginate (11.7 beads/mL), a recovery rate of 69.1% can be calculated.

In the case of empty beads, a recovery rate of 77.1% was determined.

Table 5.1: Beads production from virgin and recycled alginate with and without algae
incapsulation

Beads production [beads/mL alginate solution]

Virgin alginate ± SD Recovered alginate ± SD Recovery rate ± SD

Empty beads n = 14 17.7 ± 2.7 13.7 ± 1.7 77.1 ± 8

Algae beads n = 6 17.1 ± 1.6 11.7 ± 2.0 69.1 ± 15

SD: Standard deviation
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Visual differences can be observed with respect to the recovered alginate beads ap-

pearing to be a paler green colour compared to the beads made from fresh alginate (Figure

5.3). The colour change may have been caused by white calcium citrate residues reflect-

ing the light (Figure D.2). For a further qualitative assessment of the beads, images were

made from the virgin and recovered alginate with SEM (Figure 5.4). The surface structure

looks similar for VA and RA beads and no recognizable difference can be seen between

empty and algae beads either (Figure 5.4a and 5.4b).

Figure 5.3: Photograph of VA (left) and RA beads (right).
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VA EB 

(a)

VA AB 

(b)

RA EB

(c)

RA AB

(d)

Figure 5.4: SEM images of (a) VA empty bead, (b) VA algae bead, (c) RA empty bead,
(d) RA algae bead at 50x magnification.
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With dissolution of beads in sodium citrate, a dilution of the original alginate concen-

tration is expected which may have an influence on the properties of the recycled algi-

nate and therefore re-immobilised beads. This was assessed by viscosity and mechanical

strength measurements. The viscosity can have an influence on the gelation reaction and

the size of the beads whereas the strength of beads can be an indicator for the longevity

of the beads when used in a mixed reactor for wastewater treatment. The expected con-

centrations of RA solutions were calculated from the volume of sodium citrate and the

weight of beads. The viscosity of three RA solutions was compared to a concentration

series (0.5% - 2%) of VA in water and trisodium citrate (Table 5.2). For both VA so-

lutions, viscosity increases with alginate concentration. When alginate is dissolved in

sodium citrate, this increase occurs at a slower rate. Comparison to RA indicates a clear

difference with a higher apparent viscosity in the case of the RA. To illustrate, the vis-

cosity for the RA varied between 0.827 and 0.879 Pa.s for concentrations of 1.17% and

1.23% compared to viscosities of 0.037 and 0.170 Pa.s for VA concentrations of 1 and

1.5%, respectively, in trisodium citrate. Accordingly, the RA exhibited a viscosity of a

more highly concentrated VA with a concentration of between 1.5 and 2%.

Despite differences when comparing viscosities of different VA concentrations with RA,

beads could be formed from RA and did sustain in a P removal trial run (more detailed

description in section 5.3.3) clearly demonstrating that the changes in viscosity observed

had no impact on the beads production process.
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Table 5.2: Viscosity in Pa.s at 7.6 s-1 of made up alginate solutions in water and trisodium
citrate compared to recovered alginate solutions.

Viscosity of alginate solutions in Pa.s

VA concentration [%] VA in water ± SD VA in trisodium citrate ± SD RA concentration [%] RA solution ± SD

0.5 0.027 ± 0 0.011 ± 0

1 0.035 ± 0.001 0.037 ± 0.001 1.17 0.827 ± 0.116

1.5 0.312 ± 0.002 0.170 ± 0.002 1.2 0.848 ± 0.174

2 1.021 ± 0.026 0.498 ± 0.003 1.23 0.879 ± 0.064

2.5 1.856 ± 0.019 1.120 ± 0.032

SD: Standard deviation

Compressibility of a set of beads was measured to identify differences in mechani-

cal strength of VA and RA beads as this can determine the life of beads (or duration of

batches) when used in wastewater remediation. The force and strength to which beads

resisted was recorded against compressive distance (i.e. a probe pushing down on one

bead at a set speed). Peak force and strength values were determined at those points

where irreversible deformation of beads occurred (Table 5.3; Figure 5.5). No significant

difference in applied force was observed up to a compression of 0.5 mm beyond which

the profiles differed significantly (Figure 5.5). It is noticeable that the presence of algae

cells within the beads did not seem to impact the mechanical strength profiles of beads

in either VA and RA systems. The maximum forces that beads withstood were 104.33

g and 100.87 g for empty and algae VA beads, respectively. In comparison, algae beads

made from recovered alginate and supplemented with virgin alginate had a maximum

force of 52.72 g which was about half of the VA beads but significantly higher than the

peak forces for empty and algae RA beads. The results for the latter two were 26.72 g

and 25.53 g for EB and AB RA beads, respectively. The peak strength values show a

similar trend in a sequence of VA, RA supplemented with VA and RA alone (Table 5.3).

Overall, this indicates that recovered alginate has a higher viscosity but lower mechanical
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strength than VA, but this can be enhanced by supplementing the recovered material with

VA. The current results are reinforced by comparison to medical trials with alginate fibres

for wound dressings where calcium alginate showed more swelling when dissolved and

solidified again (Qin et al. 2006). Both observations are congruent with a loosening of the

egg-box-shape structure due to additional citrate in the mixture causing a repelling effect

and larger distances of polymer chains between each other. The implication is that long

term repeated recycling of the alginate may cause structural problems which need further

investigation and may require a certain amount of fresh alginate to always be included.

Table 5.3: Force and strength of beads (n=3, ± 1 Standard deviation).

EB VA AB VA AB RA (supp) EB RA AB RA

Peak Force [g] 104.33 ± 64.73 100.87 ± 38.53 52.72 ± 3.41 26.72 ± 14.84 25.53 ± 19.53

Peak Strength [kg/mm] 0.035 ± 0.022 0.034 ± 0.013 0.018 ± 0.001 0.009 ± 0.005 0.009 ± 0.007
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Figure 5.5: Force of beads with distance. EB: empty beads, AB: algae beads, VA: virgin
alginate, RA: recovered alginate, supp: supplemented with additional alginate.
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5.3.3 Phosphorus removal in continuous operation

To obtain a realistic representation of alginate recycling, fresh algae beads were used in a

lab-scale photobioreactor trial which lasted 19 days. The alginate from used beads from

this experiment was then recycled to re-immobilise a second set of beads. These were

then used in parallel to a new batch of VA beads to compare their performances against

each other. The influent ortho-P concentration was on average 0.97 mg P/L over the whole

trial period. Both VA and RA beads followed the same trend (Figure 5.6). From day 1

until 7, P concentrations decreased from 0.58 and 0.54 mg P/L to 0.09 and 0.07 mg P/L

for VA and RA, respectively (Figure 5.6a). In a previous study with a similar influent

P concentration and at 20h HRT, minimum effluent P concentrations below 0.01 mg/L

(which was below detection limit) were reported (Whitton et al. 2018). Between days

7 and 17, effluent P steadily increased to finally reach 1.31 and 0.9 mg P/L for VA and

RA, respectively. It is notable that the final concentrations were near or above the influent

concentration on day 17 at which point the test was stopped. The influent pH was on

average 7.61. The pH increased with both VA and RA beads such that between days 1

and 8, the pH varied between 7.6 and 8.5 for the VA beads before decreasing slowly to a

final value of 7.0 on day 17 (Figure 5.6b). In the case of RA, a maximum pH of 8.8 was

reached on day 3 which then decreased slowly to the final pH of 7.5. An elevated effluent

pH has been shown to be partly caused by alkalinisation through uptake of NO3
--N and a

net decrease of H+ (Whitton et al. 2018). (R. Whitton et al. 2018)

Ammonia concentrations in the influent were 2.57 mg NH4
+-N/L on average with very

low concentrations of 1.24, 0.1 and 0.28 mg NH4
+-N/L on days 3, 13 and 17, respectively,

when new batches of feed water were supplemented. Both VA and RA beads achieved

very low ammonia concentrations consistently below 0.1 mg NH4
+-N/L with VA having

one spike of 1.99 mg NH4
+-N/L on day 5 (Figure 5.6b). The nitrate influent concentration
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was 2.39 mg NO3
--N/L on average with an unsteady trend overall. Both VA and RA beads

resulted in effluent nitrate concentrations of 0.5 mg NO3
--N/L and each having one peak

on day 5 at 1.68 and 2.75 mg NO3
--N/L for VA and RA, respectively (Figure 5.6c). The

ammonia and nitrate removal rates are comparable to previous studies with algae beads,

where consistently low ammonia (<0.001 mg/L) and nitrate (0.4 mg/L) effluent concen-

trations were achieved with a 20h HRT and similar influent concentrations (Whitton et al.

2018).

Algal cell concentrations grew rapidly to a plateau of 1.24-1.26·106 cells/bead between

days 5 and 10 in the case of VA (Figure 5.6d). The cell concentration then decreased

to 5.8·105 cells/bead on day 17. In the case of RA, algal cells grew to a maximum of

1.53·106 cells/bead on day 8 and after that rapidly decreased to a final concentration of

3.5·105 cells/bead. The parallel trials of VA and RA beads showed similar results sug-

gesting that recycling of alginate is possible for use in wastewater remediation without a

negative impact on performance. However, the period at which low P levels (<0.5 mg/L)

were achieved (up to day 7) was notably shorter when comparing to previously reported

studies where low levels were maintained until up to 20 days (R. Whitton et al. 2018).

Although this difference cannot be explained, it can be expected to come from variations

in wastewater composition.
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Figure 5.6: Performance of VA and RA beads in continuous photobioreactors. Influent (•), VA effluent (□), RA effluent (⋄) (a)
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5.3.4 Economic assessment for alginate recovery

The results obtained in this work were used to evaluate the economic impact of alginate

recycling on IBR operation for 1 year at a wastewater treatment plant of 1000 PE. Only

the costs for bead making, dissolution and re-immobilisation were considered as part of

the net operational expenditure (nOPEX) and the costs for CaCl2 and machinery for bead

making were not considered here as they will be the same in both scenarios (Table 5.4).

The comparison considered a scenario with and without alginate recovery. A sensitivity

analysis was further undertaken where beads’ life, virgin alginate costs and recovery rates

were varied (+/-50% of original value) and their respective impact on nOPEX was studied.

Table 5.4: Parameters used in economic analysis

Parameter Unit Sensitivity

Cost of sodium alginate 33.04 £/kg

+/-50%Beads’ life/ Batch duration 20 Days

Recovery rate for alginate 60 %

Cost of trisodium citrate 0.924 £/kg

Fixed valuesProduction of algae beads 17 Beads/ mL alginate

Flow rate (1000 PE) 180 m3/d

HRT (IBR) 24 h

When all parameters are fixed, nOPEX can be reduced by 50% when recovery of al-

ginate is implemented. For a variation of beads’ life (i.e. one batch duration) between 10

and 30 days, the same reduction of 50% will apply. Although increasing beads life, and

thus decreasing number of annual batches, will reduce overall operational costs, this ef-

fect will be at the same rate in both scenarios, whether with or without recovery, because
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alginate is still used in both cases.

The cost for sodium alginate is likely to vary depending on its origin/source (Kube et al.

2019) and with current research developments on alginate like polymers, recovery from

granular sludge the costs may decrease in the future (Lin et al. 2010; Van Der Hoek et al.

2016). Cost variations of sodium alginate between £16.52 and £49.55 per kilogram will

first impact the whole IBR process even without alginate recovery. With a 60% alginate

recovery rate, nOPEX will be reduced between 39% and 53% for the lowest and highest

alginate costs, respectively (Figure 5.7). In this cost scenario, there is also a breakeven

alginate cost of £4.75/kg below which a system without alginate recovery may be more

economically beneficial than with recovery with the onset of the use of wastewater de-

rived alginate like polymers. Therefore, it is realistic to assume that in the future the IBR

process may become economically viable even without alginate recovery.

Changes of the recovery rate of alginate will have the biggest impact on nOPEX. Between

30% and 90% recovery rate, the costs can be reduced by 20% to 80%, respectively. As

opposed to alginate costs, the recovery rate can be controlled to a certain point by improv-

ing the operational conditions. Therefore, it appears that an improved alginate recovery

method will be most valuable for the advancement of the IBR process towards full-scale

application.

5.4 Conclusions

The objective of this work was to give a proof-of-concept of the recycling of alginate

in an immobilised algae system. The results showed that recycled alginate beads at a

recovery rate of 69% can be produced. Although RA beads showed a lower mechanical

strength than VA beads, both were used for wastewater remediation and achieved a similar

treatment performance. At current costs of chemicals, recovery of alginate can bring a
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Figure 5.7: Development of nOPEX cost reduction with variation of sodium alginate costs
(•) and recovery rate (□).

34% net operational cost reduction which can be increased with further improvements

in recovery. These can be achieved through a more thorough assessment of the required

concentration of the dissolving agent (in this case sodium citrate) to reduce costs and

dilution rates. It will be also economically beneficial to determine the minimum amount

of sodium alginate supplementation needed for sufficient beads’ strength and performance

in wastewater treatment. This work has shown that alginate recovery in an IBR system

can be beneficial for process operations and economics and it therefore contributed to

move the development towards full-scale application.
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Chapter 6

Implications of the work:

Implementation of advanced tertiary P

removal

The overall aim of the research was “to understand how to resolve the bottlenecks associ-

ated with implementation of tertiary P technologies when meeting sub 1 mg P/L concen-

trations”. This work looked at technologies that have not previously been tested and/or

implemented in the UK including ballasted coagulation, pile cloth media filtration, ultra-

filtration and a reactive media constructed wetland. It was shown that the type of solid-

liquid separation can be the decisive factor in coagulation based tertiary P removal when

meeting sub 1 mg/L consents. Further, it was demonstrated that P removal in reactive

media constructed wetlands follow more complex pathways than originally expected and

new knowledge gained on the process will help further developments towards implemen-

tation. Finally, the study on alginate recovery established a method for alginate recycling

and reuse and highlighted potential cost savings that can move the immobilised algae

process further towards large scale implementation.
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6.1 Which tertiary P removal technology should be

adopted when meeting sub 1 mg/L effluent P con-

sents?

With tertiary treatment being the last stage at a WWTW before discharge, it is important to

not only comply with stricter P consents but also with ferric and aluminium consents. This

can become critical when very low P concentrations need to be achieved at high coagulant

doses. Based on the insights gained in this work a qualitative comparison of emerging

tertiary P removal technologies has been conducted to inform a tertiary P removal strategy

for sub 1 mg P/L (Table 6.1). The technology readiness level (TRL) describes the current

development stage of a technology with 9 being the highest. P targets describe what level

a technology can meet and were based on the findings in this work (Chapters 2-4). The

P target for the immobilised algae reactor (IBR) was based on previous research on pilot

scale (Whitton et al. 2018). Energy demand and costs were given qualitatively based on

literature and supplier’s information (Remy et al. 2014). The sustainability rating is based

on the added value of a technology, i.e. circular economy potential, and whether it uses

additional chemicals (i.e. coagulant, cleaning chemicals). The rating is given numerically

with values between 1 and 5, where 5 indicates the highest sustainability.

Table 6.1: Qualitative rating of tertiary P removal technologies against achievable P target,
energy demand, costs and sustainability

Technology TRL P target [mg/L] Energy demand Costs Footprint Sustainability

Ballasted coagulation 9 0.1 Medium Medium Medium 2

Pile cloth filtration 9 0.5 Medium Low Small 2

Membrane filtration 9 0.1 High High Large 1

Steel slag constructed wetland 6 1 Low Low Large 4

Immobilised algae reactor 5 0.1 Low High Small 5

132



Ballasted coagulation is a technology for large WWTW due to its required infrastruc-

ture and ability to handle large wastewater loads. It is a technology at the highest TRL 9

and has been shown in this work to achieve effluent P targets of 0.1 mg P/L (Chapter 2

and 3). In this system the coagulation-flocculation is optimised through generating larger

and heavier flocs -by adding polymer and ballast- and operating at short retention times

below 15 minutes, thus removing solids before floc breakage occurs (Chapter 3) (Table

6.2). Compared to the whole life costs of a continuous sand filter at a medium size works

(20,000 PE), it will be a cost competitive choice. The energy demand can be rated within

the medium range and in fact, high rate sedimentation was reported to have the lowest

energy demand when compared to a microsieve or an UF membrane (Remy et al. 2014).

Due to its short retention time, it can have a smaller footprint than an alternative with

longer retention times. Due to continuous use of coagulant and polymer, the sustainabil-

ity has been rated at the lower end. Based on this assessment, ballasted coagulation can

be recommended for tertiary P removal for medium to large WWTWs with 0.1 mg P/L

targets.

The pile cloth media filtration technology requires low maintenance and is the least expen-

sive of the tested technologies making it a suitable choice for small to medium WWTWs.

In this work it has been shown to be able to sustainably achieve a 0.5 mg P/L target, and

at optimised dose and flocculation conditions it will meet a 0.3 mg P/L target (Chapter 2).

Since the performance of the pile cloth filtration mostly deteriorated at higher influent P

concentrations rather than higher flows, optimum coagulant to P ratios need to be estab-

lished and a minimum Fe:P ratio of 2.29 is required (Table 6.2). Being at a medium ro-

bustness this technology appears to be best suited for small WWTWs where higher solids

content predominates (compared to the test with high TSS influent) and at which the cloth

filter performs better. The capital and operational costs for this technology are low and

a medium sized footprint will be required depending on whether upstream coagulation-
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flocculation tanks exist yet. The pile cloth media filter cannot be recommended for larger

WWTWs where typically consents below 0.3 mg/L will be expected, and the technology

has not to been fully optimised yet. Therefore, a recommendation for implementation at

small WWTWs is given. Since this is a coagulation-based technology, the sustainability

is rated towards the lower end.

Ultrafiltration at tertiary P removal stage can achieve sub 0.1 mg P/L levels if the opera-

tional conditions and coagulant type are optimised (Table 6.2). This has been shown in

this work when coagulant was changed from ferric chloride to alum (Chapter 2) and can be

confirmed by literature (Langer and Scherman 2013). Ultrafiltration was observed to op-

erate towards the effluent target requiring a 20% lower Fe:P ratio than the cloth filtration,

yet it was one of the least robust technologies. Although it is a total filtration technol-

ogy, the membrane appeared to not have optimised coagulation-flocculation conditions.

However, this technology appeared less robust compared to the other tested solid liquid

separators and given the high costs and energy demand that comes with it, ultrafiltration

cannot be recommended for tertiary P removal at this stage. It might be a viable choice,

though, at sites where other contaminants are regulated, and total filtration is required.

Table 6.2: Qualitative rating of tertiary P removal solids liquid separation technologies

Technology Robustness P target [mg/L] Retention times
Dynamic
resilience

Fe:P ratio for 0.3 mg/L P target Optimised
flocculation

Ballasted coagulation High 0.1 Short High 1.4 Yes

Pile cloth filtration Medium 0.5 Medium
Low-
Medium

2.29 No

Membrane filtration Medium 0.1 Medium
Medium-
High

1.83 No

On the side of novel alternatives, reactive media constructed wetland (CW) is at TRL

6, i.e. not yet implementation-ready (Table 6.1). Based on this work, a steel slag CW

would be able to meet an annual average of 1 mg P/L (Chapter 4) with potential to meet

sub 0.1 mg P/L in the future after optimisation of the process. This technology would be
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a choice for small treatment works with sufficient area for the large footprint of the wet-

land. Overall, the CW would consume little energy and incur low operational costs. The

sustainability is rated highly due to reuse of waste media, yet the potential health hazards

from dissolving vanadium needs to be considered.

It has been shown in laboratory and pilot scale work that an immobilised algae reactor

(IBR) can meet 0.1 mg/L effluent P levels (Whitton et al. 2018). Although this technol-

ogy is still in its infancy (TRL 5), it has potential for small WWTWs because of its low

energy demand and small footprint. Moreover, this technology has a high sustainability

rating because the algal biomass recovered from the used beads can be converted to en-

ergy (as biogas) through anaerobic digestion (Gomez San Juan et al. 2017). However,

at this stage the IBR is not yet cost-competitive and therefore not a suitable choice for a

tertiary P strategy. Nevertheless, this work presented an opportunity for reducing over-

all net operational costs by 34% through recycling and reuse of alginate progressing the

IBR further towards large scale implementation as a future tertiary P removal alternative

(Chapter 5).

6.2 What is the future perspective for novel non-

coagulant technologies?

Currently, depth and cloth filters are used at small WWTWs to achieve stricter P consents

because no alternatives are currently available but the use of chemical free technologies

that fit the industry’s simple technology/low maintenance strategy for small WWTW is

strongly desired. Compared to the benchmarked sand filter evaluated in this thesis, the

tested pile cloth filter will be 60% cheaper when implemented at a small WWTW (Severn

Trent Water 2018).
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For future alternatives, a reactive media wetland has been shown to achieve very low

effluent P concentrations during the first full-scale, long-term trial highlighting its poten-

tial (Table 6.3). Although challenges for this technology remain, it can be easily imple-

mented, once reaching higher TRL, at sites with already existing wetlands by replacing

gravel with the reactive media and would be 22% cheaper than a pile cloth filter at similar

scale (Severn Trent Water 2018). Insights towards the complexity of predominating P

removal mechanisms were given based on the research undertaken. This means that the

technology will need to be further developed and understood before considering imple-

mentation.

The future perspective of the IBR relies on cost reduction and demonstration of its viabil-

ity at scales beyond the laboratory where promising performance has been shown (Whit-

ton 2016). In this work, the technology was progressed towards larger scale through prov-

ing that alginate recycling can be achieved, resulting in lower operational costs. For small

WWTWs, an IBR is particularly interesting because it is a complete remediation technol-

ogy not only removing P but also N (Whitton et al. 2018). At this stage, the IBR would

be 14 times more expensive than a reactive media wetland considering a small WWTW

(2000 PE) which highlights the need for further research and development (Severn Trent

Water 2018).
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Table 6.3: Future perspective of novel tertiary P removal technologies

Steel slag constructed
wetland

Immobilised algae reactor

Viability for
P removal

Very low effluent P possible
but cannot be maintained

Very low effluent P possiblea

Progress towards
full-scale

First full-scale, long-term
trial

Opportunity to reduce opera-
tional costs

Remaining
challenges

Management of P removal
and pH, Understanding path-
ways

Demonstrate performance at
large scale

aBased on R. L. Whitton (2016)
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Chapter 7

Conclusions and future work

7.1 Conclusions

In this thesis, previously identified bottlenecks associated with the implementation of

tertiary P removal technologies were addressed and the following conclusions can be

derived for each of the objectives.

Objective A. Compare the robustness and efficacy of commercial coagulation-based

technologies with different solid liquid separation processes in meeting sub 1 mg P/L

consents under UK conditions.

• The choice of solid liquid separation technologies at tertiary treatment impacts the final

P concentrations.

• Ballasted coagulation is the most robust of the three tested technologies at steady state

and dynamic operation.

• Sufficient P removal relies on upstream flocculation settings and coagulant to influent

P ratio (minimum 2.29 Fe:P molar ratio) in a pile cloth drum filter.
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• Under optimised coagulation conditions, i.e. flocculation and coagulant choice and

dose, an ultrafiltration membrane can achieve P removal to sub 0.3 and even 0.1 mg/L

levels. However, because of the high operational costs, UF will likely not be suitable

for tertiary P removal.

Objective B. Analyse the impact of different polymers and their doses on P removal

and floc properties in a ballasted coagulation process.

• In a ballasted coagulation system, anionic polymers result in better P removal compared

to cationic polymers.

• P removal does not deteriorate even at polymer doses as low as 0.01 mg/L.

• At higher polymer doses, larger more open flocs were formed resulting in lower effluent

turbidity.

• Polymer act as connectors between coagulant-wastewater-ballast flocs rather than as

the primary precipitating agent.

• Flocs made in a ballasted coagulation system break faster than plain coagulant-

wastewater flocs, but it was seen that floc strength is not the essential factor for efficient

P removal if the retention time in the system remains short (5 minutes in jar tests, 5.5-10

minutes at demo scale).

Objective C. Validate existing understanding of the efficacy of reactive media in large

scale, long-term constructed wetlands trials for P removal.

• Full-scale reactive media systems behave differently from their laboratory and pilot

counterparts.

• Although the technology is not at a sufficient technology readiness level yet, steel slag

wetlands are a promising alternative for P removal at small wastewater treatment sites.
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• The physico-chemical processes in this system are more complex than previously de-

scribed and were also found to vary throughout the life of the bed.

• P removal in a steel slag constructed wetland does not mainly occur through calcium

phosphate precipitation but is also influenced by internal as well as external factors

such as pH, temperature and ion concentrations (Ca, CO3
2-, Mg, Fe etc.).

Objective D. Evaluate the potential to recover and reuse alginate in an immobilised

algal bio-reactor process.

• It is possible to recycle and reuse alginate from used algae beads in an immobilised

algae system with a recovery rate of 69%.

• Algae beads made from recycled alginate had a lower mechanical strength, which can

be mitigated by supplementation with fresh alginate, but performed similarly to beads

made from virgin alginate in a continuous trial.

• Recycling and reuse of alginate will result in at least 34% net operational cost reduction

in an immobilised algae system.

7.2 Future work

Since it was seen that the choice of tertiary P removal technologies impacts the final

P concentration, experiments under controlled conditions to evaluate the impact of a

range of parameters including coagulant choice and dose, wastewater characteristics and

coagulation-flocculation settings will be needed to fully optimise such systems. This

would be done by keeping parameters constant while varying one of them, e.g. coagu-

lant dose response tests for different coagulants using the same wastewater and upstream
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conditions, and by analysing P removal and floc characteristics. As such floc characteris-

tics may be tailored for the respective solid liquid separation technologies and ultimately

optimise the coagulation/separation process. This research would generate more under-

standing of underlying P removal mechanisms.

The experiments with a range of polymers in ballasted coagulation showed that polymer

doses below 1 mg/L are still sufficient for P removal to low levels. To further reduce

chemical consumption, it would be important to understand what the minimum possible

coagulant and polymer doses are while still meeting effluent P consents. This can be done

through further controlled dose response experiments with analysis of P removal and floc

properties. In addition to that, with the limited understanding of P removal mechanisms

when reaching very low P levels, thorough analysis on P speciation will bring more in-

sights towards the underlying mechanisms. Since the work on the impact of polymers

in ballasted coagulation was carried out in jar tests which are an idealised environment,

validation of these results at larger scale and under real conditions is needed. This could

be done with a similarly scaled plant where different polymers at varying doses are tested

and floc analysis is incorporated. Finally, to optimise the choice of polymers and under-

stand their behaviour under these conditions, a full structural analysis of the chemicals is

needed.

The work with a reactive media wetland showed that the impact on P removal is more

complex than previously thought. Future research on reactive media wetlands may in-

clude monitoring within the bed to better understand precipitation potentials of occurring

ions. Better understanding and longer lifetimes of reactive media wetlands may become

possible through pre-treatment of the media. Three potential avenues for reactive media

need to be addressed. First, pre-conditioning of the media could be done through coating

of the media with CO32- to slow down the dissolution of CaO, vanadium and other met-

als, maintain a near-neutral pH and generate adsorption sites for phosphate species. This
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could be achieved through immersion of steel slag media in solutions with high carbonate

concentrations. Secondly, with better P removal observed at higher pH, solutions to con-

trol pH without external chemical dosing will be required. This may be trialled in column

or field experiments by reverting part of the initially alkaline effluent stream back through

the wetland. This way a high pH could be maintained for a longer period. Options to

control the alkaline pH at the effluent would need to be explored as well. This may be

conducted by mixing of alkaline effluent with a fraction of the influent in continuous ex-

periments. Third, it will be worthwhile exploring the regeneration potential of media to

extend the life of reactive media wetlands. Regeneration experiments may be conducted

by immersion of exhausted media in a highly alkaline (pH 14) or acid solutions for a

fixed duration. Afterwards, this media could be tested on its P removal capacity in batch

or continuous trials. Since reactive media wetlands are aimed to be circular economy

solutions, the practicality of these approaches with an outlook towards full-scale needs to

be considered. As such, additional consumption of chemicals, especially hazardous ones,

may result in a rebound effect in sustainability aims. Nevertheless, this does not diminish

the valuable knowledge more understanding on the physico-chemical mechanisms would

generate.

Alginate recycling from used algae beads was shown to be possible without deterioration

in subsequent P removal tests. In further research, alginate recycling can be improved

through optimisation of the concentration of the dissolving agent by testing a lower range

of concentrations. Further, a detailed study examining algae-alginate separation with fil-

tration or centrifugation against no separation could highlight the most viable process,

economically and operationally. To bring alginate recovery further, a detailed study im-

plementing more than one recycling cycle could be conducted within continuous P re-

moval trials. Finally, it would be worthwhile exploring the compounds (e.g. microp-

ollutants) that recycled alginate retains from wastewater and whether this might impact
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subsequent P removal.

(Whitton 2016)
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Table A.1: Pilot and full-scale results on tertiary P removal with high rate sedimentation, depth filtration and surface filtration.

Technology Scale
Influent P mg

TP/L

Effluent P mg

TP/L
Coagulant

Coagulant dose

mg Me/L
Dose ratio

Hydraulic

setting

Additional

chemicals
Reference

High rate sedi-

mentation

BCM Full - 0.026 PACl 4 - 68 L/S -
(Keaney et al.

2012)

BCM Pilot 1

0.039 (Alum),

0.025 (FeCl3),

0.036 (PACl)

Alum, FeCl3,

PACl

12 (Alum), 24

(FeCl3), 20

(PACl)

13.78 (Alum),

13.29 (FeCl3),

22.96 (PACl)

3.2 L/s
0.7-0.8 mg/L

polymer

(Lee et al.

2015)

BCS + MMF Pilot 0.22 0.031 FeCl3 14 35.23 80 m/h
1 mg/L

polymer

(DeBarbadillo

et al. 2010)

Depth filtration

GM Full 0.39 0.15 Alum 2.4 7.07 7.3 m/h -
(Mueller et al.

1999)

CUF-SF Pilot 2.3 0.14 PASS 5.7 2.85 11 m/h NaOCl (Bratby 2016)

CUF-SF Pilot 1.5 0.06 PASS 5.7 4.36 11 m/h NaOCl (Bratby 2016)

CG-SF Pilot 1-4 0.014 Fe2(SO4)3 6-10 0.69-1.66 948 m3/d -
(Ragsdale

2007)

CUF-SF Pilot 0.135 0.017 FeCl3 7 28.70 4.4-9.8 m/h -
(Hook and Ott

2001)

Surface filtration

UF (0.02 µm) Pilot 0.22 0.15 Alum 14.7 76.72 16.8 LMH
Cleaning

chemicals

(DeBarbadillo

et al. 2010)

UF (0.04 µm) Pilot 0.78-0.81 0.017-0.043 Alum 7.9 11.20 22.4-63.6 LMH
Cleaning

chemicals

(Bill et al.

2011)

Continued on next page
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Table A.1 – continued from previous page

Technology Scale
Influent P mg

TP/L

Effluent P mg

TP/L
Coagulant

Coagulant dose

mg Me/L
Dose ratio

Hydraulic

setting

Additional

chemicals
Reference

MicroF

(0.1 µm)
Pilot 0.352 0.021 FeCl3 8 12.58 90 LMH

Cleaning

chemicals

(Langer and

Scherman

2013)

MS (10 µm) Pilot-Full 0.323 <0.08 PACl 2 7.11 10-25 m3/h
0.6-1.7 mg/L

polymer

(Langer and

Scherman

2013)

MicroF Pilot 0.15 0.03 FeClSO4 1.4 5.17 - - (Bratby 2016)

BCM: ballasted coag with magnetite. Co: co-precipitation. Post: post-precipitation. 2p dose: two point dosing. BCS: ballasted coag with
sand. MMF: multi-media filter. SF: Sandfilter. GM: granular media. CUF: continuous upflow. CG: continuous gravity. UF: Ultrafiltration.
MicroF: Microfiltration. MS: microsieve. BNR: Biological nutrient removal
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A.1 Cloth filter effluent turbidity
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Figure A.1: Effluent turbidity variation during operation of cloth filter. Timeline is taken
during steady-state operation.



Appendix B

(Whitton 2016)

B.1 Zeta potentials of polymers
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Figure B.1: Zeta potential for wastewater and polymers. C2: , C1: ,
C3: , A4: , Wastewater: , A3: , A1: , A2: .
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Figure B.2: FTIR spectrum of A2

B.2 FTIR spectra of polymers
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Figure B.3: FTIR spectrum of A3

Figure B.4: FTIR spectrum of A4
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Figure B.5: FTIR spectrum of A1

Figure B.6: FTIR spectrum of C1
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Figure B.7: FTIR spectrum of C2

Figure B.8: FTIR spectrum of C3
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Appendix C

C.1 Release and uptake of metals

-50

-30

-10

10

30

50

70

90

0 100 200 300 400 500 600 700 800

C
a 

[m
g

/L
] 

an
d

 V
 [

1
0

0
 x

 m
g

/L
]

Figure C.1: Release of iron, zinc, nickel, copper, arsenic, silver and cadmium throughout
the trial operation.
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C.2 Plant growth and media analysis

Front Middle Back

2015
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Figure C.2: Photographs of front, middle and back section of reed bed during September
in years 2015 (Phase 2), 2016 (Phase 3) and 2017 (beyond Phase 4).



Day 387 
(Phase 2) 

Day 549 
(Phase 3) 

Day 178 
(Phase 1) 

1 2 3 4

Flow direction w% (n= 4)

C O Ca P Fe

10.1 ± 3.8 48.7 ± 1.1 32.1 ± 3.5 2.2 ± 1.9 2.6 ± 1.0

8.2 ± 0.4 49.6 ± 1.9 31.4 ± 1.2 3.0 ± 1.7 3.2 ± 2.4

9.4 ± 1.1 45.8 ± 1.1 33.8 ± 2.8 2:2 ± 0.7 5.5 ± 3.3

Figure C.3: SEM images throughout intersectional points on days 178 (Phase 1), 387 (Phase 2) and 549 (Phase 3) with averaged
weight percentage (w%) from EDX elemental analysis.
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C.3 Tracer test

0.0E+00

5.0E-07

1.0E-06

1.5E-06

2.0E-06

2.5E-06

3.0E-06

0 0.5 1 1.5 2 2.5 3

R
et

en
ti

o
n

 t
im

e 
d

is
tr

ib
u

ti
o

n
 [

s-1
]

Θ [t/τ]

Figure C.4: Results from tracer tests done in Phase 1 (▲), Phase 3 (⋄) and Phase 4 (•)
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C.4 Extracted metals from media
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Figure C.5: Extraction of metals from fresh unwashed (FU), fresh washed (FW) and
exhausted (E) slag from four intersectional points (E1, E2, E3, E4).



Table C.1: List of minerals returning a positive SI for Phases 1 to 4 sorted by their main cation and in each section by descending
SI value.

Main cation Phase 1 Phase 2 Phase 3 Phase 4

Ca Hydroxyapatite Hydroxyapatite Hydroxyapatite Hydroxyapatite

Ca3(PO4)2 (beta) Ca3(PO4)2 (beta) Ca3(PO4)2 (beta) Ca3(PO4)2 (beta)

Ca3(PO4)2 (am2) Ca3(PO4)2 (am2) Ca4H(PO4)3:3H2O(s) Ca4H(PO4)3:3H2O(s)

Ca4H(PO4)3:3H2O(s) (OCP) Ca4H(PO4)3:3H2O(s) Ca3(PO4)2 (am2) Ca3(PO4)2 (am2)

Calcite Calcite Calcite Calcite

Aragonite Aragonite Aragonite Aragonite

Ca3(PO4)2 (am1) Vaterite Ca3(PO4)2 (am1) Ca3(PO4)2 (am1)

Vaterite Ca3(PO4)2 (am1) Vaterite Vaterite

CaCO3xH2O(s) CaCO3xH2O(s) CaCO3xH2O(s) CaHPO4(s)

CaHPO4(s) CaHPO4(s)

Fe Hematite Hematite Hematite Hematite

Maghemite Maghemite Maghemite Maghemite

Goethite Goethite Goethite Goethite

Lepidocrocite Lepidocrocite Lepidocrocite Lepidocrocite

Ferrihydrite (aged) Ferrihydrite (aged) Ferrihydrite (aged) Ferrihydrite (aged)

Ferrihydrite Ferrihydrite Ferrihydrite Ferrihydrite

Strengite Strengite Strengite

Mixed Magnesioferrite Magnesioferrite Magnesioferrite Magnesioferrite

Chrysotile Chrysotile Chrysotile Kaolinite

Sepiolite Dolomite (ordered) Dolomite (ordered) Dolomite (ordered)

Sepiolite (A) Kaolinite Sepiolite Chrysotile

Dolomite (ordered) Sepiolite Dolomite (disordered) Dolomite (disordered)

Dolomite (disordered) Dolomite (disordered) Kaolinite Sepiolite

Huntite Huntite Huntite Imogolite

Sepiolite (A) Halloysite

Continued on next page



Table C.1 – continued from previous page

Main cation Phase 1 Phase 2 Phase 3 Phase 4

Imogolite

Halloysite

Mg Artinite Magnesite Magnesite

Brucite

Mg(OH)2 (active)

Magnesite

Si Quartz Quartz Quartz

Chalcedony (SiO2) Chalcedony (SiO2) Chalcedony (SiO2)

Al Diaspore Diaspore Diaspore

Gibbsite (C) Gibbsite (C) Gibbsite (C)

Al(OH)3 (soil) Al(OH)3 (soil)

Boehmite

Ti Rutile Rutile Rutile
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D.1 Dissolution of algae beads

Figure D.1: Algae beads in respective dissolution solutions.
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D.2 Re-immobilisation of algae beads

Figure D.2: Algae beads made from VA (left) and RA (right) after stirring.


